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% E; to permit implememtation of the method with an available tunable dye laser light
: source. Here, the refractivity is high enough to see sound waves, weak vortices

etc. The accomplishments included a combined theoretical and experimental
analysis of the near-region refractive and absorptive profile taking into
account both doppler and collision broadening. The latter feature included
studies to optimize the choice of collision parameters for self-broadening
(pure sodium vapor) and for heterogeneous broadening (sodium highly diluted by
a carrier gas in a flow facility). Experiments with an interferometer-heat
pipe arrangement using a tunable pulsed dye laser gave results which agreed with

the analysis. The technique is now at the facility-design stage.
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FINAL SCIENTIFIC REPORT

Program on Grant AFOSR 74-2670

IMPROVED FLOW VISUALIZATION
BY USE OF RESONANT REFRACTIVITY

Professor Daniel Bershader, Prinq{pal Investigator

“STANFORD UNIVERSITY i ———
Stanford, California 94305

ORIENTATION

This report covers the progress achieved on the subject grant over a
five-year period. These introductory sections review the objectives of the
program and the underlying technical essentials, together with an assessment
of the accomplishments and recommendations for follow-up work.. Included also
is an abstract-summary which follows below. The detailed technical studies
of this program are attached as appendices; they include two graduate disser-
tations'and two published papers. Another paper attached will be published
in the Proceedings of the XII International Symposium on Shock Tubes and
Waves (AFOSR-sponsored) to be held in Jerusalem, Israel, July 16-19, 1979.
Additional archive publications relating to material in the theses are in
the planning-preparation stage.

ABSTRACT-SUMMARY

Objective of the present program has been to explore the feasibility of
a significant increase in the sensitivity of refractive methods of flow
diagnostics, methods which include schlieren, shadow and interferometry. The
key idea relates to the enormous increase of the specific refractivity around
the resonant frequency corresponding to an electronic transition. The develop-

‘ment of the tunable dye laser as a light source enables practical utilizétion
of the idea; and sodium vapor, which has an intense ground-state electronic
transition in the visible spectrum, was chosen as a test gas for a calibra-
tion study.

Although the idea of refractive resonance dates back to the early part
of the century, a quantitative analysis of resonant dispersion needed to be
performed, taking into account the effects of doppler and collision broaden-
ing. Both effects are very important in modifying the refractive calcula-
tions made with a theory based only on natural line broadening. For




applicationsto flow visualization, both doppler and collisional spectral
spreading are significantly present. The combined effects result in the
so-called Voigt profile, which has received attention by investigators in
connection with absorption line shape studies. By utilizing the integral
relations between refractive and absorptive dispersion (Kramers-Kronig
relations), we were able to formulate and obtain a computer output for re-
fractive index and absorption coefficient at intervals of .01 A in the
resonant region. These results are plotted in Figures 8 and 9, respectively,
of the thesis of G. Blendstrup, (Appendix III, -attached).

There are two points of practical importance about the analysis of these
profiles. Of special importance is the trade-off required between enhanced
absorption and refraction. The refractive maxima occur at the half-power
points of the absorption resonance, but the absorption is too great there.

In practice, one can work in the "near" region or wings of the line, typically
several A off resonance. Here, the refractivity is still orders of magnitude
higher than the nonresonant value; e.g. at 5880 R, the specific refractivity
of sodium is 4,500 times larger than the nonresonant value for air. At the
same t;me, the absorption coefficient is small enough so that the vapor is
easilyu;enetratable by a dye laser light source of moderate power.

The second point relates to the calculation of the collisional broadening
coefficient. The latter is based on a quantum calculation of elastic atomic
collision cross section, on whose value there is not full agreement among
investigators. However, the profile must be re-calculated when sodium vapor
is injected at high dilution into a carrier gas, e.g. nitrogen or afgon, because
the collision coefficient is much smaller than for self-broadening of pure
sodium vapor. That is a favorable feature which increases the refractivity
ratio and decreases the unwanted effects of absorption. Values for the
collision coefficient for the alkali atoms for self-broadening, and for
immersion in any of the inert gases as buffers are given in Table III of
Blendstrup's thesis (Appendix III).

The study by Blendstrup also contains a detailed description of the
calibration experiment, which will be described only briefly here (see
Figures 10-14 of Appendix III). A double heat-pipe oven was designed and
built to contain two sodium vapor columns of different lengths in a steady
and uniform configuration in the two paths within a Mach-Zehnder interfero-




A i N S I ST S SN S

ot s o

Ppwp—

aw

meter. The latter was illuminated by a tunable dye laser, especially
designed and constructed for this experiment. The tunability feature was a
blazed diffraction grating wif’h micrometric angular control. The dye laser
was, in turn, energized by ultraviolet photons at 3371 R from a pulsed
nitrogen laser (Molectron Type UV300) focused on the dye cell within the
laser cavity.

The essential feature of the experiment was the determination of fringe
shift as a function of time resulting from a change of sodium vapor density
when more heat was applied to one of the ovens. Data was obtained in the
near region from 5863 A to 5881 X on the high frequency side of the Dy-line
(A = 5889.96 ZD. As shown in Figure 2 of Appendix II, agreement between
theory and experiment is quite satisfactory. The vertical uncertainty bars
shown stem from tolerance limits on temperature determination, on the actual
length of the sodium column between the two diffusion boundaries, and on the
fringe shift count in portions of the data where fringe contrast was poor.

A separate experimental study of absorptive dispersion was made for
back-up purposes. The redundancy arising from the Kramers-Kronig relations
between refractive and absorptive dispersion was felt to be a desirable feature
in establishing further confidence in the results. The work is covered in
the thesis of I. J. Benard, attached as Appendix IV. Here again we are
especially interested in the trade-off between absorption and dispersion in
the near region, so the measurements were made in the waveléngth range between
10 and 40 A off resonance (see Figure 3 of Appendix IV).

Results of the studies are compared with the prediction that the absorp-
tion coefficients determined at various pressures and wavelengths should fall
on a universal curve C/X2 plotted against the variable X |, qhere
X= (mr = w)/YL-,C is a constant, w, - w is the frequency difference from
resonance, and Yy 1is the Lorentzian half-width. A systematic deviation is
found with pressure which is about twice as large as the estimates of possible
errors due to the presence of molecular sodium Nas , and to the absorption by
sodium-argon mixtures at the diffusion boundaries of the vapor column. Less
certain are the effects of scattering by condensing sodium droplets.

Fortunately, the deviation just mentioned is more of a basic scientific
question and does not affect the objective of the program. The study was

important because the experimental results are a data bank for determining

e

ki




the actual absorption to be encountered in a particular resonant refractive
setup. We have learned that absorption values in the near region have only
very small effect on the near-region refractivity. The latter is sensitive

mainly to the absorption profile much closer to line center. This feature
has not been discussed in previous literature, and will be the subject of a

publication now in preparation.
The principal accomplishments summarized above, namely, (1) formulation

and analysis of resonant dispersion behavior, (2) numerical solutions of re-

fractive and absorptive resonant dispersion for sodium vapor, (3) design and -

P ——

construction of an experimental configuration to measure refractive dispersion
and absorption in the near region, (4) measurement of dispersion behavior in the
near region, and comparison with predictions of the analysis, (5) verification
of the viability of the use of the near region for this work as a consequence
of the trade-off between refraction and absorption, represent a principal
objective of the program to date. .The assessment and recommendations for

follow-up work are given in the next section.

ASSESSMENT

- The results just discussed confirm the physical foundation for the uee of

- refractive resonant behavior for improved flow visualization, and they include -

. quantitative results obtained for that purpose. It is clearly indicated, in

: our opinion that follow-up studies are warranted, studies which will establish

!E the method as a working laboratory technique. The major follow-up studies
include (1) design of a pilot flow facility using sodium injection in
highly diluted amounts, and specially adapted to refractive-type optical studies;
(2) construction and testing of such a facility to optimize parameters for the
resonant refractive method, and to de-bug the configuration; (3)performance
of a series of '"case studies" to illustrate the range of applicability — results
of which will lead to further recommendations for use of the technique by other

engineering research laboratories.

tory under Grant AFOSR 79-0058, and is to be completed by Feb. 29, 1980.
All indications so far are that the scientific and engineering know-how exist
to implement a suitably-designed facility.

g l Item (1) above is presently under study as the major program of our labora-.
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Items (2) and (3) would follow logically upon the completion of

item (1), and their successful completion would accomplish the ultimate
purpose of the whole study. It deserves mention that the flow facility
construction and. test phase need not be eipensive, since we envisage a
small-scale device capable of moderate speeds and operating around or
somewhat below atmospheric static pressures. Several laboratories, including
those at Stanford‘'s Department of Aeronautics and Astronautics have the
"elements" of such facilities, so that the requirements for items (2) and (3)
would constitute design modifications rather than completely new configura-
tions.

The list of applications of resonant refractive methods includes, as
examples, visualization of moderate strength sonic noise in the audible
region, vortices behind aircraft models in near-incompressible flow, turbulent
structure of shear layers and other flows and portions of engine flows,
exhausts and plume boundaries, where the refractivity variatiohs are marginal.

We feel that we are now one step closer to realization of such applications.

PERSONNEL ASSOCIATED WITH THE PROJECT 1974-1979

FACULTY: Prof. D. Bershader - Professor df Aerophysics and Principal Imvestigator

Prof. P. Parikh - Acting Assistant Professor, Dept. of Mechanical
Engineering, Stanford University

Dr. G. Prakash - Research Associate, Dept. of Aeronautics and
Astronautics, Stanford University

Prof. P. Langhoff

Professor of Chemistry, University of Indiana,
visiting at Stanford University

Dr. B. Armstrong - Manager, Applied Physics Department, IBM
Scientific Center, Palo Alto, California,
Visiting Research Scholar, Stanford

Prof. F. Hansen -~ NASA-Ames Research Center and Consulting
" Professor at Stanford University

STUDENTS: G. Blendstrup - Ph.D., Stanford University 1978
_I. Benard -~ Engineer Degree, -Stanford -1979
L. Chan -~ Engineer Degree Candidate, Stanford
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V. Matte - Technician Specialist, Stanford University
G. De Werk -~ Precision Machinist and Shop Foreman, Stanford
T. Storm - Secretary, Stanford
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IMPROVED FLOW VISUALIZATION BY USE OF RESONANT REFRACTIVITY

* i
D. Bershader, S. G. Prakash, and G. Huhn:r
Stanford University, Stanford, Calif.

Abstract

Progress is reported on studies to utilize the greatly
increased refractivity of gases near their atomic resonant
frequencies to obtain correspondingly increased sensitivity of
optical refractive methods used in studies of fluid flow. This
analysis reviews briefly some highlights of the optical dis-
persion of gases, and presents results for the modification of
resonant dispersion of sodium vapor due both to Doppler and
collision broadening. The design of an experiment for measur-
ing and calibrating the dispersion of sodium vapor is dis-
cussed, and the importance of the narrow-band -tunable dye
laser light source in this connection is indicated. Extension
of the experimental design to include a flow facility with
resonant refractive measurement capability also is discussed.
A sample calculation is given of the application of the
schlieren system to visualizing audible sound waves in which
conventional and resonant-wave length light sources are com-
pared.

I. Introduction

This report covers an early phase of the current study of
flow visualization enhancement by use of resonant refractivity.
The motivation for the effort stems from a continuing interest
in making visible a class of fluid-dynamic phenomena that re-
quire refractive sensitivities outside the range of present

Presented as Paper 76-71 at the AIAA 14th Aerospace
Sciences Meeting, Jan. 1976, Washington, D.C. This work was
supported by the Air Force Office of Scientific Research, De-
partment of Defense, under Contract AFOSR 74-2670A.

*Professor of Aerophysics and Vice-Chairman, Department of
Aeronautics and Astronautics.

TPostdoctoral Chemical Physicist, Stanford Research Insti-
tute, Menlo Park, Calif.

*Research Assistant,
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methods. They include vortex phenomena in low-speed flow,
aerody:..wnically generated sound at or near the audible range,
and turbulence in low-speed flows, including meteorological
flows.

. II. Resonant vs Nonresonant Refractivity

Refractive behavior of fluid flowfields underlies several
experimental methods used in their analysis, the most widely
known of which are schlieren, shadow, and interferometry. The
sensitivity of such methods is known.to be directly propor-
tional to the refractivity constant,” typically denoted by B
in the relation

n-1=B8Bp (1)

where n is the refractive index and p is the fluid mass
density.

Now, B depends on the frequency w of the light source
but the dependence over most of the spectrum for gases of
common interest is weak, i.e., B is nearly constant
(designated by BO) with the approximate value for air in the
visible

B&z 2.3 x 10_4met3/kg (1a)

However, near a transition frequency w_ between electronic
states in the gas (often called resonant frequency), B
becomes a very strong function of w®w . When the latter lies
near »_, we may write

2
/e fr‘o' (mr-w)

B(w) =B (m,w 0 r---) +
1 rtVpn = 2o
kmeowrm (mr w) +yr/4

where e,m = the electronic charge and mass, reaspectively
f = oscillator strength of the spectral line at w,
€M, = Loschmidt (Avogadro) number and atomic mass
WP yreee = the transition frequencies of the gas

p . damping constant, controlling the sharpness of
the resonant behavior

e permittivity of free space
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and where Ezfruf
B (@l s qpiasan) = (3)
: LR ,Z 2me_w ,m(m2 -wz)
x'#r or rt

For air and other diatomic gases, the electronic
resonances occur in the ultra-violet so that for visible fre-
quencies of the diagnostic light beams, w, and all

wr,>>w. Then the ¥y term can be dropped in Egq. (2), as it
is in Eq. (3); and if then becomes evident why the terms in
Egs. (2) and (3) are only weakly dependent on w . Using the
subscript o for this case, we write

no(w) -1=B (w)p (4)
(far off resonance)

where, in contrast to B(w) in Eq. (2), B_ (w) is nearly con-
stant. B° and B, differ only in that the®summation for Bo
includes all r' “{see Eq. (3)} . If we switch from frequency
to wavelength units, then Eq. (4) reads

ng (A) - 1= Ko(x)p (4a)
where the more familiar Ko(l) is the B (w) function

expressed in terms of ), and often calged the Gladstone-Dale
constant. Explicitly, we have

2
< ar,A
Ko(k) WM E = (5)
o) A= Ar'
where
a_, = ezf ,Az,//Sﬂze mc2 (5a)
r LU o

For A_, <<A , Eq. (4a) can be expanded to give the familiar
Cauchy'aispersion equation for the nonresonant regime:

4
B VL e BT x o T a t, SaiRy (6)
o 12 x4

where the numerical values apply to air at STP, and where the
A values are in millimicrons.

Turning to the resonant region, let us define a reference
index n1 by

h ~1= By o (7
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Then Eq. (2) may be written
(wr-m)H
o (2a)

n-n, =
1 2 2
wr{(mr-w) + Yr/4}

with 2
H=¢e £ f//4€ m N
r o

Figure 1 is a plot of n-n. vs w for the sodium D-2
line based on Eq. (2a). That 1s a so-called Lorentzian func-
tion, and the shape around resonance is controlled, of course,
by the va%ue of the damping constant y_ . The value of
1.00 x 10 rad./sec, given in the capt{on of Fig. 1 includes
an allowance for pressure or collision self-broadening corres-
pondence to the presently chosen values of vapor density and
temperature. Indeed, Y _= Y, + Y., , where ¥ is the natural
or classical damping, ané Y is €he collisional damping.
what is not treated in constgucting Fig. 1 is Doppler broad-

A-Ar(g)
-15 -10 -5 0 5 10 150

16

: -
e X

P e

-8 1 \
-12 ‘\

-16

-n-n
Lo
o

1 1 A 1 1 i

1.0 0.75 0.50 0.25 O =0.25 =0.50 -0.75 -1.0
9

w-m;(rad/sec) x 10

Fig.l Plot of refractive index variation near resonance
with Lorentzian broadening only, for the sodium D-2 line
A_= 5889.96 8 . The quantity ny is a nonresonant

inex [see Eq. (7] .
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IMPROVED FLOW VISUALIZATION 599

ening, which is actually the controlling factor for the line
width in the present work. That feature is discussed later in
some detail.

Comparison of Fig. 1 with the resonance absorption or
emission curve would show that the positive and negative peaks
of n occur at the half-power points. The disp}icement from
resonance of the latter is 7.96 MHz or 0.92 x 10 X, which,
therefore, implies high-resolution optics if one is gcing to
utilize the resonant behavior. Note that the dispersion curves
tend asymptotically toward values >n, at the longer wave-
lengths, and <n1 at wavelengths smailer than the resonant
value. Since n) is nearly equal to unity to within a very
small fraction of a percent, this means that in the lower-
wavelength part of the spectrum, the velocity of light in
sodium vapor is greater than the vacuum velocity of light. We
deal here with the phase velocity, so that no laws of physics
are being violated.

Because Doppler-broadening effects have not been taken
into account yet, Fig. 1 is not appropriate for use in reson-
ant refractivity work. For reference, we note that the peak
value of 16.7 may be compared with a nonresonant value of
0.000058 at A = 6200 g, based on data given by Wood.2 since
it is n-1 that determines the specific refractivity, the_6
ultimate gain without Doppler broadening is 15.7/5.8 x 10 =
2.71 x 10! This value in fact, is modified appreciably by
Doppler broadening, which we now examine.

III. Doppler Modified Resonant Refractivity

Thermal motion of radiating atoms produces frequency
shifts of the well-known Doppler type; i.e., the shifted
frequency due to an atom velocity v is w(l + v/c) , where

w is the unshifted frequency and v may be positive or
negative. If the atomic velocity distribution is Maxwellian,
then dN , the number density of particles with velocity
components between v and v + dv is

- Mv2 - Mv2
s g VB g T,y B av 8
N 27KT . (n/s) v

where v is the mean thermal velocity of the particles, and
where the other symbols have their usual definitions. Now,
the refractive dispersion near resonance for any particle
moving with velocity v will be Lorentz-broadened in accord-

- ’jh‘
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600 D. BERSHADER, S.G. PRAKASH, AND G. HUHN

ance with Eq. (2a), which now must be integrated over the 1
particle velocity distribution to give the refractivity. Thus

meNf wr-m (1av/e) -Mv2/ 2kT
1y Wl g .4 . o gy -
r {wr-m (14v/c) )} + Yr/4 Nz

Next, it is useful to recast the Eq. (9) by introducing
nondimensional variables in terms of w_, ¢, and a
characteristic molecular thermal velocit§ ‘/ZKT/M . Define

X = (mr/c) v/(wr/c) J2kT/m = v /M/2kT (10)

a= Yr/z/ (wr/c) V2kT/M (11)

u= wr-w/(wr/c) 2kT/M (12)

The refractive index now appears in a form more adaptable
for evaluation:
400

? 'neszrc u-x -x2
n=ny =\ 2mke 2 R am e 5
™o, i (u=x)" + a

We have evaluated Eq. (13) as a function of the norm-
alized frequency u. The integral was computed by inter-
polating the tabulated values in the range 0<u<3.9 , and a
computer program was employed for u>3.9 .

The profile is shown in Fig. 2. It should be noted that,
apart from a constant, u represents the frequency difference
normalized with respect to the Doppler half-width AvD

w -0 2 \/2;12— (vr-v)
u = (13a)

(w_/c) J 2kT/m AvD
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Angstroms from Ar

g 0 0.088 0.265 0.441  0.618 0.794 l

L] L L} L) L = ) L

0 1 2 3 4

5 6 7
(wr-w) 2/ b2
L AwD

Fig. 2 Dispersion of the D,- line of sodium vapor including
the effects of Doppler broadening: refractive index vs fre-
quency separation from line center. Note that n, represents
the nonresonant refractivity value, also that AmD = 21rAvD
as given in Eq. (13b).

where AvD is the Doppler half-width given by

5 : AvD =(2vr/c) V 2kT;M In2 (13b)

IV. Sensitivity Amplification with Modified Resonant Dispersion

Doppler brcadening lowered the peak refractive index .
value significantly, but it also produced a significant spread
of the effective resonant region. Note that there exists a
very large refractivity out to nearly 1 from line center,
and actually well beyond that. Suppose we can probe the gas
! with a narrow-band beam (we have yet to say how) at about
gF 1 0.22 off resonance, where n-n (effectively n~1) equals
b 0.10, as shown in Fig. 2. An effective "Gladstone-Dale" "
constant for og&iee.l refractige sensitivity calculations would
be, for N = 10 particles/m

2
KaO-h, =022 Ry = B2 010 2 o n a0’ & (e
3.82x10 v

S T S SR 1 A 5 . —— -
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Comparing these with the value of Bo (oxr Ko) for air given in
Eq. (la), we have

[l%a (A-A_ = 0.22 2 )]/Kair - 103 x 10" (15)

If we assume an airflow (more likely nitrogen) homogeneously
seeded with a mole fraction of 0.001 of sodium vapor, then

the radio just given becomes essentially 10 . Since it is
indeed the Gladstone-Dale parameter that constitutes the basic
sensitivity factor in phase-sensitive refractive methods, such
as interferometry, and angular deflection refractive methods,
such as schlieren and shadowgraphy, the numerical calculation
just given serves as a basis for the prospect of obtaining
highly improved flow visualization. The possibility of
suitable instrumentation and experimental design to exploit
this capability has yet to be discussed.

V. Resonant Refractivity Calibration Experiment

To utilize the potential of resonant refraction, one
clearly must have a sufficiently narrow-band, preferably
tunable light source with sufficient intensity to overcome the
non-negligible absorption near rescnance. The tunable dye
laser can satisfy these requirements; and an interferometer,
such as the Mach-Zehnder device, can serve for refractivity
measurement or calibration.

Fig. 3 shows a schematic of a system designed for
initial experiments to check the predicted resonant dispersion
of sodium vapor, and also to test the sensitivity to a primi-
tive disturbance. The dye laser light source, containing
principally rhodamine 6G, is activated by an ultra-

violet laser beam from a nitrogen pump laser at A = 3371 £
(Molectron-type) suitable focused on the dye cell with a
cylindrical lens. The dye cell is located in its own laser
cavity with a blazed grating as one of the terminal elements.
Fine rotation of the grating produces correspondingly fine
frequency tuning of the output beam. Better operation is
obtained by use of a beam expander, which allows use of the
total grating area. The beam exits the cavity through a b _’_j
small-angle glass wedge, passes through another beam expander, :
*and enters the Mach-Zehnder interferometer. .

The two paths of the interferometer contain two sections
of a double heat-pipe oven utilizing clam-shell heaters over
a stainless steel tube, and an 80-mesh stainless screen in- i

}

e ———————— e s -
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side the tube for the capillary-motion return path of the
condensed sodium vapor. Argon gas serves as the buffer in

the cooled parts of the tubes, and its pressure is adjustable
to a value near the vapor pressure of the sodium corresponding
to the temperature as determined with suitable thermocouples.
The ends of the tubes contain sapphire windows for light trans-
mission, and they are otherwise the same except for a sub-
stantial difference of length, the idea being to cancel out
refractive end effects in both paths, especially at the sodium
vapor-argon boundary.

The emitted wavelength corresponding to any particular
orientation of the grating is calibrated with a MacPherson
l-m scanning monochromator. Alternative techniques may be
tried to optimize the calibration, including the use of
finely spaced lines from the sodium molecule Na.,, which is
present in the vapor under the pressure and temperature
conditions of 0.75 Torr and 700 K, respectively. Camera
optics are included with the interferometer to produce a real
image of virtual-type Mach-Zehnder fringes on a ground glass
screen or photographic plate. As of this writing, the
components largely have been assembled and positioned, but
experimentation has not begun yet. It is expected that
adjustments relating to optimizing the heating-cooling con-
figuration of the heat-pipe oven, unwanted thermal distur-
bances in the interferometer paths, and optimizing the spec-
tral resolution of the dye laser beam will require special
effort, but none of these should constitute serious stumbling
blocks. In connection with the last-mentioned feature, the
grating-cavity configuration should produce a bandwidth of
0.1 A or less™, without the use of a Fabry-Perot etalon.

The latter does decrease the bandwidth, but at the expense
of beam intensity, and will only be used if found really
necessary.

VI. Sample Calculation for Schlieren Photography
of Audible Sound Waves

As an example of a current technical problem of some
importance, suppose it were desired to visualize, by the

schlieren method, sound waves originating in some noise source -
under study. Let us assume 1) that the noise of interest in

this case is clustered around 1000 Hz; -~
2) that the schlieren system,_ghen suitably adjusted, is

capable of detecting 1 urad(10 rads) of angular deflection: -s
and 3) the test atmosphere is seeded with 0.1 mol % of

sodium vapor. We ask for the weakest-amplitude sound wave -

detectable by 1) conventional light source, and 2) a resonant-
frequency light source.

P
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E

The expression for a small angular deflection € by a i

density gradient component, say dp/dx , is, for a two- j
dimensional disturbance

€ = KL dp/dx (16)

where K is the Gladstone-Dale constant Ihumerically equal to
B , see Egs. (1), (14), and (15)]: and L is the span of
the disturbance in the direction of the ignorable coordinate.
Let us choose L = 0.10 m, and let us interpret dp/dx in
terms of the strength of the 1000~Hz sound wave.

We assume that the schlieren light source will be pulsed
so as to "stop" the sound wave in snapshot fashion. The
sound overpressure p may be assumed to have a sinusoidal
distribution in x

p= po sin kx (17)

where k is the wave number, 2w/\ . The density gradient
now may be written

2
dp/dx = (dp/dp&d (dp/dx) =(k/a ) p, cos k x (18)

where the subscript ad stands for adiayatic, that derivative
thus being equal to the reciprocal of a , the sound speed
squared. The gradient's maximum value will be

2
(dp/dx) i kpo/a (18a)

and it is that value that we should use in Eq. (16). Combin-
ing the two relations and solving for P° , we obtain

p_ =(a®/kix) ¢ = a’c/2nvke (19)

Choosing a = 340 m/sec and using values of Ko (0533 ) given
in Egs. (la) and (14), the latter adjusted for 10 fol

fraction of sodium vapor, we obtain PONR (nonresonant)
and Pg (resonant) .

Substitution of numerical values gives the sound pressure
level (SPL) which, when expressed in terms of the usual
decibel notation, reads for the nonresonant case

(spL) "R = 20 log (PgR / 2x10°°) = 143dB (20)
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where 2x10-5 Newtons/m2 is the conventional threshold
value. This is an extremely loud sound, not only painful
but damaging to the ear even for short times. It is compar-
able to the noise quite close to a sizeable jet engine.

Replacing the refractivity constant K with the resonant
value adjusted for 0.1 1 % sodium vapor, we obtain a value
of maximum pressure, P _ , smaller by a factor of 1130
{see Eq. (15)} . The resultant sound pressure level is

(spL)® = 20109 (poR / 2x107°) = 82 4B (21)

a rather loud sound, but one which is more commonly experienc-
ed in many noise-type situations. Note that changing frequen-
cy by a factor of 10 modifies the above values by 20 dB,
higher threshold values for lower frequencies, and vice versa.
Thus, it is evident that the use of resonant refractivity
offers a visual capability for sound waves which is more
widely applicable than is possible with nonresonant light
sources.

VII. Experimental Implementation and Utilization

Calibration of the system will include firstly a wide-
band nonresonant, as well as a narrow-band resonant disper-
sion measurement of sodium vapor. For this purpose, fringe
shift counts will be taken at specified wavelengths. Consis-
tency of measured refractivities at (off-resonance) wavelengths
where good published data are available will provide a check
of experimental precision (e.g., cancellation of end effects
at the sodium vapor-argon boundary, etc.) combined with the
use of densities based on the sodium vapor pressure-tempera-
ture curves.

Accurate wavelength determination in the resonant regime
depends on the bandwidth of the dye laser beam. If we assume
that, without the use of a_Fabry-Perot etalon, the bandwidth
will be approximately 0.1 X, narrow enough in relation to the
resonance curve shown in Fig. 2, then a calibration of the
rotational control position of the diffraction grating
(see Fig. 3) will be made with the aid of the monochromator,
as mentioned earlier. Narrow molecular lines of known wave-
length are convenient calibration points. Especially conven-
ient, if feasible, would be the use of the sodium Na2 lines,
also mentioned earlier.

Table 1 is a listing of Na, lines on the low-wave length
side of the Na-D2 resonance line, A = 5889.96 g , reaching
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Table 1 Spectral lines of the Na, molecule on the low-wave%enqth
side of the Na D-2 resonance iine at Ar = 5889.96 &8 2’

Relative

v" J" A J' Wavelength 8 intensity 3
3 19 26 20 5889.44 0.848E+04

3 47 27 48 5889.20 0.890E+04

3 15 26 14 5889.14 0.662E+04

0 100 27 99  5889.10 0.788E+01 2

2 57 26 58 5889.09 0.457E+04

0 37 22 36 5889.04 0.104E+04

1 24 23 25 5889.03 0.244E+04

1 46 24 45 5889.91 0.181E+04 1
1 62 25 61 5889.89 0.913E+03 .
2 71 27 72 5888.83 0.224E+04 f
1 78 26 79 5888.79 0.374E+03 1
3 18 26 19 5888.79 0.489E+04

0 73 24 74 5888.75 0.217E+03

0 91 26 90 5888.69 0.355E+02

1 20 23 19 5888.66 0.206E+04

0 81 25 80 5888.61 0.931E+02

2. Temperature is 500°c . See discussion in Sec.VII for
further information. Note the power-of-ten representation in
ths column marked "relative intensity", e.g., E + 04 means

10 , etc.

bpata kindly supplied by Dr. Mark Kaminsky, Stanford Univer-
sity.

as close as 0.5 £ of line center. Eiven along with the
wavelengths are the v and j-numbers for the upper (single-
prime) and lower (double-prime) states. The transition is
one between two singlet states, the A-Band, and the ground
electronic state. Relative intensities are also shown in
accordance with the relation

- 2
intensity factor = BFv* (J' + J" + e Ea/kT ey

s

{
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where B is the nuclear spin population factor (=5/3 fo ”
odd; = 1 for J" even), F the Franck~-Condon factgf, vNRis
the energy of the transition in wavenumbers (cm "), and E
is the energy of the lower state above the potential minimuf
of the ground state.

These intensities are considerably lower than the D-line
intensities, and the proximity to the resonant wavelength at
which the molecular lines are still visible has yet to be
determined. Also to be checked is the attenuation near
resonance by the wings of the absorption line. The exponen-
tial absorption coefficient for Doppler broadenings has yet
to be calculated, but experience of others studying sodium
vapor line structure with dye lasers indicates that the
latter have sufficient intensity.

Following determination of the sodium dispersion over
an accessible range of temperatu§§ cgrresponding to vapor
densities in the range around 10 /m~ , a preliminary experi-
ment is planned, involving a small refractive disturbance.
The test might take the form of an acoustic disturbance from
a transducer mounted in the tube wall, or possibly a thermal
disturbance involving free-convective and/or radiative
behavior. Comparison of resonant and nonresonant light sources
will be made, results recorded, and the differences studied.

If results of the preliminary tests are up to expectations
the design of a suitable flow facility will be studied. The
flow likely will be nitrogen rather than air, and the chief
technical challenge is the admixture of the desired amount
of sodium seed material to produce a well-mixed test-section
flow without condensation or other undesirable effects. A
central goal would be to conduct the experiments with the
minimum amount of temperature increase in the test section.

It is felt that this should be possible because of the moder-

ate seeding ratio. Whether the sodium itself will be intro-

duced from a side-arm boiler, with the help of an aerosol

technique or some other arrangement, has yet to be determined. 2

capable of flows of sufficient duration for studies of several
types. The nitrogen pump laser pulse repetition can be varied

from just a single pulse up to 50/sec; i.e., it can serve as

a quasi-continuous light source. On the other hand, the

duration of the dye laser pulse is of the order of several
nanoseconds, so that there is no problem of photographing

nonsteady or very fast-moving flow phenomena. ”

A working facility of the type described should be I
-~
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The remarks in this section are a brief summary of e
of the follow-on studies required in this program. It is
evident that several problems remain to be solved, and it is
anticipated that these will be discussed in future presenta-
tions.

D T, | S - e
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Resonance Refractivity Studies of
Sodium Vapor for Enhanced
Flow Visualization
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Introduction

EFRACTIVE methods pioneered by the studies of Mach,

Zehnder, Toepler, and others have been used for about
100 years to visualize fluid-dynamic flow phenomena. While
there have been new developments in sophistication of the
optical methodology and instrumentation, the sensitivity of
essentially all work to date has been controlled by the specific
refractivity of diatomic gases, e.g., air, in the visible portion
of the spectrum. That quantity, K,, appears in the well-
known Dale-Gladstone constitutive relation’

"_I=Kop (l)

relating refractive index n and gas density p. Its value is
relatively constant over the visible portion of the spectrum:

Ko, ~2.3%10~* m*/kg

The relatively small magnitude of K, has largely limited
the application of techniques such as interferometry,
Schlieren, and shadowgraphy to compressible flows with
substantial density gradients; or to free convective flows with
sizable thermal gradients. As an example, the density change
corresponding to 0.1 fringe shift in a test rig with a transverse
light path of 10 cm is 2.2 % 10 -3 kg/m? or 0.17% of standard
atmospheric density. It turns out that a substantially higher
sensitivity is desirable for several applications of current
interest. These include vortices and turbulence in low-speed
flow, propagation of sound or noise in the audible range,
rarified gas flow, and meteorological flows.

The idea of using a tunable narrow band dye laser to
illuminate a gas near its resonance line in order to increase the
effective Dale-Gladstone ‘‘constant’’ was discussed in an
earlier paper by two of the present authors.? Since the
resonance transitions of air and other diatomic gases lie in the
far ultraviolet, the work just referred to as well as the present
Note deals with the resonance refractivity of sodium vapor. In
a laboratory application of this method, the working fluid
would be seeded with small quantities of sodium vapor or
other suitable material, probably in the range 10 -* to 10 -3
mole fraction.

The present Note describes recent results, including
refinement of both the theoretical calculations and the ex-

Received April 18, 1978; revision received June 12, 1978. Copyright
© American Institute of Aeronautics and Astronautics, Inc., 1978.
All rights reserved.

Index categories: Experimental Methods of Diagnostics; Lasers.
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perimental setup to check the resonance dispersion of sodium
vapor, as well as the final calibration experiment on sodium
vapor refractivity. -

Theoretical
Atomic absorption and dispersion line shapes under
conditions of Doppler, collision, and natural broadening can
be represented by Voigt profiles of the form?

\/H esz « €E—v
- = £ e
e 8xNx  meoypy, -‘—u (e=»)2+v1/4
-exp[—4 t2- (e —»,) 2/vp)de 7))
(ll)'_ ‘/H .eszr‘YL ‘u 1
& 4xVx  meeoyp - (e=v)+9i/4

-exp[— 42 (e —v,) ?/vd)de 3)

where the usual symbols are used for the familiar physical
constants. Further, u is the absorption index, f, and », are the
total integrated oscillator strength of the particular doublet
component and the corresponding resonance transition
frequency, respectively; and vy, and vy, are the Lorentzian and
Doppler ‘‘full-halfwidths’’ (full width at half maximum). The
Doppler value is

T
1o=2% o V&2 )

while the Lorentzian value is the sum of natural and collision
widths

YL=Yn+7c (5)

Recent measurements of sodium self-broadening over the
number density range N~ 106 to 1022 (atoms/m*) have given
the values for the proportionality constant C, in the relation

Y.=2C,N

indicated in Table 1. Table 1 also presents values of oscillator
strengths, resonant frequencies and wavelengths, and natural
widths for the two sodium D-lines.
By use of dimensionless variables
o NW2(v—v,)
™

a= %‘- Va2 (Voigt parameter) (6b)
D

y_N&Z(e—v,)
Yo

(6a)

(6¢)

Table1 Sodium D-lines parameters*®

v,,10%4/s I Y 108/ C,, 10" PmYs
Al A (Ref.7)  (Ref.8)  (Ref.8) (Ref. 9)
D, 5895.930  5.083345 0.327 9.99 .32
D, 5889.963 5.088500  0.655 10.03 8.59

;D,ref tothe 2§;,,~ 2P, , transition, whereas D, refers 10 the
§;/2=“Py,, transition.
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Fig. 1 Schematic diagram of resonant refractivity apparatus.

it is possible to rewrite Egs. (2) and (3) to read

n,(v)—1= ﬁ _eM [1 Sa —L——E—e‘-’)dy]

8% megy, v, Lo )-w a2+ (u-y)?
(2a)
Vx e’Nf.a [a (=
=== e .
#(v) Tr Megy,e [1r 5-. a"+(u—y)"e dy] (3a)
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where the entities in square brackets can be recognized as the
imaginary and real parts, respectively, of the complementary
error function of complex argument

W(z) =e-Zerfe(-i-z), z=u+ia )

A computer program was used to calculate the W(z) function
based, in turn, on a method of Hummer and Rybicki® to
calculate the absorption Voigt profile [real part of W(z)]. To
obtain the imaginary part, the Kroenig-Heisenberg* expres-
sion was employed relating the real and imaginary parts of
W(z) to each other. A plot of the theoretical values of
specific refractivity vs wavelength is shown in Fig. 2 (solid
line).

Experiment

Major features of the experiment are highlighted in the
schematic diagram of Fig. 1. Sodium vapor is generated and
contained in a defined configuration by use of the heat-pipe
oven apparatus. The latter, in turn, occupies a portion of the
path in a Mach-Zehnder interferometer, and changes in
sodium refractivity are monitored by fringe shifts. The light
source is a tunable dye laser which has suitable resolution near
the sodium resonance. The description of the transversely
pumped dye laser in Hansch’ configuration and the operation
of the two heat-pipe ovens was briefly reviewed in Ref. 2.
Modifications and refinements required in the more recent
work included changing the chromel-alumel thermocouples to
more heat-resistant platinel thermocouples, replacing the
sapphire windows with fused-silica quartz optical flats of high
flatness and parallelism, and enclosing the light beam in the
interferometer to eliminate fringe shifts due to ambient air
currents.

The dye-laser system itself was mounted together with the
nitrogen pump laser (Molectron UV300) on a heavy 1Y:-in.-
thick aluminum plate. Its performance was found to be quite
comparable with the Molectron DL22 system, having a
repeatability, stability, and accuracy better than 0.1A, a
bandwidth of 0.2A, and a pulse energy of approximately
170uJ at 5890 A. The emitted wavelength corresponding to
any particular orientation of the grating was calibrated with a
MacPherson 1-m-scanning monochromator together with
sodium and neon vapor lamps to produce emission lines at
5889.96 and 5852.5 A, respectively.

-100}

Fig. 2 Resonant dispersion in
sodium vapor. Points represent
measured values. Negative or- -10
dinate values relate to high-
frequency-line wing where n> 7.

=10,

)
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Installation of a heater unit with feedback on-off switches
made it possible to control the temperatures in the heat-pipe
ovens separately to a fraction of a degree Celsius. Holding the
temperature in one oven constant and raising or lowering the
temperature in the other gave measurable fringe shifts which
could then be related to the recorded pressure and density
change. Typical fringe-shift studies were carried out in the
regime between 440° and 480°C for sodium number density
changes of the order of 5x10* m ~? corresponding to
temperature changes of approximately 10°C.

The fringes were focused on a plate with a pinhole in front
of a high-gain photomultiplier tube (RCA C31000F) which
was cooled down to —30°C to lower the dark current and
increase the signal-to-noise ratio. The output of the PMT was
then recorded with an X-Y plotter, monitoring the intensity
changes in a typical periodic fashion as the fringes marched
across the pirhole.

Results and Discussion
Investigation of the computed absorption and refractivity
profiles showed some noteworthy features which were
confirmed by the experimental results. The shape of the
refractivity curves are highly insensitive to the Voigt
parameter a and temperature T, allowing us to write Eq. (I) in
the following form

n, (NT)—=1=K,(N)p(T) (1a)

where subscript r means near the resonance regime.

Figure 2 shows the graph of the calculated values for K, (\)
which are valid to a high degree of accuracy for a broad
temperature range and for A smaller than 5890 A. The ex-
perimental results in the investigated wavelength range are in
good accordance with the theory. As mentioned above, the
fringe shifts were measured and then related to the known
change of density and effective length of sodium column
according to

S-M =K, (N) (0,4, —p,t;) (¢))

where S denotes the fringe shift, A\, the wavelength of the dye
laser, and p,, and ¢,, the mass density and length of the
sodium column before and after the temperature change,
respectively.

The maximum refractivity enhancement was limited by the
resonance absorption of the approximately 0.5-m-long
sodium column. At about 7 A away from resonance and
T=465°C the absorption coefficient of p=7 m ~' makes it
virtually impossible to measure fringe shifts even closer to
resonance. Nevertheless, the relatively gentle slope of the

VOL. 16, NO. 10

dispersion curve enables us to achieve enhancements in the
wings which are of the order of 200 to 300 compared to the
zero-frequency Dale-Gladstone constant Koy, =4.051x10 73
m?/kg of sodium. If compared with the nonresonart value of
air K, =23x10-* m?3/kg the resonance refractivity
enhancement reaches a value of 5.0 x 103,

Furthermore, the relative magnitude of the absorption line
shape in the wings is proportional to the Lorentzian line
width, whereas (as mentioned above) the refractivity line
shape is quite insensitive to @ [see Eq. (6b)] and any change of
v. - Therefore, any decrease of 4, would make it possible to
go closer to the resonance line and to utilize a larger index of
refraction. :

In this respect the resonant refractivity technique for seeded
flow-field visualization looks quite promising. The collision
linewidth for sodium in the presence of an inert buffer gas like
argon, which behaves quite similarly to nitrogen and air, is
over 25 times smaller than in the present case with sodium-
sodium collisions. Assuming the same maximum tolerable
absorption and the same length of sodium column it should be
possible to make use of an enhanced specific refractivity
significantly larger than in the case of sodium self-
broadening.
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CHAPTER I

INTRODUCTION

Optical studies in gasdynamics such as interferometric investiga-
tions or the application of special schlieren techniques are now
standard procedure in many laboratories, including those of the
Stanford Department of Aeronautics and Astronautics. The aim of this
study is to cﬁﬁtribute to an improved sensitivity of such methods, to ?

make visible a class d%ﬁ%1uid dynamic phenomena whose small density

gradients precluded their investigation heretofore.

To make tﬁe invisible visible always fascinated researchers and
scientists. Since most fluids, gaseous or liquid, are transparent,
their motions remain invisible to the naked eye. Unfortunately, due
to the complexity of fluid motion and to the difficulties involved in
applying and solving the governing equations to even the simplest flow
situation, fluid dynamicist have to rely heavily on experimental
techniques in order to derive quantitative data about the 1"Iow.‘l

The advantage of optical techniques lies in the fact that they
allow measurements of pressure, temperature and velocity of a complete
flow field without introducing any disturbance into the phenomenon
being studied. Qther flow measuring devices, on the contrary, like a
hot-wire anenometer or a pressure or temperature probe perturb the flow - ‘
and can provide data of the flow for only one point at a time.

Compressible flows do show refractive variations, and the methods

of schlieren, shadowgraphy, and interferometry are widely used in their
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2 The refractive behavior stems from the fact that the speed of

study.
light varies with the density of the medium through which it is pass-
ing. The speed of 1{ght ¢, in turn, is related to the refractive

index n by its ratio with the speed of light in vacuo co3 ; i

- n(p) = co/clp)
In other words, § change in density results in a cofresponding change
in the refractive iﬁdex. As a result, a light ray traversing through
the flow field will be affected with respect to its direction and

phase.

The schlieren, a German word describing blurrs or inhomogenities
in transparent media, and the shadowgraph methods make use of the
angular deflection of light in the presence of transverse refractive

1,4 Both techniques were developed over a century ago by

gradients.
co-workers of E. Mach to photograph non-steady shock-wave phenomena
and allow the direct measurement of the first (schlieren technique) or
second (shadowgraph) spatial derivative of the density. To determine
the actual density in the test section the gradient has to be inte-
grated, which makes these methods rather awkward and inaccurate for
quantitative measurements.

Fortunately, interference techniques enable the experimentalist
to measure density directly. The theory of interference 1is based

essentially on the principle of linear superposition of electro-magnetic

waves. In the interferometer, the change of phase of the test beam with
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respect to a reference beam is measured by superimposing the two beams,

thus forming a pattern of interference fringes. A variation in
density in the test section will change this pattern, which then,
in turn, can be directly related to the density distribution in the

flow field. For wind tunnel work the Mach-Zehnder interferometers’6

is employed almost universally. It represents an improvement of the
well-known two-beam interferometer designed by Jamin in 1856.

The uf;imate sensitivities of these techniques,'however, leave
much to be deéﬁ?ed and restrict their application to flow fields
where relatively large density gradients are present. While there have
been new devélopments in the sophistication of the optical methodology

7-9 the sensitivity of essentially all work to

and instrumentation,
date has been controlled by the specific refractivity of diatomic
gases, e.g., air, in the visible portion of the spectrum. That quantity,

Ko’ appears in the well-known Dale-Gladstone constitutive re]ation]
ﬂ-]EKop,

relating refractive index n and gas density p. The relatively small
value of K° for air at normal temperature and pressure in the visible

portion of the spectrum

K ~ 2.3 x 10" m3/kg { ]

0,Air

has largely precluded the application of these flow visualization
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methods to varjous low-pressure compressible-flow phenomena requiring

high sen§itivity. As an example, the density change corresponding to
0.1 fringe-shifts in a.test rig with a transverse light path of 10 cm
filled with air at standard stagnation conditions is 0.17 percent of
atmospheric density. This density change corresponds to a change in
Mach number of approximately 0.02 for isentropically expanding or
compressing flows. In flows such as thermal convection the relative
density variation'is proportional to the relative Eﬁange initemperature
and a 0.17 percené Ehange of air at_standérd temperature amounts to a
temperature difference of about 0.5°K. These resolutions are quite
sufficient for the above cases but substantially higher sensitivities
are desirable for several applications of current interest. These
include vortices and turbulence in low-speed flow, propagation of sound
or noise in the audible range, rarified gas flow and meteorological : !
flows, to name only a few.

The use of resonance.radiation to increase the sensitivity by
many orders of magnitude beyond current techniques was first discussed

in the literature by D. A. Leonard and J. C. Kec:k]0

in 1962. They
decided toutilize the enhanced refractivity close to a resonant
transition, which is predicted from classical radiation theory, by use

of radiation in the vicinity of the strong resonance line of sodium

yapor at 5896 X by means of interference filters. The results obtained

when taking schlieren photographs of projectile wakes at vapor densities
less than 1 percent of atmospheric density showed the potential of

enhancing the refractivity by using resonant radiation.

a 4 ‘3 » ‘L
st M D e s sBaich
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11,12

D. Bershader proposed in 1970 to illuminate the "near

region" of a line with a narrowband tunable light soufce in order to

employ the enhancement of refractivity necessary to observe small
flow perturbations. However, the utilization of such enhanced refrac- | J
A tivity for flow visualization has been restricted by

5 ‘u* * the 11mi§ed number of special vapors with convenient resonance
| characteristic

e the non-availability of light sources wfth:suitable spectral

R e

resolution. :

The technical difficulties associated with working in the vacuum ultra-

A i

, violet, the regfon of refractive resonances for air, motivated the work
1 .ui_' with a gas having strong resonances in the visible'portion of the

j spectrum. Sodium vapor with|its strong ground state transitions

T (D-Tines) at 5889.963 R and 5895.930 X seemed the most convenient

4 !::.” choice. The advent of the tunable narrowband dye laser in 1972]3

provided the necessary reliable light source.

SRS In the meantime,.the use of tunable lasers to generate light at

k| 1. 14-16

115 the sodium wavelengths has been well developed, and by now such

J .o sources have been used for several investigations of fluid phenomena.

' ‘{ff} Among these are C. P. wang's17 excellent study (1975) of the use of

|

?P
[}
1

l ' shifted absorption 1ine to observe the resonant fluorescence. Here,a

resonance absorption and scattering techniques for measurement of tur-
18

bulent reactive flows; and the investigations of R. B. Miles, et al.,
in 1977 where sodium vapor was seeded into a hypersonic helium flow

and a very narrow linewidth dye laser was scanned across the doppler

O




specific velocity component fluoresces at each laser fregquency and

can easily be observed by eye. _ i
In accordance with the purpose of this study, detailed theore-

tical studies are described in Chapter II of the use of the greatly

increased refractivity of atoms and molecules near their resonance

frequencies to obtain correspondingly increased sensitivities of re-

fractivg methods.for studies of pure or seeded fluid flows. Descrip-

tions are first given of extinction and dispersioﬁﬁéf 1ight in gases

and in homogeneous gas mixtures. -
Since it was found that the.availéﬁle information on refractive

dispersion for alkali metais, more specifically sodium, is remarkably

limited -- the only measurements found of refraction and dispersion in

sodium vapor date back to 19341°

-- experimentally determined absorp-
tion linewidth parameters for the resonance doublets of alkali-metal
atoms are then employed in Chapter III to construct corresponding
resonance refractivity Tineshapes in the so-called Voigt approximation.
A computer program (Appendix A) is used to calculate these refractive
and absorptive profiles fn the neighborhood of the sodium D-lines.

The experimental part of this study, described in Chapters IV and

V, deals with the calibration experiment to verify the theoretically

—

obtained dispersion data of sodium vapor in the resonant regime. For
that purpose a tunable narrow band dye laser is used as a light source
and a Mach-Zehnder interferometer serves for refractivity measurements
The sodium vapor is generated in so-called heat pipe ovens, a device

which allows the vapor to be contained under well defined and stable 1
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conditions in such a way that it is accessible for optical investiga-
tions. Finally, in Chapter VI, the results are presented and discussed.
The ultimate maximum enhancement obtainable in the case of alkali-
seeded flows is found to be determined, for the most part, by absorp-
tion considerations, which 1imit the closest proximity to line center
to which the operating wavelength of the dye laser can be tuned. By
combining the four governing equations of the fringe shift experiment,
the dispersion and absorption formula, Beer's laQ‘and the fringe shift
equation, an e;bression is derived which ffliFeS in a very concise form
various experimental parameters fo the maximum number of obtainable
fringe shifts fdr a given disturbance. The latter part of Chapter VI
is devoted to detailed comparisons of the sensitiv{ties of schlieren.
and Mach-Zehnder measurements under non-resonant and resonant con-
ditions. .

The results of this study give useful information for the design
of a suitable flow facility where sodium vapor is injected to produce
a well mixed test section flow. The flow will likely be nitrogen than
air, and the major technical challenge is the admixture and injection
of the desired amount of sodium seed material without condensation or
other undesirable side effects. The measured values of the enhanced
refractive index of sodjum let the resonant refractivity technique for
seeded flow field visualization look quite promising especially<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>