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PREFACE 

The Rayleigh Scattering Diagnostics Workshop was held July 25-26,1995 at the NASA Lewis Research 
Center in Cleveland, Ohio. The purpose of the workshop was to foster timely exchange of information 
and expertise acquired by researchers and users of laser based Rayleigh scattering diagnostics for 
aerospace flow facilities and other applications. 

The workshop was attended by about 30 individuals from government, industry, and universities. This 
Conference Publication includes the 12 technical presentations and transcriptions of the two panel 
discussions. It should be noted that in the process of transcribing the tape recordings of the panel 
discussions, some mistakes have probably been made. The responsibility for these errors rests with the 
workshop organizer. 

The first panel was made up of "users" of optical diagnostics, mainly in aerospace test facilities, and its 
purpose was to assess areas of potential applications of Rayleigh scattering diagnostics. The second 
panel was made up of active researchers in Rayleigh scattering diagnostics, and its purpose was to 
discuss the direction of future work. 

We thank all the presenters and panel members for their excellent contributions. And we would like to 
acknowledge Joan Pettigrew, Barbara Mader, and Pamela Spinosi, whose efforts were essential to the 
success of the workshop. 

Richard Seasholtz and Daniel Lesco 
Workshop Organizers 
Optical Instrumentation Technology Branch 
NASA Lewis Research Center 







RAnEIGH IMAGING AND MEASUREMENT IN HIGH SPEED FLOWS 

RB. Miles, J.N. Forkey, N. Finkelstein, 
and W.R Lempert 

Princeton University 
Princeton, New Jersey 

CATEGORY TECHNIQUE PROUECT I ON 

A. Ray le igh  S c a t t e r i n g  

8. Mie S c a t t e r i n g  

2 C. Lase r -  l nduced Fl uo re scence  

D. Mass Spec t rome t ry  

3 . E. Thermal Emission 

. F. E l e c t  ron-Beam F1 uo rescence  

G. Raman S c a t t e r i n g  

4 H. Coheren t  Ant i  -Stokes Raman 
S c a t t e r i n g  - CARS 

5 1 .  L a s e r  Doppler  Veloc imetry  

J. Resonant  Doppler  Veloc imetry  

Very P romi s i ng 

Very Promis ing  

P romi s i ng 

Promis ing  

Needs More Research  

Needs More Research 

Needs More Research  

L i t t l e  Promise  

Requi r e s  Seed ing  

Requi res Seed ing  

TABLE 3. Surnmary o f  Conc lus ions .  

EVALUATION OF 
NON-INTRUSIVE FLOW 
MEASUREMENT TECHNIQUES 
FOR A RE-ENTRY FLIGHT 
EXPERIMENT 

I?. B. MILES, D. A. SANTAVICCA, 
AND M. ZIMMERMANN 
P r i n c e t o n  U n i v e r s i t y  
Princeton, New Jersey 08544 

Cooperative A g r e e m e n t  NCCI-64 
NOVEMBER 1983 
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RAYLEJGH SIGNAL 
[HEURISTIC DERIVATION] 

Rayleigh scattering arises from a molecule with an 
externally-driven dipole 

Radiation is proportional t o  the acceleration of 
the charged particles 

Es - 0'1 or Es = w2aEi 

* The total power scattered must  be independent of 
the distance from the dipole. Over a sphere of 
radius, r, around the dipole 

= f 1, dl; = r2f I,(r)dCl = constant 

so, 
1 

Is ( r )  = - 
r 

4. 
and, Es (r)=- 

r 



WYLEIGH SIGNAL 
[HEURISTIC DERIVATION] 

The radiated field at a particular angle must be 
proportional to the apparent dipole seen from 
that angle. 



RAYLEIGH SIGNAL 
[HEURISTIC DERIVATION] 

(Continued) 

Combining these heuristic points, we find: 

Classical E & M theory gives: 



COLLECTED POWER (FROM :A SINGLE DIPOLE) 

PC = r2 Is dl2 x (efficiency factors). 
wlleflion 
solid angle 

ao - - dR x (efficiency factors), - 'if an z 6 Ie* 

~ C T  w4a2  cos2 0 
where: - = 

1 6 n 2 ~ 0 2 ~ 4  ' 

Note: D = E ~ ~ + P = E ~ ~ + N ~ ~ = E ~ ;  k = 

E - E ,  a=- a n2-1 2(n-1) 
SO, or -- - - - - 

N 0 N N 



TABLE 2. INDICES OF REFRACTION AND TOTAL 

RAYLEIGH SCATTERING CROSS SECTIONS 

I Index of 
Molecule Refraction I Wavelength 

CBrF3 1,001 7 51 45 

( f reon- 1 3B1) 

ref. 

a - ref. 46. b - ref. 47 c - ref. 24 p - present 



SCATTERING VECTOR 

3 1.1 = 16 - E*I= "[2  sin i] 
' h  

Velocity sensitivity is in the direction. 

8 



RAYLEIGH SCATTERING LINESHAPES 

a) y = 4.39 1641 Torr] 
b) y=1.05 [I 54 Torr] 
c) y = 0.55 [ 81 Torr] 
d) y = 0.007 [ 1 Ton] 

I I * 
13 QSO 0.00 030 mo. Is0 

Frequency . S h i f t  X (Dimenrlonlerr) 

I 
- 1 h  -1.b ' -is0 ' 030 , ajo 1.00 . 1 3 0  

Fraquancy Shift X (Dlrnrnaionl***) 

(Ref: RP. Sandoval and R.L Armstrong, Phys. Rev. A, 1 3, Feb. 1 976, p. 752) 



RAYLElGH SIGNAL 

The total signal is proportional to the density. 

The linewidth is related t o  the temperature 
(and pressure). 

The frequency shift is related t o  the velocity in 
the direction. 





SCATTERING FROM PARTICLE FOG 

Fog occurs in virtually all blow-down air facilities 
at Mach > 2. 

Made up of H20, C02 (?) condensed particles. 

Fog is made up of small, nanoscale particles so 
they are in the Rayleigh range 2m c< A. 

Fog serves as a tracer of low temperature air. 

Interface with the boundary layer is highlighted 
since the fog evaporates at high temperatures. 

Scattering linewidth is narrow compared t o  air. 



DOUBLE-PULSED RAYLEIGH 

Uses a double-pulsed Nd:YAG laser (green). 
[Pulse separation: 1 5-80 psecs.] 

Images captured with two gated cameras or a high- 
speed framing camera. 

Double images give 

-- boundary layer evolution. 

-- dynamics of shock wave/boundary layer 
interactions. 

-- velocity profiles. 



filtered rayleigh scattering 
basic concept 

frequency 
1 

I \ 
frequency 

frequency 

frequency 





Filter 

heating t a p e  
cell windows ( t e m ~ e r a t u r e  

RTD element 
( temperature measuremen t )  

water  ba th  
(vapor p res su re  control) 

a r m  



Iodine Cell Transmission Profile 

-50 -40 -30 -20 -1 0 0 

frequency relative to reference (GHz) 



-26.00 -24.00 -22.00 -20:00 -18.00 -16.00 

Frequency Relative to Locked Reference Laser (GHz) 

Figure 3 ) Comparison between data of figure 1 for a cell pressure of 0.7 ton (solid curve) 
and theoretical model of iodine absorption (dotted curve). Data is renormalized to 100% 
transmission away from absorption lincs since background absorption and absorption due 
to windows is not included in model. 



imaging setup using - 

filtered rayleigh scattering 

basic geometry of 
crossing.shocks 



tunnel parameters 

- blowdown facility 
- compressed atmospheric 

air supply 
- Po = I00 psi 
-To=260K 
- Mach # = 3 

model parameters 

- 4" vertical, 6" horizontal 
inlet 

- 2 1" separation from 
tunnel wall on all sides 

- variable angle fins 
(5" to 11 ") 

laser parameters 

- 532nm 
- 5 to7 ns pulse width 
- injection seeded 
- tunable over - 60 GHz 

cell parameters 

- iodine 
- cell length = 3.25" 
- cell diameter = 2" 
- cell temperature = 80 C 
- side arm temp. = 44.5 C 
(vapor press. = 1.44 torr) 



Determination of Flow Parameters 
via Laser Frequency Tuning 

I 
l ' ' ' l ' ' ' l ' ' ' l ~ ' ' ~ ' ~ ' ~ ' ' s ~  

laser frequency 



Experimental Setup 

portion of 
1064nm seed beam 

- 
reference CW 

4 

Nd:YAG laser 

injection seeded. KTP frequency 
frequency doubled, doubling crystal 
pulsed, Nd: YAG laser 

1064nm HBS 

// 

I 532nm 

well stabilized 
reference 
iodine cell 

high sensitivity 
photodetector 

Mach 2 nozzle 

and feed back 
circuitry 

iodine 
cell intensified 

CCD camera computer - 
AID board and 
frame grabber 



Cell Transmission of Pulsed Laser: 
Data and Fit 

I , , ,  , , I  , 1 1 1  I , , ,  , , I ,  . I , ,  

-1 8 -1 7 -1 6 

frequency (GHf) 



Fit to Data 

-1 9 -1 8 -1 7 -1 6 

frequency relative to reference (GHz) 



MACH 2 FREE JET VELOCITY IN DIRECTION OF SENSITIVITY 



MACH 2 FREE JET STATIC TEMPERATURE 



MACH 2 FREE JET STATIC PRESSURE 



RESEARCH CHALLENGES 

High precision and high accuracy measurements. 

* High resolution. 

instantaneous measurements.  

a Volumetric images. 



HIGH RESOLUTION 

Move t o  the ultraviolet - = o4 . [z I 

Improve the light collection efficiency. 

- Low F# optics. 

- High quantum efficiency devices. 

o Higher Energy Lasers 

Multiple Pass Schemes 



VOLUMETRIC MEASUREMENTS 

Multi-color sheets. 

Rapidly scanned laser. 

Multi-pass, time-gated imaging. 

INSTANTANEOUS MEASUREMENTS 

Rapid scanned laser. 

Simultaneous multiple filter imaging. 

* Simultaneous multi-angle detection. 

Transmitted signal through filter at  
constant laser wavelength 

- Requires known pressure. 

- Requires known velocity. 



A Ti: Sapphire Based Laser Source and 
Mercury Vapor Filter for 

UV Filtered Rayleigh Scattering 

Noah D. Finkelstein, Walter R. Lempert, and Richard B. Miles 
Deparfment of Mechanical and Aerospace Engineering 

Princeton University, Princeton, NJ 08544 

G.A. Rines, A. Finch, R.A. Schwarz 
Schwartz Electro-Optics, Inc. 

Concord, MA 01 742 

15th Con£erence on Lasers and Electro-Optics 
Baltimore, MD, May 26,1995 

Supported by: AFOSR, and NASA AMES 

Tunable Single Frequency Ultraviolet Source 

Tunable Seed Laser High Power 
CW Pump Laser single f q u m  y Single Frequency 
(Argon 514 nm) cw sing laser Tunable Output 

(Ti: Sapphire 680 - 1100 nm) 

Pulsed Oscillator 
Pulsed Amplifier Pump Laser Third Harmonic injection seeded 

QVd: YAG 532 nm) Generation unstable resonator 
CTi: Sapphire) ( BBO 1 



dl lengtk 5 an. 
window dhmtex 5 CUL 

side ann length: 18 an. 
bath volume: 05 litre 
me~nuy content 5 grams 
vacuwm: 0.05 ton 

Mercury Vapor Cell and Water Bath 

Hg Absorption . 

23"~ arm I48 O C  cell 

20 15 10 5 0 -5 -1 0 -1 5 

GHz 

32 



Theory vs. Experiment 

Hg 202 close-up 

modek 
Lorentz fwhm: 
Gaussian fwhrn: 
Optical Depth: 

2.66 MHz 
1.07 GHz 
71 (e"' or lo4': 

-4 -2 0 2 .  4 

Ghz 

IMAGING A NITROGEN JET: 
EXPERIMENTAL SET-UP 



"FREQUENCY MODULATED-FILTERED 
RAYLEIGH SCATTERING: 

A NEW VELOCIMETRY TECHNIQUE" 

Walter R. Lempert, Jay Grinstead, 
Noah D. Finkelstein, and Richard 8. Miles 

PRINCETON UNIVERSITY 
Department o f  Mechanical & Aerospace Engineering 

Princeton, New Jersey 08544 

and 

Moshe Lavid 

M.L. ENERGIA, INC. 
Princeton, New Jersey 08542 

PRESENTED TO: 

CLEO/QELS 1 995 

Baltimore, Maryland 

May 25,1995 
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FM-FRS 

BASIC CONCEPT 

Laser Light 
Carrier Frequency 

;lo ?e L 
I 

Laser Light with 
Frequency Sidebands 

hb 

Transmission Profile of 
Optically Thin Vapor Filter 

.3 

. M t i n g  Sideband 
Differential Intensity 

i A 
xb 

FM-FRS VELOCITY MEASUREMENT 

------------ 
I - 1  flow MI i ty  

I 
I 

> 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I photomultiplier tube 
I 

I 
I 
I -- 1-ck 

I phase-sensitive phasesensitive 
I detecfor/arnpM7er R)EzCB I , nwMre de-r/mp/ifiefier 
I laser 
L ------,,---- I Lbppler 

Frequency Reference sMt 



POWER SPECTRUM OF PHASE 
MODULATED LASER 

28.8 dBm Input Power 

.Relative Frequency (MHz) 

Potassium Vapor Cell and Water Bath 

cell length: 15 an. 
window diameter: 5 an. 
side ann length: 15 an. 
bath volume: 0.5 litre 
temp: 310 K 
vapor pressure: -1 p torr 
















































































































































































































































































































































































