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EVALUATION OF NON-I NTRUSIVE FLOW MEASUREMENT TECHNIQUES 

FOR A RE-ENTRY FLIGHT EXPERIMENT 

R .  B. Miles, D. A. Santavicca, and M. Zimmermann 

Abstract 

This study evaluates various non-intrusive techniques f o r  the measure- 

ment of the flow f i e l d  on the windward side o f  the Space Shutt le o r b i t e r  o r  

a s i m i l a r  re-entry vehicle. Included are l inear  (Rayleigh, Raman, Mie, 

Laser Doppler Velocimetry, Resonant Doppler Velocimetry) and nonl inear 

(Coherent Anti-Stoeks Raman, Laser-Induced Fluorescecce) 1 i gh t  scattering, 

electron-beam fl wrescence, thermal emission, and nass spectrometry. Flow- 

“ i e l d  propert ies were taken from a nonequil ibr ium flow model by Shinn, Moss, 

and Simnonds a t  the NASA Langley Research Center. Conclusions are, when 

possible, based on quant i ta t ive scal ing of known laboratory resu l ts  to  the 

conditions projected. Detai led discussion w i th  researchers i n  the f i e l d  

contr ibuted fu r ther  to  these conclusions and provided valuable insights 

regarding the experimental f e a s i b i l i t y  o f  each o f  the techniques. 



EVALUATION OF NON-I NTRUSIVE FLOW MEASUREMENT TECHNIQUES 

FOR A RE-ENTRY FLIGHT FXPERIMENT 

1. Introduct ion 

This pro ject  was undertaken t o  determine which, i f  any, o f  a var ie ty  

of non-intrus:ve diagnostic techniques might be useful i n  determininq flnw 

propert ies 3n the w i n h a r d  side o f  a re-entering Space Shutt le orb icer  o r  

a separate re-entry vehicle. The procedure was to  f i r s t  estimate t'le 

detection capabi 1 i t i e s  o f  the techniques a t  condit ions corresponding t o  

those expected i n  the flow f i e l d  surrounding the Space Shutt le o r b i t e r  o r  

other re-entry vehicle as i t  passes between 80 and 40 k m  i n  a l t i tude .  

possible we used e x i s t i n g  experimental resul ts  and extrapolated t o  the de- 

s i r e d  conditions. 

work i n  our dwn laborator ies and i n  others by resul ts  published i n  the 

1 i terature. 

Group which discussed the r e l a t i v e  merits o f  each techniques plus a l i s t  o f  

the important parameters t o  be measured. I n  order t o  fu r ther  explore the 

promises and l im i ta t ions  o f  each o f  the techniques, a wide var ie ty  o f  re- 

searchers were v i s i t e d  and deta i led discussions undertaken, These included 

t r i p s  to  NASA Langley, United Technologies, hASA APTZS, Universi ty o f  

Cal i forni  a-Berkeley , Sandi a-Li vermore Laboratories, and S t m f o r d  Uni vers i ty  . 
This provided an opportunity t o  obtain s p e c i f i c  comments and perceptions 

from these researchers w i th  regard t o  the state-of- the-art  arid the potent ia l  

o f  each of the techniques. Many o f  these comnents are included i n  the 

appendices i n  which the techniques are discussed i n  d e t a i l .  

Where 

I n  some o f  these estimates, we were guided by ongoing 

Subsequently, a presenLation was made t o  the Princeton Advisorv 
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2. Summary o f  the Results 

The f l ow- f i e ld  condicions which were 2.!:-sd i n  t h i s  study were la rge ly  

taken from work conducted a t  NASA Langley by J. L.  Shinn, J. N. t 40 -5 ,  and 

A. L .  S i m n d s . ’  Figure I i s  a sketch showing the equivalent hyperboloid 

and coordinates used f o r  that  study. Figures 2 and 3 show p lo ts  o f  velo- 

c i t y ,  density, and temperaiure fo r  a re-entering Shut t le  o r b i t e r  a t  a l t i -  

tudes o f  74.95 km and 52.43 km, respectively. Eact, i s  shown as a function 

o f  the distance fram the wind-ward surface a t  two points  along the center- 

l i n e .  Here, the ca lcu la t ion  was made for  an equivalent hyperboloid whose 

parameters are deterrnined by the angle o f  d t tack o f  the re-entering vehicle. 

The arrows ind icate the conditions a t  the wal l  assuming a f i n i t e  c a t a l y t i c  

wal l  material.  The free-stream conditions and equivalent-body parameters 

are given i n  Table Each o f  the curves i n  Figure 2 and 3 terminates a t  

the shock boandary, and thereaf ter  the free-stream condit ions apply. 

These ca l t - i i a ted  resu l ts  depend st rongly  on the e f fec ts  o f  nor.equi 1 ib-  

riun? gas phase chemistry and suriace c a t a l y t i c  a c t i v i t y .  

show calculated values of  i j e c i e s  mass f rac t ions  a t  75 k m  a l t i t u d e  assuming 

i n  Figure 4 a non-catalyti.: wa l l  and i n  Figure 5 a f u l l y  o r  equ i l ib r ium 

c a t a l y t i c  * a l l .  Depending on the range i n  c a t a l y t i c  a c t i v i t y ,  the wa l l  

temperature can vary by as much as 30%. Comparisons o f  species concentra- 

t ions  calculated for a ca ta ly t  c o r  non-catalyt ic wa l l  are apparent. For, 

example, a large change i n  the O 2  spectes concentration near the wall i nd i -  

cates strong c a t a l y t i c  e f fec ts  A t  low a l t i t udes  and lower speeds the tern- 

peraturc bcyind the shock i s  too l o w  t o  produce s i g n i f i c s n t  radical concen- 

t ra t i ons  (Figure 6) . 3  The calculated vt iues o f  spec:es concentrations and 

temperature d i s t r i bu t i ons  behind the shock depenr an reaction rates and 

f l ow- f i e ld  calcula’ion methods. Consequently, the Val i d i  t.f o f  the   nod el 

Figures 4 and 5 
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Figbre 1 .  Coordiqates for  calculation o f  flow f i e l d  conditions. 
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Figure 2. Veloci ty ,  temperature, and density outward from the windward 
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Eq u i Val en t Body* 

A I  t i  tude, a e RN’ 
Case km k d s e c  kg/m3 % d e g  ’Ldeg m 

1 74.98 7.62 3 . 8 0 ~ 1 0 - ~  27.5 41.5 42.20 1.34i 

2 68.88 6.61 9.28x10-’ 22.6 40.2 40.85 1.286 

3 64.92 5.94 1 . ~ ~ x I O - ~  19.6 34.5 35.20 1.042 

4 60.66 5.12 2 . 6 1 ~ 1 0 - ~  16.4 31.8 32.40 -938 

STS-1 Conditions 
-~ ~~ ~ ~~ 

5 52.43 3.62 7 . 4 3 ~ 1 0 - ~  1 1.1 39 .O 39.7 1.233 

6 48.16 2.98 1 . 3 3 ~ 1 0 - ~  9.15 34.8 35.4 1 .OS2 

7 44.04 2.30 2 . 4 0 ~ 1 0 - ~  7.14 30.9 31.6 .g08 

a angle of a t tack 
* Hyperboloid w i t h  body h a l f  angle 8 and nose radius RN a t  zero degree angle 

of attack. 

2 TABLE 1. Free-stream condi t ions and equivalent-body parameters. 
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remaips unver i f ied u n t i l  temperature p r o f i l e s  or  species p r o f i l e s  can be 

measured. Density and ve loc i ty  p ro f i l es  as w e l l  as the locat ion of the 

shock are a lso o f  s ign i f i can t  in terest .  Near the nose, the shock stands 

less than 0.2 rn from the surface, and substant ia l  var ia t ions i n  ve loc i ty ,  

temperature, density and species concentrations occur over small distances. 

These gradients are largest  through the bounl3ry layer where phenomena 

most c!i r e c t l y  re la ted t o  the surface w i  1 1  occur. 

The capabi 1 i t i e s  o f  the various non-intrusive detection methods are 

shown i n  Table 2. This tab le  breaks the techniques i n t o  three categories. 

The f i r s t  includes passive techniques which do no t  require i l l um; ia t ion  o f  

the flow. Thermal emission na tu ra l l y  occurs from hot  gases and pa r t i c l es  

and may be observed through a window and analyzed by an o p t i c a l  spectrometer. 

A mass Spectrometer involves probeless samplings of mu l t ip le  species i n  

real  time a t  the model surface and subsequent analysis t o  determine the gas 

species concentrations. The second category includes techniques which 

require ac t i ve  probing o f  the f low f io, ld w i th  l i g h t  or an electrom beam. 

The l a s t  category includes techniques which require both ac t i ve  probes and 

a foreign species seeded i n t o  the f l o w  f ie ld .  Note that,  i n  theory, numer- 

ous ways are avai lab le fo r  measuring both temperature and species concen- 

t r a t  ions. 

The se lect ion of the f low propert ies which would be the m s t  valuable 

Clearly, one would l i k e  t o  measure was a top ic  of  substant ia l  discussion. 

to measure everything. 

accuracy of the modelling. 

concentration o r  temperature would be especia l ly  useful as a check o f  the 

model. 

data of  substant ia l  in te res t .  Also important are the density p r o f i l e ,  shock 

Almost any measurement would give some check on the 

I t  was general ly agreed however tha t  species 

Certainly,  a p r o f i l e  of one o f  these two var iables would produce 
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location, ve loc i ty  p r o f i l e ,  and the measurement o f  free-stream condit ions. 

One o f  the most c o r n  concerns raised was the e f f e c t  on the signal from 

the concentration of p a r t i c l e s  and the amount o f  thermal emission encoun- 

tered i n  the flow. These two questions c lear ly  a f fec t  the v i a b i l i t y  o f  

several of the techniques and should be answered a t  an ear ly  stage. As 

w i l l  be evident i n  the fo l lowing discussion, species measurements w i l l  be 

the most d i f f i c u l t  to obta in  w i t h  e x i s t i n g  techniques. On the other hand, 

density p r o f i l e s ,  temperature prof i les ,  v e l o c i t y  p rc f i les ,  par t i cu la te  pro- 

f i l e s ,  and the shock locat ion may we11 be achievable by improvements i n  

current techno1 ogy. 

k deta i led discussion o f  each o f  the techniques and the methodology 

used f o r  evaluation i s  presented i n  the appendices a t  the end o f  t h i s  report.  

Table 3 i s  a s u m r y  o f  the conclusions. This table i s  brokwn i n t o  f i v e  

categories. The f i r s t  category includes techniques which have undergone 

substantial laboratory tes t ing  and appear to  have high promise. These are 

Rayleigh scatter ing,  especia l ly  for  density measurements and p o t e n t i a l l y  

f o r  temperature and veloci  t y  measurements, and Mie sca t te r ing  f o r  p a r t i c l e  

concentrations, veloci ty,  and size. The second category includes techniques 

which a lso appear promising but have e i t h e r  not been adequately demonstrated 

i n  the laboratory o r  t h e i r  success depends strongly on the a b i l i t y  t o  iden- 

t i f y  and control  the contr ibut ion t o  t h i s  signal by the noise. These are 

laser-induced f l  wrescence measurements o f  N, 0, and NO concentrations and 

temperature (from NO) and mass spectrometry. Laser-induced fluorescence 

may produce pro f i les  o f  the N, 0, o r  NO concentrations which are sensi t ive 

indicators of the chemistry a t  high a l t i tudes .  

capable o f  determining species concentrations w i t h i n  the boundary layer 

Mass spectrometry m y  be 
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CAT E GO RY TECHN I QUE PROJECT I ON 

1 A. Rayleigh Scatter ing 

B. Hie Scatter ing 

2 

3 

C. Laser-Induced F I  uorescence 

0. Mass Spectrometry 

E. Thermal Emission 

F. Elect  ron-Beam F1 uorescence 

G. Raman Scatter ing 

4 H. Coherent Anti-Stokes Raman 
Scatter ing - CARS 

Very Promi s ing 

Very Promising 

P roml s i ng 

P romi s i ng 

Needs More Research 

Needs More Research 

Needs More Research 

L i t t l e  Promise 

5 1 .  Laser Doppler Velocimetry Requi res Seed 

J. Resonant Doppler Velocimetry Requires Seed 

TABLE 3. Summary of Conclusions. 
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throughout the dissociated flaw port ions of  the re-entry. 

gory includes techniques which w i l l  require substant ia l  addi t ional  work and 

The t h i r d  cate- 

are o f  questionable value. These are quant i ta t i ve  thermal emission, elec- 

tron-beam f I uurescence, and spontaneous Raman-scattering masuremnts o f  

temperature and concentrat ion. The four th  category includes techniques 

which appear to have very l i t t l e  promise. The on ly  technique i n  t h i s  cate- 

gory i s  coherent anti-Stokes Ramn scat ter ing rhere  the l o w  densit ies, high 

temperature and crossed-beam phase-matching resu l t  in  low signal  strengths. 

A f i f t h  category i s  reserved f o r  those techniques which require seeding. I t  

i s  current ly  impossible to  determine the promise o f  these techniques; how- 

ever i t  may be possibl- t o  use ablated mater ia l  o r  natut.al ly occurr ing par- 

t i c l e s  i n  such a manner that  the techniques may be vaiable. These are laser  

Doppler velocimetry and resonant Doppler velocimetry. 

The most promising technique i s  Rayleigh scattering,which has been 

demonstrated t o  have the a b i l i t y  t o  measure density and temperature i n  the 

l a b ~ r a t o r y . ~  

and therefore the signal  i s  subject t o  substant ia l  noise interference f r o m  

scat ter ing from pa r t i c l es  which may be i n  the f low stream. S imi la r ly ,  ob- 

servations very close to the window may be d i f f i c u l t  because o f  background 

1 ight  scattered from the window i t s e l f .  

The sca t te r ing  i s  observed a t  the same frequency as the laser,  

Various species have d i f f e ren t  

Rayleigh sca t te r ing  cross sections. These do no t  vary subs tan t ia l l y  from 

that  of  P2, and, since N 

mav be used for density and ve loc i ty  measurements. 

ments, however, the d i f fe ren t  molecular weights o f  the d i f f e ren t  species 

i s  always the major species, i t s  cross sect ion 2 

For temperature measure- 

w i l l  cause d i f f e ren t  broadening o f  the scattered l i g n i ,  somewaht complicat- 

i n g  the measuremnt. The Rayleigh technique involves a s ing le  laser  
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probe and could use an array o f  detectors so tha t  a s ing le  laser pulse would 

y i e l d  an e n t i r e  p r o f i l e .  I t  has been demonstrated i n  the laboratory that  

such a system may be integrated w i t h  a Mie sca t te r ing  system for  the detec- 

t i o n  o f   particle^.^ For example, when l i g h t  i s  s t rongly  scst tered from a 

p a r t i c l e ,  simple l o g i c  i n  the detection system may be used to exclude tnat 

s ignal  from the Rayleigh scat ter ing measurement and separately reg is te r  i t  

i n  a p a r t i c l e  counter. 

sure, temperature, ve loc i ty ,  and par t i cu la te  p r o f i l e s .  Pa r t i c l ,  f i l e s  

w i l l  indicate which regions o f  the f l o w  are most susceptible t o  interference 

and thus a i d  i n  the design o f  fu ture experim..ts. 

Thus, a s ing le  apparatus may conceivab' ? l d  pres- 

We a lso f i n d  laser-induced fluorescence from 0, N, and NO t o  be a prom- 

i s i n g  technique for  both gas species concentration and temperature measure- 

ments. This appl icat ion has not yet been f u l l y  demonstrated i n  the labora- 

t o r y  under conditions which can easi l y  be re la ted to  the re-entry environment. 

Therefore, t h i s  technique has been included i n  the second catetory.  These 

species are ink  ) r tant  as an ind ica tor  o f  the nonequil ibr ium chemical dynamics, 

p a r t i c u l a r l y  a t  h igh a l t i tude .  

technique t o  measure species concentrations, order o f  magnitude changes i n  

species k n s i  t i e s  behind the shock should nonetheless be observable. The 

work o f  McKenzie e t  a l .  a t  NASA kmes has been largely  directed towards the 

use o f  t h i s  technique f o r  temperature measurements. 

he has done, i t  dould appear that  temperature p r o f i l e s  may be obtainable 

using two sequential laser pulses o f  d i f fe ren t  wavelengths. With t h i s  tech- 

nique, scat ter ing may be observed by mul t ip le  detectors as wa5 t rue o f  

Rayleigh scat ter ing so tha t  a p r o f i l e  may simultaneously be taken. 

a pulsed laser i s  used and fluorescence Is observed over a rather narrow 

range of the spectrum, thermal emission can largely  be excludzd. 

Although there are d i f f i c u l t i e s  i n  using t h i s  

Using the technique as 

Since 
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The evaluation of mass spectrometry was l i m i t e d  since no operat 

sys;em for obtaining a gas sanple through a f lush o r i f i z e  i n  the d e 3  

m a  

c l e  

surface t h a t  i s  p a r a l l e l  t o  the f l m  has yet  been developed. There are two 

major concerns associated w i th  t h j  a technique. The f i r s t  i s  t i l a t  samples are 

t&en from an area i n  such close broximi t y  t o  the sampl i ng  part that  they 

may not be ind ica t ive  o f  the condit ions away from the surface. The second 

i s  that  the sample gas i n  passing through the o r i f i c e  may under recorn- 

b inat ion o r  h i t  the wal l  and thus w i l l  not be t r u l y  ind ica t ive  of the species 

concentrc ‘ions i n  the boundary layer .  Discussions w i t h  D r .  Wi l l iam McLearl 

a t  Sandia and Drs. Daniel Seery and Med Colket o f  United Technologir? ind i -  

cate that  a scavenging probe may be useful t o  a l l e v i a t e  t h i s  problem. 

example, one cou!d introduce hydrogen a t  the sampling p o r t  to in te rac t  with 

the oxygen atoms or 0 t o  in te rac t  w i th  n i t rogen atoms t o  produce a s tab le 

species that  would, i n  e f fec t ,  tag the o r i g i n a l  species. This method was 

o r i g i n a l l y  suggested by Fristron? and i s  cur ren t ly  being used f a r  ra.dica1 

species d i a g n x t i c s  i n  conbustion. A sirni la i,dea i s  being studied by 

George Wood a t  NASA Langley using iso top ic  l a b e l l i n g  on the wa l l  mater ia l .  

With proper care i n  the ,;ign o f  the i n l e t  and a carefu l  se lect ion o f  

pumping rates, t h i s  may be an ef fect ive way of obta in ing species samples 

i n  close proximi t y  t o  the surface. 

For 

I8 

A I  though thermal emission and electron-beam fluorescence nay have the 

c a p i h i l i  t y  o f  y ie ld ing  temperature and species concentrations, they are both 

be t te r  used for a q u a l i t a t i v e  than a quantative study o f  the flow f i e l d .  

For example, thermal emissions might enable one t o  determine the t o t a l  col-  

urn density which could then be used w i th  laser-induced fluorescence t o  

correct fo . 

o f  the Univ6rsI ty of Cal i fo rn la .  

,ping ef fects  as has been suggested by Professor John Dai ly 

The thermal l y  cmi t t e d  1 i gh t  must be 
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col  lected over an integrated path, and, therefore, point measurements w i  1 1  

be d i f f i c u l t  i f  not impossible. Pressure and tenperature e f fec ts  my  fur- 

ther  confuse the analysis. 

developed as a f lw -V isua l i za t i on  tool and i s  no t  we l l  adapted -3 quanti ta- 

t i v e  measurements under these conditions. As D r .  Wil l iam Hunter o f  NASA 

Langley noted, both quenching and temperature e f fec ts  are not w e l l  under- 

stood. The e lect ron beam has an advantage because i t  can operate a t  very 

high a l t i  ides and m i g h t  be useful as a q u a l i t a t i v e  probe for obta in ing 

estimates of the low densit ies encountered i n  the e a r l y  stages o f  re-entry. 

S im i la r l y  electron-beam f.luorescence has been 

Estimates for spontaneous Ramn s e n s i t i v i t y  based on the shot noise 

1 int i  t 

a ture 

While 

and N 

ind icate tha t  N2 concent ra t im measurements and N 

masuremnts should be possible over the e n t i r e  range a f  a l t i tudes .  

O2 and 0 concentration measurements are possible belaw 52 k m  and NO 

concentrations are not possible. This i s  encouraging but  perhaps 

v ib ra t iona l  temper- 2 

misleading, since eJen low leve l  background noise from thermal emission o r  

lsser-induced par t i cu la te  incandescence w i  1 1  render t h i s  technique useless. 

Further consideration o f  Raman sca t te r ing  requires m r e  information about 

the actual thermal emission and p a r t i c l e  concentration condi t;ons during 

f 1 i ght . 
Coherent anti-Stokes Raman sca t te r ing  was found t o  be incapable o f  

providing useful information under these conditions. The combination o f  

law density and high temperature expected i n  f l i g h t ,  and the shor t  i n te r -  

act ion length (because of  the requi red cross beam phase watching) produce 

a signal strength below the detection l i m i t .  Although mul t ipo in t  measure- 

ment= are possible, the required v i  +--angle crossed-beam matching t o  mea- 

sure p ro f i l es  would add to  the experimental corn?‘ “y.  
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I f  :he f l ow  f i e l d  could be seeded e i t h e r  f r o m  the surface o f  the vehi- 

c l e  o r  by a cloud o f  seed mater ia l ,  then several o the r  techniques become 

avai lable.  I n  p a r t i c u l a r ,  laser  doppler velocimetry (LDV) may be an a t t rac -  

t i v e  way o f  measuring v e l o c i t y  p r o f i l e s .  

c i t i e s ,  however, conventional LDV systems are not appropriate. Several 

a l t e rna t i ve>  include simply monitor ing the t r a n s i t  t i m e  sca t te r i ng  i n t e n s i t y  

p r o f i l e  as a p a r t i c l e  passes through a s i n g l e  l ight  beam as has been d is-  

cussed by D r .  Don Holve o f  Sandia-Livermore, o r  the use o f  i n t e r f e r m t e r s  

t o  observe the large spectral  s h i f t s  o f  the l i g h t  scattered by rap id l y  m v -  

i n g  p a r t i c l e s .  Another p o s s i b i l i t y  i s  to cross two co l l imated lase r  beams 

a t  a very s l i g h t  angle t o  produce widely spaced in ter ference f r inges which 

reduces the modulation frequency o f  the p a r t i c l e s  passing through the l ase r  

beams. I n  t h i s  case, the depth o f  f i e l d  becomes large, and a m u l t i p l e  de- 

t e c t o r  system may be able t o  observe the v e l o c i t y  p r o f i l e .  

Because of the very h igh velo- 

S im i la r l y ,  i f  sodium atoms could be seeded i n t o  the f low, then t’.e 

resonant Doppler velocimeter could be used t o  measure temperature, density, 

and ve loc i t y .  This technique requires t h a t  the l ase r  freqrrency be scanned 

and, thus, i n teg ra t i on  times o f  a few secmds would be expected. Here again, 

an array o f  detectors can simultaneously observe the e n t i r e  f l o w - f i e l d  pro- 

f i l e .  Using t h i s  technique, the v e l o c i t y  p r o f i l e s  should be e a s i l y  discern- 

ib le ;  however, quenching ef fects  and the wide range o f  temperatures may lead 

t o  d i f f i c u l t y  i n  the i n t e r p r e t a t i o n  o f  temperature and density measurements. 

3 .  Reconmendat i ons 

Throughout t h i s  study many questions were ra ised concerning p a r t i c l e  

concentrations and the amount of thermal emission on the windward side of 

the re-entry vehic le  as s i g n i f i c a n t  sources of noise i n  the s ignal .  
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These pa r t i c l es  are also a po ten t ia l  source for seeding i n  laser  Doppler 

velocimetry. 

o f  t h e m 1  emission or l ow densi t ies o f  p a r t i c l e s  w i l l  p r o h i b i t  i t s  use. 

I f the concentration o f  p a r t i c l e s  i s  s u f f i c i e n t l y  high, i t  w i l l  a lso  obscure 

the Rayleigh sca t te r ing  and laser-induced fluorescence s ignals  and, if 

excessively high, e l iminate laser  Doppler v e l o c i m t r y  as an e f f e c t i v e  diag- 

nos t ic  tool. On the other  hand, i f  the concentration o f  p a r t i c l e s  i s  low, 

Rayleigh sca t te r ing  may be v iab le and might be used for temperature and 

ve loc i ty  as wel l  as density measurements. I f  the concentration of p a r t i c l e s  

i s  too low, laser Doppler w l o c i m t r y  may no t  be possible. S imi lar ly ,  

thermal emission, i f  excessive, may obscure the laser-induced fluoresccnce 

signal as wel l  as Raylcigh scat ter ing.  For these reasons, we recomnend tha t  

prel iminary experiments be planned t o  measure the p a r t i c l e  density and ther- 

mal emission i n  a f l i g h t  envisonmnt. Such an experiment could corblne w i t h  Mie 

and Rayleigh sca t te r ing  using proper signal processing. With t h i s  informa- 

t ion,  prel iminary estimates of  the p a r t i c l e  density and thermal emission 

i n tens i t y  could be made and perhaps a density p r o f i l e  found. 

I n  the case of  Raman scattering, even r e l a t i v e l y  lor l eve ls  

The resul ts  ind icate t h a t  Rayleigh and Mie sca t te r ing  and laser-induced 

fluorescence are promising techniques but  much development work i s  needed 

before a f l i g h t  cappl icat ion can be considered. With regard t o  mass spec- 

trometry, the technique has promise but  i s  as yet unproven. A measuremnt 

of the concentrations would require the i den t i f i ca t i on  o f  dissociated or 

reactive species by techniques such as a react ing tag, e i t h e r  i n  the gas 

phzse, or on the surface o f  the vehicle or i n l e t .  

e t r y  i n  t h i s  manner i s  l i m i t e d  i n  the a b i l i t y  t o  probe beyond the surface. 

The use of mass spectroirr 
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APPENDIX A. RAYLEICH SCATTERING 
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nunber density of species i 

Rayleigh scattered s ignal  power 

incident laser  power 

Rayleigh cross section o f  species i 

Ray 1 e 

1 ase r 

e f f i c  

yh sca t te r ing  signal t o  no 

pulse duration 

ency of the col l ec t i on  o p t  

e f f i c i ency  o f  the detector 

laser wavelength 

Rayleigh rad ia t ion  frequency 

sol i d  angle o f  co l  lec t ion  op t ics  

se r a t i o  

cs 

TABLE A .1  L i s t  o f  S y h o l s .  

Rayleigh sca t te r ins  i s  an e l a s t i c  sca t te r ing  process w i t h  an i n tens i t y  

proport ional t o  the density of sca t te r ing  molecules. I t i s  several orders 

o f  magnitude stronger than Raman sca t te r ing  and weaker than fluorescence 

processes but lacks the gas species s e l e c t i v i t y  o f  Raman scat ter ing.  Since 

the scattered l i g h t  i s  a t  the same frequency as the source, RayleiGh signals 

are eas i l y  obstructed by Mie sca t te r ing  ( i n  p a r t i c l e  laden environments) o r  
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laser  i gh t  re f lec ted  from o p t i c  surfaces. n addi t ion t o  density masure- 

m t s ,  Rayleigh sca t te r ing  has been used f o r  temperature measurements i n  

constant pressure, nowreac t ive  flows where the density and temperature 

are re la ted  through the equation of state.  

broadening AA of the Rayleigh l i n e  can also be used t o  measure the ve loc i t y  

The Doppler s h i f t  ( A -  A ' )  and A. 1 

and tenperature, respect 

on the Rayleigh l i n e  are 

sca t te r  i ng cross-sect ion 

le igh  s ignal  strength o r  

vely. A.2 

shown schematically i n  Figure A . 1 .  The Rayleigh 

i s  species dependent, therefore a change i n  Ray- 

1 i ne shape can resul t i f compos i t ion changes as 

The ef fects  o f  ve loc i ty  and terperature 

w e 1  1 as density or  temperature changes occur. 

The Rayieigh scattered power i s  given by the fol lowing expression: 

'RAYLEIGH = P  0 L Q  c rl c n D l N i Q i  

where Po i s  the power o f  the incident laser beam, L i s  the length o f  the 

incident laser  beam o f  the sample volume from which scattered l i g h t  i s  col- 

lected, RC i s  the s o l i d  angle of the co l l ec t i on  opt ics ,  qc i s  the e f f i c i ency  

of the co l l ec t i on  optics, no i s  the detector quantum ef f ic iency,  Ni i s  the 

n u d e r  density of species i and Qi is the Rayleigh cross section fo r  species 

i. A t yp i ca l  Rayleigh sca t te r ing  experimental configuration i s  shown i n  

Figure A.2. L ight  i s  usual ly  co l lected a t  90" to the source laser, however 

co l l ec t i on  a t  other angles i s  c o m n .  

The s e n s i t i v i t y  and accuracy of Rayleigh sca t te r ing  f o r  t o t a l  density 

measuremnts was evaluated i n  terms of  the minimum detectable density f o r  

a given signal to noise ra t i o .  The noise was assumed to  be shot noise wh 

i s  equal t o  the square root  of the number of detected Rayleigh photons. 

This leads t o  a signal t o  noise r a t i o :  

ch 
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Figure A . 2  Typical Rayleigh Scat ter ing Experiment. 
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where A t  i s  the pulse duration, n i s  the number o f  pulses dur ing the mea- 

suremnt in te rva l ,  h i s  Planck's constant and v i s  the rad ia t ion  frequency. 
P 

The experimental parameters used i n  equations (A. l )  and (A.2) t o  deter- 

mine the minimum detectable t o t a l  density are those given i n  Table A.2. 

Two lasers were considered, a krypton f l u o r i d e  (KrF) excimer laser  and a 

copper vapor laser. The K r F  laser has a higher average power. I t s  UV out- 

put a lso leads t o  la rger  cross-sections and greater detector quantum e f f i -  

ciencies. The copper vapor laser produces a narrower output l inewidth and 

has higher e f f i c iency .  Based on the ra te  o f  descent o f  the Shutt le,  an 

in tegrat ion t i m e  o f  10 seconds was chosen. The Rayleigh cross section fo r  

N was used i n  t h i s  estimate, i .e, 8 x  cm /str-molecule a t  514.5 nm. 

For a signal t o  noise r a t i o  o f  10, the resul tant  minimum detectable number 

2 
2 

12 12 density i s  1 . 2 ~ 1 0  /cc w i t h  the K r F  laser  and 1.1 x10 /cc w i t h  the copper 

vapor laser.  Both o f  these values are less than the minimum density a t  the 

highest a l t i tude .  This resu l t .  agrees w e l l  w i t h  a detect ion l i m i t  estimate 

made by Robert Dibble o f  Sandia-Livermore Laboratory who extrapolated from 

detection l i m i t s  he rou t ine ly  observes i n  the laboratory. He also estimated 

the e r r o r  due t o  var ia t ions i n  composition t o  be less than +15%. Therefore 

when we assume the shot noise 1 irni t, the use o f  Rayleigh scat ter ing f o r  

t o t a l  density measurements over the e n t i r e  range o f  a l t i t u d e s  appears very 

promising. The problem o f  Mie sca t te r ing  from p a r t i c l e s  i s  an important 

concern, since i t  could be orders o f  magnitude greater than the Rayleigh 

scatter ing;  however, i f  the p a r t i c l e  concentration i s  not  too high i t  i s  

possible to ident i f y  and re jec t  the larger  s ignals due t o  par t i c les .  A *  3 
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Copper Vapor 
K r F  Laser* Laser** 

Incident Laser Power i n  Sample Volume 6.25 MU 0.1 MW 

Pulse length A t  16 nsec 50 nsec 

Repeti t lon Rate 25/sec 5 x 1 0  /sec 3 

nm Wavelength 

Detector Quantum Ef f ic iency 

Col lector Optics E f f i c iency  

Optics Col lect ion Angle 

x 249 nm 510 

0.35 0. 

0.1 0. 

0.01 s t r  0.01 

‘10 

nC 

% 
Scatter ing Length 

s t r  

L 5 m  5 m  

;k Larrbda Physi k Model EMG 201. 
*;t Plasma Kinet ics  Model 751. 
--- &P 

TABLE A.2 Values Used f o r  Rayleigh Scatter ing Signal t o  Noise Estimates. 
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To use Rayleigh scat ter ing fo r  temperature and veloci  t y  measurements, 

a narrow l i n e  width laser (which rules out the use o f  the K r F  laser)  and a 

scanning Fabry-Perot e ta lon w i t h  adequate resolut ion must be used i n  order 

t c  resolve the Doppler s h i f t  and broadened l i n e  width which w i l l  both be of 

the order o f  0.1 cm-'. The number o f  detected photons w i l l  i n  turn be 

reduced, which w i l l  increase the minimum detectable number density to ap- 

proximately 10 /cc. Since the minimum ni t rogen density a t  75 km a l t i t u d e  

I s  also 10 

15 

15 / c c , ~ * ~  the Rayleigh temperature and ve loc i ty  measurements w i l l  

be possible a t  a l l  a l t i t u d e s  below 75 k m  throughout the f low f i e l d .  For 

the temperature measurement i t w i  11 be necessary t o  correct  f o r  composi t i o n  

changes, perhaps using the calculated Rayleigh 1 ineshape,A'2 although the 

densit ies of spLcies other  than ni t rogen are so l o w  tha t  t h i s  l a t t e r  e f fect  

i s  l i k e l y  t o  be neg l ig ib le .  
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APPENDIX 8 .  M I E  SCATTERING 

''he presence o t  p a r t i c l e s  which have ablated from tne Space Shut t le  

o r t i t e r  t i i e s  dur ing en t r y  are o f  i n t e r e s t  for several reasons. 

notably, they represent a p o t e n t i a l  noise source f o r  a l l  o f  the o p t i c a l  

diagnostics. Mie scat ter ing,  together w i t h  laser- induced incandescence 

from p a r t i L l e s  and thermal emission cquld i n t e r f e r e  w i th  o ther  o p t i c a l  

measurements, depending on the p a r t i c l e  densi ty and s i z e  d i s t r i b u t i o q .  I t  

i s  Jssent ia l  t o  obta in  informat ion about the sever i ty  of these po ten t ia l  

problems before implementing any o f  the o p t i c a l  techniques. 

Most 

I f  p a r t i c l e s  are present, tt,ey may be usable as a d iagnost ic  seed f o r  

measuring v e l o c i t y  and temperature. Shor t ly  a f t e r  the p a r t i c l e s  are ablated 

from the vehic le  surface they w ; l l  be acce le ra t td  t o  the gas v e l o c i t y .  The 

time required t o  reach the gas v e I o c i t \  w i l l  depend on the p a r t i c l e  mass. 

The depth o f  penetrat ion i n t o  the boundary layer  w i l l  depend on the perpen- 

d i cu la r  momentum w i t h  which the p a r t i c l e  was released from the surface. 

One can expect tha t  w i t h i n  a c e r t a i n  distance f r o m  the surface there w i l l  

be some p a r t  c les which have n o t  yet  equ i l rb ra ted  w i t h  the gas v e l o c i t y .  

To use these p a r t i c l e s  as a gas diagnost ic seed i t  i s  necessary t o  determine 

whi:h p a r t i c  e v e l o c i t i e s  correspond t o  the gas v e l o c i t y .  

t h i s  i s  t o  take the v e l o c i t y  o f  the fas tes t  p a r t i c l e s  to be tha t  o f  the gas. 

Another method i s  t o  measure both the s ize  and the v e l o c i t y  simultaneously 

and t o  assume tha t  the small p a r t i c l e s  are most l i k e l y  t o  be t r a v e l l i n g  a t  

the gas ve loc i ty .  Such i n f o r m t i o n  col l ld be obtained from a dual-beam laser  

Doppler velocimeery system where the p a r t i c l e  s i t e  i s  obtained from the 

v i s i b i l i t y  parameter of the Doppler burst .  Unfortunately,  t h i s  method 

requires a p r i o r i  knowledge o f  the p a r t i c l e  s i z e  range, since the 

One way o f  doing 
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v i s i b i l i t y  paramettr i s  s ing lz  valued over only a l i m i t e d  rar?ge o f  pAr t i c l e  

sizes. No other simultaneous ve loc i ty  and p a r t i c l e  s i z ing  technique has 

been demonstrated to a reasonable degree o f  s a t i s f a c t i m .  D r .  Donald Holve 

o f  Sandia-Livermre suggested using single-beam methods, i .e. t r a n s i t  t i m e  

velocimetry for ve loc i ty  and pulse height detect ion for  p a r t i c l e  s ize,  

whereby ve loc i ty  and s ize d i s t r i bu t i ons  could be obta:?ed bu t  no ve loc i ty -  

s ize corre la t lons.  8 . 1 ’ 8 . 2  Techniques using the angglctr d i s t r i b u t i o n  o f  the 

Mie scattered l i g h t  t o  obtain par . i c l e  s ize would be d i f f i c u l t  t o  in te rpre t  

because o f  the unknown and i r regu la r  p a r t i c l e  shapes. Addit ional de+- 

on ve loc i t y  measurement techniques can be found i n  the sections on las . 

Doppler velocimetry and resonant Doppler velocimetry. 

Any pa r t i c l es  present i n  the f l o w  could a lso be used to  give an ind i -  

cat ion o f  the gas temperature by looking a t  the spectral  d i s t r i bu t i on  of 

p a r t i c l e  emis- 

n between the 

t h e i r  thermal emission; however, some assumptiops about 

s i v i t y  would be required. The question o f  thermal equi 

p a r t i c l e  and the gas would a lso have to be ccnsidered. 

Obtaining p a r t i c l e  data requires a small window i n  

the 

I <)r 

the 

o f  the re-entry vehic le.  This window would provide c p t i c a l  

wiadward side 

access t o  the 

f low w i t h i n  the boundary layer  to obtain data r e l a t i v e  t o  the thermal emis- 

s ion i n t e n s i t y  and spat ia l  character is t ics  o f  the surroundinq gas and p b r t i -  

cles. Mie sca t te r ing  from a laser beam projected out  through the window 

would provide an estimate o f  the p a r t i c l e  number density ana, possibly, the 

s ize and spat ia l  d i s t r i bu t i on .  

A combined Mie sca t te r ing  and Rayleigh sca t te r ing  experiment may be 

conducted through the window and might best provide a methqd for determin- 

ing p a r t i c l e  densi t ies.  For ruch an experiment, pa r t i c l es  w l t h  diameters 

less than approximately 0.1 p w i l l  not  be eas i l y  CJstinguishable from the 
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background gas. 

scattering. 

provide strong scat ter ing from the par t i c les  and weak scat ter ing f r o m  the 

gases. The short pulse length o f  the laser freezes the flaw, so the pulse 

e ' ther  scatters f rom a p a r t i c l e  i n  the observation zone, or  * t  does not. 

I n  t h i s  mnntr, p a r t i c l e  densi t ies may be counted by knowing the s ize of  

the in teract ion zone. Simultaneously, gas densi t ies may be found from tht 

strength of the scat ter ing f r o m  the gas i n  the absence of  a par t i c le .  

Operation of the detector i n  between laser pulses could a lso provide thermal 

emission data. 

mation needed t o  establ ish the v i a b : l i t y  o f  the various f l o w  diagnostic 

techniques and could simultaneously y i e i d  gas density information. 

Larger p a r t i c l e s  can be seen due t o  t h e i r  strong l i g h t  

A high repet i t ion  pulsed laser focused i n t o  the f l o w  would 

Such an experime , t  would generate essen t ia l l y  a l l  the i n fo r  
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APPEND1 X C . LASER- INDUCED FLWRESCENCE 

Laser-induced fluorescence has c h e  poten t ia l  o f  measuring ro ta t iona l  

and v ibrat ional  temperature and species concentration and of  performing den- 

s i t y  sens i t ive f l o w  v isual izat ion.  

d i rected i n t o  the f low t o  exc i te  a p a r t i c u l a r  species to  a higher energy 

leve l .  A detector then c o l l e c t s  the fluorescence as the gas relaxes back 

t o  i t s  i n i t i a l  s ta te a f t e r  a cha rac te r i s t i c  l i fe t ime.  The detector may be 

configured to noni tor  any pos i t ion  along the laser beam to give good spat ia l  

resolut ion (up t o  mn). 'vl The f lmrescence i n t e n s i t y  i s  proport ional  

t o  the population of absorbing molecules i n  the rad ia t ing  upper energy leve l  

during the e x c i t a t i o n  process. The population of these levels  i s  re la ted to 

the t o t a l  nunber density o f  m lecu les  through the ra te  equations which in-  

clude the processes o f  spontaneous emission, st imulated emission, absorption, 

c o l l i s i o n  quenching, ro tat ional  red is t r ibu t ion ,  and vIbrat iona' rcd is t r ibu-  

t ion. Unfortunately, the parameters describing these competing processes 

such as the ident i t ies ,  concentrations, and quenching rates of a l l  possible 

c o l l  i s i on  partners are not  conpletely understood. 

Generally, one o r  m r e  laser be- are 

Temperature and speci es-concent ra t ion masuremn t s  us i ng laser- induced 

fluorescence have been demnstrated a t  pressures equal t o  o r  less than one 

atnosphere and at  temperatures up to  those found i n  typ ica l  combustion en- 

vironments (about 2000'K).C'1 

OH becarr-g o f  i t s  important ro le  i n  combustion k ine t ics ;  hawever, work has 

also been pe r fo rmd  on numrous other sys tem including NO, N, and 0 

which are of in terest  i n  t h i s  study. 

The most frequently t reated species has been 

C.2-C.5 

Several schemes have been proposed to account f o r  the e f fec t  o f  c o l l i -  

sional quenching o f  rad iat ion on the experimental resul ts.  One method, as 
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f i r s t  proposed by Piepmier,c*6 requires saturat ina a t  the upper energy leve l  and 

thereby e l im ina t ing  the dependence on laser  i n tens i t y  as w e l l  as the need 

t o  correct  fc- nucnching. Since conplete saturat ion i s  d i f f i c u l t  t o  achieve, 

Baronovski an. k ~ c O o l M I d ~ ' ~  proposed and deaPnstrated a p a r t i a l  saturat ion 

technique whereby one can extrapolate to the complete saturat ion 1 i m i  t. 

Another e thod ,  proposed and denonstrated by Stepowski and Cottereau, c - 8  does 

not  require saturat ion but  requires tha t  the laser pulse d u r a t i m  be shorter 

than the t i m e  for steady s ta te  condit ions to be reached. The quenching ra te  

then can be re la ted  to the fluorescence decay curve. The required laser- 

pulse durat ion and the fluorescence decay ra te  w i l l  depend on the gas pressure 

and temperature. Other methods include the use o f  enp i r i ca l  quenching cor- 

rect ions as i n  the work o f  Hu l l e r  e t  a l .c*g and the use o f  de ta i led  m u l t i -  

leve l  models as i n  the w o r k  o f  Chan and Dai lyc*10 and that of Kot lar ,  Gelb 

c.11 and Crosley. 

The m s t  promising approach a t  low density condi t ions i s  to determine 

the quenching rate frm the fluorescence decay ra te  as has been done by 

Stepow5ki and CottereauCe8 f o r  OH i n  a low pressure flame, and by Bischel, 

Perry, and Crosley'" f o r  both 0 and N atoms i n  a low pressure f l a w  d is-  

charge. 

the exc i ted e lec t ron ic  s ta te  l i fe t imes for OH and No, a laser pulse width o f  

Based on the resu l ts  of the l a t t e r  work and the s i m i l a r i t y  between 

less than 5 nsec i s  required. 

absorption i s  required becaine 

c.2 the VUV. As Bischel e t  a l .  

sul  tant  near I R  fluorescence. 

For 0 and N atom fluorescence, two-photon 

the f i  r s t  resonance t rans i t i on  1 ies f a r  i n t o  

have demonstrated, one would detect the re- 

For NO, the resonance t rans i t i on  can be access- 

ed by e i t h e r  s ing le  or  two-photon absorption. 

photon process i s  tha t  i t  i s  non-l inear i n  laser power. The advantage i s  

:hat i t  i s  less d i f f i c u l t  t o  generate tunable, stable, high-power v i s i b l e  

The disadvantage o f  the t w o  
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rad ia t ion  than the UV rad iat ion required fo r  the s ing le  photon process. 

There was no concensus among the researchers interviewed on t h i s  po in t .  In  

e i t h e r  case, the best laser  system would be a Nd:YAG pwrped dye laser  using 

frequcncy doubl ing and/or Raman s h i f t i n g  t o  generate the required UV wae-  

1 engths. 

A f te r  accounting f o r  quenching, the fluorescence in tens i t y  givcs the 

populat ion of the lower energy leve l  before laser  exc i ta t i on  which can then 

be n l a t e d  to the t o t a l  populat ion i f  the temperature i s  knawn. Tbe f luor-  

escence technique can a lso be used to  f i n d  the tenperature by masur ing the 

populat ion of two o r  m r e  energy levels, since the r a t i o  o f  the populat ion 

o f  any two leve ls  i s  equal to the r a t i o  o f  the corresponding Bolttmann 

factors . 
c .3  O f  p a r t  i i t e r e s t  t o  t h i s  study i s  the work <if flcKenzie and Gross 

who have demn>rra> ?d s ing le  laser pulse tenperature measurerrents o f  NO seed- 

ed i n t o  a flaw 0 .  nitrogen. Exc i ta t ion  by two photms o f  a selected rota- 

t iona l  level  f r o m  two d i s t i n c t  i n i t i a l  ro ta t iona l  leve ls  i s  performed in 

rap id succession and the fluorescence monitored. The ensuing fluorescence 

in tens i t y  i n  each pulse can be re la ted to  the ro ta t iona l  populations i n  the 

t w o  i n i t i a l  ground states and the r a t i o  re la ted t o  the ro ta t iona l  tempera- 

ture. Since only  the r a t i o  o f  energies absorbed needs t o  be known, the 

red i s t r i bu t i on  of energy among ro ta t iona l  and v ib ra t iona l  leve ls  o f  the ex- 

c i t e d  s tate and the i r  non-radiat ive quenching have a neg l i g ib le  e f f e c t  on 

the measurement. The quenching i s  neg l i g ib le  prov id ing i t  does not  s ign i f -  

i can t l y  vary from one ro ta t iona l  leve l  t o  the next and broad-band detection 

i s  used. l l c k n z i e  considered the t rans i t i on  A2Z+, v '  0 0  + X II,,,, v " = O  i n  

NO from the J"= 7 j  ro ta t iona l  level ,  since i t  has the largest absorption 

coef f i c ien t  a t  room temperature and i s  separated f a r  enough from other  1 ines 

2 

1 
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to  al low se lect ive exc i ta t ion.  

the quantum noise l i m i t  o f  200 f o r  a s ing le  1 m i l l i j o u l e  pulse energy of 5 

nsec duration. 

tenperature, and the s ize of the probe volura was 0.1 mnx1.0 mn. As m y  be 

seem from Figure 5 i n  the l w i n  sect ion of t h i s  repor t  the Flaximum density 

of  NO i n  the f l o w  surrounding the re-entry vehic le i s  an order of magnitdck 

higher a t  an a l t i t u d e  o f  75 km. 

mlecules d i s t r i b u t e  over more states, thus lowering the density i n  any given 

v ibrat ional  ro ta t iona l  leve l .  The signal  i s  fur ther  reduced by increased 

quenching because of the higher temperature. 

He obtained a s ignal- to-noire r a t i o  (WN) i n  

The NO concentration w h i c h  he used was 2 x I O l 4  a t  room 

The tenperature i s  a lso  higher; so the NO 

The minimum NO density downstream o f  the shock i s  I O l 4  and the n0 

may have a t rans la t iona l  temperature as high as 16,000°K. Scal ing calcula- 

t ions were made f o r  both 16,000°K and 3000°K and y ie lded a S/N o f  9 and 40, 

respectively, f o r  a s ing le  1 mJ pulse. The lower tenperature was chosen 

because of t!w expectat ion tha t  in te rna l  modes and chemical reactions w i l l  

rap id ly  cool the t rans la t iona l  energy o f  the gas, subs tan t ia l l y  l a r e r i n g  the 

ro ta t iona l  temperature. Increasing the laser ’s  i n tens i t y  t o  improve the S/N 

i s  l i m i t e d  by Stark broadening. The broadening reduces the laser  energy 

coupling i n t o  the t r a n s i t i c n  3nd may cause several l i nes  t o  coalesce so t h a t  

a pa r t i cu la r  ro ta t iona l  leve l  may no longer be p re fe ren t i a l l y  punped. 

McKenzie has not yet  quant i f ied  t h i s  l im i ta t i on .  

To determine the density detectabi 1 i t y  1 i m i  t f o r  a quantum noise 1 i m i  ted 

s ignal  t o  noise r a t i o  of  IO, a laser operat ing a t  10 pulses per second w i t h  

1 d per pulse was considered. The in tegra t ion  t i m e  was assumed to be 10 

seconds. 

and 7.5 x 10” cmm3, a t  temperatures o f  16 x lo3’, and 3000°K, respectively. 

The NO number density i n  most of the region between the shock and the vehic le 

The NO cktectabi  1 i t y  then was found to correspond to  1 .S x IOI3 
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A comparison of  Figures 4 and 5 i n  the main tex t  o f  t h i s  report  sham 

surface a t  an a l t i t u d e  of 75 km i s  predicted t o  be between IOl4 cm-3 to  IO 
-3 cm . 

that  the )(o concentrat ion behind the shock decreases s i g n i f i c a n t l y  as the 

a l t i t u d e  decreases and by 47 km i t  i s  neg l i g ib le  except close t o  a c a t a l y t i c  

wal l .  Consequently, the laser-induced f l  uorescence technique i s  on ly  useful 

a t  the higher a l t i tudes .  

I n  sunmnary, neasurenents o f  NO, N, and 0 concentrations and No ro ta t iona l  

tenpcra tun  appear feasible a t  75 k m  where masurable concentrat ions could be 

expected. Such m e a s u n m t s  have been denmnstrated i.n&r s i m i l a r  bu t  not 

ident ica l  amdi t ions .  Solut ions to the prob lem of  thermal m i s s i o n  f r o m  

the high t e q e r a t u r e  gas and ho t  p a r t i c l e s  behind the shock and Hie scat ter -  

ing from par t i c l es  should be invest igated before obta in ing a laser-induced 

f l  uorescence nreasuremnt . 
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APPEND1 X D. MISS SPECTROMETRY 

Mass s p e c t r o n t r y  can be used to measure the concentrations o f  02, N2, 

NO, 0, and N over the e n t i r e  range o f  densi t ies tha t  are expected during re- 

entry. 

enable simultaneous measurements o f  a l l  these species i n  real  t im has been 

proposed by George Wood of NASA Langley. 

bu i  1 t and successful ly tested f o r  NASA by Lehotsky. 

of  Uni ted Technologies pointed out t h a t  the sample f l o w  ra te  between the 

a l t i t u d e  o f  80 and 40 km would change by approximately a factor o f  10 for a 

f i m d  o r i f i c e  area and given pumping system. He suggested t h a t  the punping 

system be designed for 40 km and then simply overpumped a t  higher a l t i t udes .  

This would permit continuous measurements t o  be made a t  a l l  a l t i t udes .  

A mass spectrometer w i t h  a f i xed  c o l l e c t o r  p la te  detector which would 

A s i m i l a r  spect romter  has been 

Dr.  Ha r t i n  Zabielski  

If ef fus ive co l l ec t i on  i s  used ( the c o l l e c t i o n  o r i f i c e  diameter less 

than the mean free path), the sample would come from w i t h i n  a few mean free 

paths of the surface. This may cause d i f f i c u l t y ,  since the gas composition 

w i t h i n  a few mean free paths o f  the co l l ec t i on  o r i f i c e  may be af fected by 

the presence of the o r i f i c e  i f  the o r i f i c e  and Space Shut t le  o r b i t e r  wal l  

mater ia l  have d i f ferent  c a t a l y t i c  propert ies.  Dr .  Daniel Seery o f  United 

Technologies suggested that  i t  may be possible t o  use a la rger  o r i f i c e  and 

c o l l e c t  the sample by modest pumping which, because o f  the l o w  densit ies, 

would cause minimal disturbance t o  the flow f i e ld .  By pumping on the o r i -  

f ice,  one would extend the sample volume fu r the r  out i n t o  the f l o w  f i e ld ,  

beyond the region which i s  a f fec ted  by the loca l  surface reactions. 

A major problem i n  using mass spectrometry i s  the ex t rac t ion  o f  a 

sample which re f l ec ts  the t rue composition o f  these gases. Radical species, 

p a r t i c u l a r l y  0 and N atoms, qu ick ly  react o r  recombine. Because o f  the 
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thickness o f  the t i l e s  protect ing the surface o f  the re-entry vehic le and 

the necessity to thermally insulate the mass spectrometer from the e x t e r i o r  

tenperatures, the sample must t ravel  several inches before being analyzed. 

In  order t o  minimize the e f f e c t  on the local f l o w  f i t : J ,  the passageway 

through the t i l e s  should be short.  I f  the sample t ravels  through a long 

narr tw passageway, both wa l ls  and gas phase co l l i s ions ,  and i n  turn 0 and N 

atom reconbinat ion react ions, are probable. Wood has proposed se lect ing the 

wa l l  material such t h a t  the 0 and N atom se lec t ive ly  react upon c o l l i s i o n  

w i t h  the wal l ,  producing a s tab le and i d e n t i f i a b l e  species which would i n  

ef fect  serve t o  tag the o r i g i n a l  atomic species. Drs. Daniel Seery and Med 

Colket o f  United Technologies and D r .  Robert McLean o f  Sandia-Livermore a l l  

suggested using the scavenging probe concept proposed by Fr is t rom and recent ly 

demonstrated by Fr istrom and McLean. O a 2  

d i l u t e d  a t  the o r i f i c e  w i t h  a gas stream containing a species which selec- 

t i v e l y  reacts w i t h  e i t h e r  the 0 or N atoms t o  produce a s tab le and i d e n t i -  

f i a b l e  species. T h i s  species then serves t o  tag the o r i g i n a l  atomic specie;. 

I f  t h i s  s tab le product were already present i n  the sample then i t  might be 

possible t o  d is t inguish between the sample and the tag molecule by using 

d i f f e r e n t  isotopes. Possible interference w i t h  the natural  f l o w  and chemis- 

t r y  bJi th in the boundary layer  should be examined before using t h i s  probe 

concept. 

Here, the sample i s  imnediately 

Another p o s s i b i l i t y  suggested by Seery and Colket i s  t o  extend a t ra -  

versing scavenging r.-obe out i n t o  the boundary layer i n  order t o  ext ract  

samples a t  dif,-erent distances from the wa l l .  They f e l t  tha t  because o f  

the very high ve loc i t ies  t h a t  a l l  appreciable disturbances t o  the f l o w  f i e l d  

would be convected downstream and would not a f f e c t  the measuremnt. 

d i d  po int  out ,  however, tha t  when the flow i s  supersonic, as i t  i s  outside 

They 



the subsonic boundary !dyer, there w i l l  be a shock i n  f ron t  o f  the probe 

which may subs tan t ia l l y  a l t e r  the sample's composition and the aerodynamic 

and ae rot he rmodynami c pe r fo  rmance . 
Using a scavenging probe to ex t rac t  the sample w i th  subsequent mass 

spectroscopic analysis i s  a promising technique fo r  determining the concen- 

t ra t i ons  o f  N2, 02, 0, and N near the wal l .  

obta in  samples o f  the species a t  po in ts  away from the wal l  by using a t r a -  

versing probe o r  by modest pumping rates, prov id ing the natura l  f low and 

chemistry i s  no t  disturbed. 

This probe could be used to 
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APPENDIX E. THERMAL EMISSION 

Descript ion 
~~ ~ a 

j k  
A 

'i 

C 

d 

Ej 
F 

'3 
h 

j k  
I 

' 0  

5 
JA 

KX 

Ki 
k 

m 

S '  

T 

A 

Ah 

'jk 

-1 sec 

mete rs/sec 

meters 

jou les 

6.6256~1 o - ~ ~  
j ou l  e-se c 

2 watt s/me t e  r 

2 wet ts/meter 

2 wa t ts/me t e  r 

1 .38054~1 0-23 
j ou l  es/OK 

Kg 

meters 

O K  

meters 

mete rs 

meters 

Einste in  spontaneous emission coe f f i c i en t  f o r  leve l  j 
to  k 

concentratiorj of species i 

speed of 1 igh t  i n  vacuum 

thickness of rad ia t ing  layer  

energy o f  the jth energy leve l  

f number of  col l e c t  ion op t ics  
d i a m  ter )  

degeneracy o f  the j th energy 

Planck's constant 

emission i n tens i t y  from leve 

( lens focal length/lens 

eve1 

j t o  level k 

blackbody rad iat ion i n tens i t y  per u n i t  wavelength 

emission i n tens i t y  per u n i t  wavelength 

emission coe f f i c i en t  per u n i t  wavelength 

absorption coe f f i c i en t  per u n i t  wavelength 

absorption c o e f f i c i e n t  per u n i t  wavelength 

Bo1 ttmann's constant 

mass 

displacement along a ray of l i g h t  

tempera t u  re  

wave1 ength 

width o f  spectral f i l t e r  i n  wavelength 

emission wavelength for t rans i t i on  from level j to  
level k 
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- k s e o n  . -- ___I_- -. 

Av Hertz 1 ine w id th - - fu l l  width a t  ha1 f maximum 

P kg/meters densi ty  3 

T opt ica l  length 

TABLE E . l  L i s t  o f  Synbols. 

Highly exc i ted atoms end molecules, as we l l  as high temperature p a r t i -  

cles, w i l l  emit l i g h t  i n  the v i s i b l e  range o f  the spectrum. For the most 

par t  t h i s  l i g h t  w i l l  const i tu te  a noise source f o r  other op t ica l  non- intrusive 

techniques. I t  may, however, be used t o  give a rough measurement o f  temper- 

atureature, species ident i t y ,  and provide l i g h t  f o r  flow v isual izat ion.  By 

t racking the motion and the spectral emission o f  hot  p a r t i c l e s  t h e i r  temper- 

ature and ve loc i ty  might also be determined. Thermal emission w i l l  occur 

from a l l  ho t  regions i n  the flow and the co l lected signal i s  essent ia l l y  the 

l i g h t  projected from each o f  these regions onto the surface aperture. 

sequently, the signal i s  integrated over a pathlength, so t h i s  technique 

cannot be used to  y i e l d  good spat ia l  resolut ion.  Prac t ica l l y ,  the highest 

temperature por t ion  o f  the flow occurs j u s t  behind the shock at  h igh a l t i -  

tudes so the region responsible f o r  the thermal emission may be reasonably 

wel l  delineated. The in te rpre ta t ion  o f  flow paramters such as species and 

Con- 

temperature depends largely  on the opt ica 

Over the temperature and f l o w  regions o f  

th in.  A major source o f  uncertainty i n  s 

c a l l y  t h i n  region i s  from incomplete know 

Condon factors.  E .  1 

thickness o f  the emi t t ing  gases. 

nterest ,  the gases are o p t i c a l l y  

gnal in te rpre ta t ion  i n  the o p t i -  

edge o f  quenching rates and Franck- 

I n  a nonequil ibr ium gas, the d i f fe ren t  energy modes o f  the atoms and 

molecules w i l l  not  be i n  thermal equi l ibr ium. Often each mode may be 
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characterized by a d i f fe ren t  "temperature." Usual l y  the t rans lat ional  modes 

quick ly  equi 1 ib rate wi th  the surrounding medium and thus most accurately 

r e f l e c t  what i s  conventional ly known as the temperature. The t rans la t iona l  

temperature o f  an o p t i c a l l y  t h i n  gas can be measured by resolv ing the spec- 

t r a l  l i n e  p r o f i l e  o f  the emission from a p a r t i c u l a r  t rans i t ion .  The p r o f i l e  

has to  be DbssrveC w i t h  an interferometer 

For a purely thermally broadened spectral 

h a l f  maximum intens i ty ,  Aw, i s  re la ted to  

t o  ach i eve su f f i c i  en t resol u t  i on. 

l ine,  the f u l l  frequency width at  

the gas temperature, T, by, E.2 

where X21 i s  the emission wavelength, m i s  the mass o f  the species, and k i s  

Boltzmann's constant. I f  the temperature i s  t o  be measured i n  this manner 

one must f i r s t  do a deconvoiution t o  remove the broadening e f f e c t  due t o  

c o l l  is ions and the less than per fect  resolut ion o f  the interferometer. 

I f  the equivalent "temperature" i s  desired f o r  the in ternal  modes o f  

the atom o r  molecule, the r a t i o  o f  the emission i n t e n s i t i e s  f o r  various 

spectra; i i nes  must be measured. For each spectral l i n e  the emission inten- 

s i w ,  1 2 1 '  from an o p t i c a l l y  t h i n  source i s  

1 2 1  - K g2 ~ f l  *2 1 exp(-E2/W 

where K i s  a constant, g2 i s  the degeneracy o f  the exc i ted  leve l ,  AZ1 i s  the 

Einstein spontaneous emission c o e f f i c i e n t  o f  the t rans i t ion,  E q  i s  the 

energy of the exc i ted state, and T i s  the e f f e c t i v e  temperature. This f luor -  

escence i s  s u h t a n t i a l l y  reduced by the presence o f  quenching hhich i t s e l f  

i s  ;emperature dependent. In  an e f f o r t  t o  remove the e f fec ts  o f  quenching, 

emission from two simi lar  exc i ted states may be observed so tha t  one may 

approximate the quenching factor  o f  each to  be ident ica l .  This i s  s i m i l a r  
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t o  the method used f o r  laser  induced fluorescence measurements discussed i n  

Appendix C. 

Both the measurement of t rans lat ional  temperature and the measurement o f  

the e f f e c t i v e  temperature o f  in ternal  modes depend on the gas being o p t i c a l l y  

th in.  As the gas turns o p t i c a l l y  th icker,  .he emission spe,ctrum approaches 

that  o f  a blackbody as shown i n  Fiqure E . l .  T k ,  blackbody temperature can 

then be determined from the peak i n t e n s i t y  o f  an emission l i n f .  Since &so- 

l u t e  in tens i ty  measurements are prone t o  e r ro r ,  f i t t i n g  the blackbody curve 

to  several separate o p t i c a l l y  th ick  peaks gives a more accurate resul t .  The 

expression f o r  the radiation i n t e n s i t y  per i n i t  wavelengt,; per u n i t  s o l i d  

E.2 angle i s  

0 

where n i s  P.anck's constant 

Perhaps the most useful 

the presence of  various spec 

thei  r concentrations. Since 

passing the col  l e  :ted 1 i ght 

and c i s  the speed o l i g h t .  

appl icat ion o f  thermal emission i s  to i d e n t i f y  

es and obtain order o f  magnitude estimates of  

each species has unique spectra ' features, 

through a spectrometer w i l l  i : id icate what i s  

present i n  the flow. A measurement o f  the r e l a t i v e  concentration o f  Ehese 

species i s  complicated by the d i f f e r c n t  emission coef f i c ien ts  and op t ica l  

quenching f o r  an o p t i c a l l y  t h i n  gas, and d i f f e r e n t  er- issivi  t i c s  and op t ica l  

depth f o r  an o p t i c a l l y  th ick gas. Nevertheless, a general sense o f  the 

r e l a t i v e  concentrations o f  various species can be nad by comparing spectral 

l i n e  strengths. Hot luminous par t i c les ,  o f  course, are always o p t i c a l l y  

th ick  so t h e i r  temperatures can be obtained by f i t t i n g  t h e i r  spectra to the 

blackbody d i s t r i b u t i o n  given i n  equation (E.3) .  

equi l ibr ium effects,  the p a r t i c l e ' s  temperature will i n  general deviate from 

Clear ly due to the non- 
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Figure E . l  An opt ica l ly  thick l i n e  approaches the blackbody radiat ion 
curve, l o (T) .  
a spectral l i n e  wi th  increasing opt iLal  thickness. 

Curves a, b,  and c represent emission from 
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the gas tenperature. 

I f  there are feu p a r t i c l e s  in  the f law, p a r t i c l e  w l o c i t i e s  may a lso be 

measured using a t ime-o f - f l igh t  t e c h n i q ~ . ~ ' ~  Two points in  the flow, 

separated by a knarn distance are facused onto d i f f e r e n t  detectors. 

p a r t i c l e  passes through,its emission i s  picked up by cach detector sequen- 

t i a l l y  g iv ing  two pulses whose times are separated by the tinp i t  took the 

p a r t i c l e  to pass f r o m  the f i r s t  region t o  the second. T'.is, o f  course, 

assumes tha t  the ve loc i ty  vector o f  the p a r t i c l e  i s  such tha t  i t  ac tua l l y  

passes through the two sample points. 

As a 

Thermal emission must also be cansidered as a po ten t ia l  noise source for 

other  measurements such as Payleigh scatter ing,  laser induced fluorescence, 

etc. It i s  therefore important to  estimate t o  t h e m 1  emission i n tens i t y  in 

order t o  determine what steps need be taken to e l iminate i t  from these other  

measurements. An estimate begins w i t h  the rad ia t i ve  t ransfer  equation, E -5  

where I i s  the thermal emission in tens i ty ,  s '  i s  the displacement along a 

ray o f  l i g h t  and 3 and K are the emission and absorption coef f i c ien ts  per 

uni t  wavelength, respectively. These coef f i c ien ts  may be re la ted  by invoking 

the law o f  de ta i led  balance. That i s ,  emission and absorption are re la ted  

x 
x x 

by the temperature since both must occur w i th  

equi 1 i b r i  um. 

-hc/kTX 
K, e 

equal probabi 1 i t y  a t  therm1 

(E.5) 

The rad ia t i ve  t rans fer  equation at steady s ta te  then becomes 
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where lo i s  the blackbody in tens i ty  d i s t r i b u t i o n  from equation (E.2) a d  

This expression raay be a n a l y t i c a l l y  integrated for 

E.5 gcncous rad ia t ing  plane o f  f i n i t e  thickness, d, 

-Kid 
IA(d)  = lo(l - e 

(E. 7) 

the ideal  case o f  a horn- 

(E.8) 

A schematic o f  the detection conf igurat ion expected on a re-entry vehi- 

c l e  i s  sham i n  Figure E.2. The hot  region between the shock and the w a l l  

i s  radiat ing.  The high temperature region inmediately dumstrearn from the 

shock w i l l  be used t o  determine the absoq t ion  coe f f i c i en t  i n  equation (E.8). 

The luminous layer thickness, d, i s  assumed t o  extend from the shock t o  the 

plateau s h m  i n  Figure 1 i n  the main section of t h i s  report, and includes 

the region w i t h  a large temperatun gradient. I t  i s  assumed, for s i n p l i c i t y ,  

that  the gas temperature and density i s  homogeneous i n  t h i s  layer. A l l  the 

opt ica l  detection processes for which thermal emission i s  a potent ia l  noise 

source use a lens t o  c o l l e c t  the s ignal .  The sane lens w i l l  then a lso c o l -  

l ec t  background l i g h t  due t o  thermal emissions. This l i g h t  i s  a d is t r ibu ted  

source and the t o t a l  i n t e n s i t y  may be found by in tegra t ing  over the aperture 

t o  y i e l d  

where F i s  the f number of the co l lec t ion  op t ics  (F= lens focal length/lens 

diameter), T - Kid i s  the op t ica l  depth (assumed t o  be < < I ) ,  and AA i s  

the bandwidth of the interference f i l t e r .  The absorption coe f f i c i en t  per 

meter i n  hot a i r  (T < 20,000'K) i s  taken from t e l ' d o v i t c h  and k i t e r ,  E .4 
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Figure E.2 Diagram of the opt ica l  col lect ion system through which thermal 
emission w i l l  be col lected.  The lens i s  used f o r  other exper- 
iments such as Rayleigh or Raman scatter inp.  
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1 .44*10-2 -140,000 -1 81,000 
= 8.6*10’9 p * T * A 3  e A*T e ’ + C  e T +  

N2 KA 

- 1 58,000 -169,000 - 1  08,000 

1 (E. 10) T + Cm e + c N e  T 
co e 

3 where p i s  the density i n  kg/m , T i s  i n  O K ,  A i s  the wavtlength i n  neters 

and Ci i s  the concentrat ion o f  species i. have been p l o t t e d  for 

d i f f e r e n t  temperatures versus wavelength i n  Figures E.3 and E.4. The flow 

condit ions assumed are taken from the simulat ion by J. L. Shinn, J. W. b s s ,  

an ’  A. L. Simmnds o f  NASA Langley for a nonequi l ibr ium flow, f u l l y  c a t a l y t i c  

wall c a l c u l a t i o n  a t  an a l t i t u d e  o f  75 km and a t  a p o s i t i o n  along the surface 

of the Shut t le  corresponding to 10 nose rad i  i. 

KA and I 
0 

As an example, consider: 

d = 0.1 m 

I. = 510 nm (copper vapor laser)  

F =  10 

T = 10 O K  
4 

AA = 0.1 x lo-’ m (state-of- the-art  interference f i l t e r ) .  

8 2  -4 -1 From Figures E . 3  and E.4, I = 2 x  10 W/m p and KA = 1.1 x 10 m . The 

o p t i c a l  depth, ‘I, i s  1 .i x IOo5<< 1 and equation (E.9) may be used. 

i n t e n s i t y  rad iated i n t o  the aperture i s  2 x loo3 Win2. 

con t r i bu t i on  t o  the i n t e n s i t y  from thermal r a d i a t i o n  i n  the flow a t  a 

temperature of 3000’K i s  n e g l i g i b l e .  

0 

The 

By comparison the 

I n  sumnary, thermal emissions from gases have a p o t e n t i a l  f o r  ind icat ing 

gas temperatures and species i d e n t i t i e s .  This w i l l  only be the case i n  the 

very high temperature region behind a high a l t i t u d e  shock. A t  lower a l t i -  

tudes, where the temperatures behind the shock are subs tan t i a l l y  less, the 

amunt  o f  fluorescence co l l ec ted  i n  the v i s i b l e  region o f  the spectrum i s  
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Figure E . 3  Absorption coef f ic ient  (Equation E . l O )  versus wavelength f o r  
various tenperatures. The flow conditions assumed are  given 
by Moss’s calculat ion for nonequilibrium flow, f u l l y  c a t a l y t i c  
wal l  a t  an a l t i t u d e  of 75 km and s/RN - 10. 
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gure E.4 Black-body radiat ion versus wavelength at di  fferent temperatures. 
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too for  meaningful diagnostics. Point measurements can only be made if 

the region behind the shock i s  assumed t o  be t h i n  so no other  molecules 

contr ibute to the signal between the observation port and the region o f  

in terest .  Otherwise, the in tegrated path through f luoresc ing m lecu les  

makes po in t  observations impossible. Addit ional uncertainty regarding the 

values o f  the quenching rates fLe-ther complicates quan t i t a t i ve  data analysis. 

In  the high a l t i t u d e  region, hawever, thermal emission w i l l  ce r ta in l y  contain 

ureful q u a l i t a t i v e  i n f o n a t i o n  on species i den t i f i ca t i on .  

The po ten t ia l  of thermal emissions as a noise background which would 

i n te r fe re  w i t h  other o p t i c a l  measurements i s  most severe a t  high a l t i t udes  

where fluorescence in tens i t i es  are substantial.  Ear ly  experiments should 

include a monitor for thermal emissions t o  both determine the u t i l i t y  of t h i s  

technique f o r  q u a l i t a t i v e  f low diagnostics as we l l  as to es tab l i sh  i t s  poten- 

t i a l  as a noise source fo r  o ther  op t i ca l  measurements o f  in te res t .  Since 

thermal emission i s  continuous i n  t i m e ,  experiments seeking to e l iminate 

tliermal emission as a noise source can use pulsed lasers and signal gat ing 

t o  fu r the r  suppress I t s  e f fect .  The import=lnce o f  emission due t o  hot par- 

t i c l e s  i s  d i f f i c u l t  to  assess since the density o f  pa r t i c l es  i n  the flow has 

not  been established. As i s  recommended elsewhere, ea r l y  experiments should 

a lso seek t o  determine p a r t i c l e  densit ies and sizes i n  order t o  fu r the r  

evaluate the p o s s i b i l i t y  o f  using these p a r t i c l e s  f o r  f low f i e l d  measurements 

as wel l  as t h e i r  po ten t ia l  as a background noise source i n  other  diagnostics. 

References 

E . l  Muntz, E. P., The e lec t ron  beam fluorescence technique, AGARbgraph 132, 
1963. 

E.2 Thorne, A. P., Spcctrophysics (Chapman and Hal I ,  London, 19745. 



E-13 

E.3  Generalov, N. A.,  k t h o d s  o f  Experimental Physics -' 188 Emrich,  R. J . ,  
edi tor  (Academi c Press, N.Y., 1981 ) . 

E.4 Trolinger, J. 0. and Houser, H. J . ,  F l i g h t  Dynamics Laboratory Tech- 
n ica l  Report AFWAL-TR-81-3080, 1981. 

E . 5  Zel'dovich, Y .  B.  and Rairer, Y .  P . ,  Physics o f  Shock Waves and High- 
Tewperature Hydrodynamic Phenomena (Academic Press, New York and London, 
1967). 



F- 1 

APPEND1 X F. ELECTRON-BEAM FLUORESCENCE 

I D  s d o l  Descri t i o n  ___ 
-1 sec 

2 wat ts/me te r 

1 . 3 8 0 5 4 ~ 1 0 - ~ ~  
jou l  es/OK 

K9 

meters 

meters 

- 3  

2 

meterdsec 

m ters/sec 

meters 

Hertz 

Hertz 

Hertz 

E i ns t e  i n spon taneous emi ss ion m e  f f 1 c i en t for  
leve l  j to k 

emission i n tens i t y  f r o m  leve l  j t o  leve l  k 

Bo1 tzmann's constant 

mass 

n u d e r  densi t y  of species i 

quenching c o l l i s i o n  cross section o f  species i 
w i t h  species j 

Franck Condon fac to r  between levels  v '  and v" 

f law v e l o c i t y  

r e l a t i v e  ve loc i t y  between species i and j 

wave 1 eng th  

rad ia t ion  frequency 

Doppler s h i f t  of resonant frequency 

thermal (Gaussian) spectral l i n e  w id th - - fu l l  
width a t  h a l f  maximum 

TABLE F . l  L i s t  o f  Symbols. 

The electron-beam fluorescence technique i s  cur ren t ly  used t o  measure 

the s t a t i c ,  v ib ra t iona l ,  ro ta t iona l ,  and t rans la t iona l  tenperatures of l o w  

density gaseous flows as we l l  as t o  determine gas species concentration and 

density, measure ve loc i ty ,  and provide f l o w  v isua l i za t ion .  Reviews o f  t h i s  

technique have been w r i t t e n  by E. P. Muntz,F'I and the present discussion 

draws heavi l y  on these works. 
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A col l imated beam of electrons of 

i n t o  a flow, e x c i t i n g  the gas species 

about 

n t o  h 

1 mn i n  diameter 

gher energy leve 

i s  d i rected 

s.  These 

species fluoresce over a charac ter is t i c  l i f e t i m e  as they re lax back to  the 

unexcited state.  An o p t i c a l  detector may be configured t o  monitor the 

fluorescence f r o m  any pos i t ion  along the beam t o  give a spat ia l  resolut ion 

o f  %I mn . The r e s u l t i n g  spectrum i s  charac ter is t i c  o f  the composition, 3 

temperature, density, and ve loc i ty  of  the gas. F * 2 * F 0 3  The many d i f f e r e n t  

parameters on which the electron-beam fluorescence i s  dependent make i t  an 

a t t r a c t i v e  technique. I t s  use i s  usual ly l i m i t e d  t o  number densi t ies o f  !ess 

than lOI6 ~ m - ~ ,  though some invest igators have extended the range t o  10 

cm -3 . F.4 

higher densi t ies,  and the fluorescence i s  no longer l i n e a r l y  re la ted t o  

density. The technique has been appl ied i n  temperature ranges f r o m  a few 

degrees up to  1000'K. 

18 

The e lect ron beam loses i t s  co l l imat ion  and penetrat ion depth a t  

Nitrogen and a i r  flows have been the most extensively investigated. 

+ 
The major emission i n  both occurs f o r  the f i r s t  negative system o f  N2 

391.4 nm. 

a t  

A 50,000 electron v o l t  beam e x c i t i n g  the f i r s t  negative system 

2 of nit rogen w i t h  a 1 mA/m of current can produce l o 1 '  photons per second 

depending on geometry and number density. 

i t a t i v e  too l  f o r  v i s u a l i z i n g  the f l o w .  Incomplete knowledge o f  quenching 

rates and Franck-Condon factors 1 im i t s  quant i ta t i ve  data in terpretat ion.  

The fluorescence provides a qual- 

F. 1 

The most straightforward quant i ta t i ve  measurement i s  the ni t rogen 

density. This measurement requires a density independent t ransfer o f  energy 

from the electrons to  the nitrogen-excited state.  There are several mechan- 

isms f o r  accomplishing t h i s  t ransfer:  I )  Col l i s ion  o f  n i t rogen w i t h  primary 

high energy electrons o r i g i n a t i n g  from the e lect ron beam; 2) C o l l i s i o n  of 

ni t rogen wi th  secondary electrons produced by species ion izat ion due t o  
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c o l l i s i o n s  w i t h  primary electrons; 3) Absorption o f  e lect ron beam generated 

photons by unexcited n i  trogen molecules; 4) Energy t ransfer  by wl l i s i o n s  

o f  n i t rogen w i t h  o ther  exc i ted par t i c les ;  5)  Transfer o f  energy to the 

exc f ted  s ta te  i n  a s ing le  molecule by cascade from higher e lec t ro - t i c  states 

i n  the same molecule. The exc i ted s ta te  i s  subsequently depopulated by 

spontaneous emission and quenching c o l l i s i o n s .  The emission i s  observed as 

signal; the quenching c o l l i s i o n s  compete wi th  the emission and rerhce the 

signal . 
I f  only the primary electrons are assumed t o  populate the exc i ted  s tate j, 

then the fluorescence emission t o  s ta te  k, I j k ,  i s  re la ted to the gas density, 

I = K N i  1 

Qii ‘ii 

j k + %  

Jk 
1 + 2Ni A 

where K i s  a constant, Q.. i s  the quenching c o l l i s i o n  cross section, A i s  

the spontaneous emission f o r  the t r a n s i t i o n  j + k ,  AT i s  the spontaneous 

emission for  a l l  o ther  t rans i t ions,  a n d 5  

the molecules. A t  low density the emission, i i s  essent ia l l y  proport ional  

t o  the gas density. A t  densi t les higher than 10 /cc the fluorescence inten- 

I I  j k  

i s  the r e l a t i v e  v e l o c i t y  between i i  

j k ’  
16 

s i t y  i s  s t rongly  quenched and i s  no longer sens 

Most density measurements are performed i n  the 

curve. The accuracy o f  density measuremnt can 

t i v e  to density var iat ions.  

inear por t ion  o f  the response 

approach 21 percent i f  the 

ca l ib ra t ion  procedure i s  c a r e f u l l y  executed; however, 25 percent i s  more 

typ ica l .  The large number o f  f luorescent photons reduces photon s t a t i s t i c a l  

noise t o  a low leve l .  Inaccuracies are introduced by the quenching process 

which i s  both species and temperature dependent. 
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F.4 
Some experlmental work has been conducted a t  higher densi t ies 

- -  < n < 10l8 cm'3,. This i s  the nonl inear regime, and a 3reful  c a l i -  

b ra t i on  i s  required over the coniplete range o f  densi ty and temperature. 

In a nonequi l ibr ium gas, the v ib ra t i ona l  and r o t a t i o n a l  energy d i s t r i -  

but ions may no t  be i n  equ i l i b r i um w i t h  each other  o r  w i t h  the loca l  temper- 

ature. For example, the v ib ra t i ona l  l eve l s  may separately reach an e q u i l l b -  

rium which may be described by a temperature but  i s  d i f f e r e n t  from the t rue  

t rans la t i ona l  temperature o f  the gas. To measure t h i s  v i b r a t i o n a l  tempera- 

ture, f i r s t  consider a ground e l e c t r o n i c  s t a t e  molecule w i t h  v ib ra t i ona l  

leve l  v',' exc i ted  t o  the v '  v i b ra t i ona l  s t a t e  o f  the upper e lec t ron i c  leve l  

w i t h  subsequent decay t o  the vy v i b r a t i o n a l  leve l  o f  the ground e l e c t r o n i c  

s ta te.  I f  only  spontaneous emiss 

ing i s  neglected, then the intens 

4 I I I 1  = K vv. , I1 

v2 2 

on depopulates the upper s t a t e  and quench- 

t y  o f  f luorescence i s  

q(v',v;') 1 Nvll q(v'v;') 
V!l 1 

F. 1 

(F.2) 

where K i s  a constant, v i s  the frequency, n i s  the number density, and q i s  

the Franck-Condon fac to r .  The v ib ra t i ona l  temperature informat ion i s  con- 

ta ined e x p l i c i t l y  i n  the number densi ty,  Nvll, which i s  assumed t o  fo l low a 

Boltrmann d i s t r i b u t i o n ,  By monitor ing the fluorescence i n t e n s i t y  from two  

separable v i b r a t i o n a l  l i n e s  and tak ing  t h e i r  r a t i o ,  one may obtain a curve 

which i s  temperature sens i t i ve  and independent of the constant K. 

1 

The technique has been checked a t  low densi t ies and up t o  300'K w i t h  a 

r e s u l t i n g  accuracy o f  +lo%. F * 5  

densi t ies.  The number o f  v ib ra t i ona l  l eve l s  involved i n  the ca l cu la t i on  

r i ses  w i t h  temperature. This introduces an addi t ional  uncer ta in ty  because 

Quenching inva l idates equation (F.2) a t  h igher  
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o f  the larger  number o f  Franck-Condon factors involved. Higher temperatures 

a lso have a bearing on the quenching process. 

S imi lar ly ,  the rotat ional  modes may reach a separate "temperature." The 

expression which provides the r o t a t i o r a l  temperature i s  rather involved, 

requi r ing an i t e r a t i o n  process and w i l l  therefore not  be given here. Anala- 

gous d i f f i c u l t i e s  t o  those associated w i th  the v ib ra t iona l  temperature mea- 

surement are encountered w i  

they are re la ted to  uncerta 

Franck-Condon factors. The 

zrrmed equal t o  the t r a n s l o t  

h the ro ta t iona l  temperature measurement, and 

n t i e s  il: the knowledge o f  quenchinq rates and 

ro ta t iona l  temperature cat- i n  many cases be as 

onai temperature; however, t h i s  i s  no t  always 

t rue f o r  the v ibrat ional  temperature. 

Low density i s  s t i l l  a requirei.  n t  t o  minimize quenching, bu t  accuracies 

F .6 o f  b e t t e r  than 5 ° K  have been achieved a t  temperatures below 1000°K. 

Large discrepancies e x i s t  f o r  temperatures below 300°K. Their  o r i g i n  i s  

s t i  1 1  unknown. 

The t rans lat ional  temperatbrs i s  considered to be the t rue loca l  tem- 

perature. The t rans la t iona l  tevperature may be obtained by spect ra l ly  re- 

so lv ing the fluorescence emission o f  a p a r t i c u l a r  t r a n s i t i o n .  The instrument 

most f requent ly used i n  a Fabry-Perot interferometer. The l i n e  shape observed 

has a Gaussian component which i s  re la ted to  Doppler broadening because o f  

the random motions o f  the molecules. The teinperature o f  the flow, T, i s  

re la ted t o  the f u l l  width a t  h a l f  maximum, AvG, o f  the Gaussian l i n e  shape 

byF* 

where X21 i s  the wavelength o f  the t rans i t ion ,  m i s  the mass o f  a s ing le atom, 

and k i s  Boltzmann's constant. Under optimum condit ions, the technique can 
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neasure the t rans lat ional  temperature i n  helium w i t h  an accuracy o f  a few 

degrees K a t  room telllperature. The accuracy i n  o ther  gases depends on the 

fluorescence in tens i ty  and the r a t i o  between the Doppler width and the col- 

l i s i o n a l  and instrumental widths. 

Electron-beam fluorescence can be used for ve loc i t y  measuremnts by 

observinq ,he Doppler s h i f t  o f  the fluorescence. A comparison o f  the fluor- 

escence spectrum of a s ta t ionary gas w i t h  the same t rans i t i on  i n  moving gas 

gives the Doppler s h i f t ,  by,. The v- loc i ty ,  U, may then be ca lcu lated from F.4 

u = 6vo A 

where X i s  the wavelength o f  the observed t rans i t ion .  

o f  the measurement depends on the r e l a t i v e  s ize  o f  the Ooppler s h i f t ,  6v 

i n  comparison t o  the cod ined  temperature c o l l i s i o n a l  and instrumental broad- 

ening, Av. A ' t rack ing '  Fabry-Perot interferometer, locked t o  the spectral 

peak by phase sensi t ive detection s imp l i f ies  ve loc i ty  rneasurennts, since i t  

The r e l a t i v e  accuracy 

0' 

eliminates the eed t o  scan the complete spectrum. 

The fluorescence emission a lso provides a method f o r  density 

flow v isual izat ion.  Fluorescence i n  the close proximity to  the e 

beam i s  observcd f o r  N2, 02, and NO. 

becuase of  the exc i ta t ion  o f  a metastable s tate.  

An afterglow i s  obtained i n  

Hence, i n  wind 

sens i t i  ve 

ect  ron 

He flows 

unnels, 

the He gas fluoresces f a r  downstream, but  i n  a i r  the e lect ron beam has t o  

pass through the pos i t ion  o f  in te res t .  

The researchers contacted a l l  agreed that  the u t i  1 i t y  o f  the electron- 

beam technique i s  l im i ted  by i nsu f f i c i en t  knowledge c quenching rates which 

leads t o  large uncertaint ies .- . .. zerature measurements. I t  was f e l t  by 

Professor Larry Talbot of the Univers i ty  o f  Cdl i fornia-Berkeley and O r .  

W i l l i a m  Hunter o f  NASA Langley tha t  electron-beam fluoresccrtce was most 
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useful as a f low-visual izat  

Sandia-Livermre f e l  t tha t  

a t  very high a l t i tudes .  A t  

on t oo l  i n  wind tunnels. Dr.  Robert Cat to l i ca  of 

t would be worthwhile to undertake neasunmnts 

high a l t i t udes  ( s o d a t  above those of In te res t  

i n  t h i s  study), the densi t ies w i l l  be law enough so tha t  the data could be 

in terpreted q u a t i t a t i v e l y .  A t  lomr a l t i tudes ,  quenching w i l l  e l iminate t h i s  

p o s s i b i l i t y ,  but  gross features of the flow may s t i l l  be observable. 

I n  SUIIIIM~~, the electron-beam fluorescence technique i s  a t t r a c t i v e  be- 

cause o f  the many propert ies w h i c h  i t  can measure and because the signal  i s  

no t  l i m i t e d  by photon s t a t i s t i c s  noise. In the l i n e a r  response region the 

i n s t r m n t  can only be used a t  the highest a l t i t u d e  of in te res t .  A t  lower 

a l t i t ude ,  one could possibly apply i t  t o  densi ty measuremnts on ly  a f t e r  

carefu l  cal ib rat ion.  

Hajor uncertaint ies i n  temperature masuremnts a r i se  from i . . su f f i c ien t  

know!edge o f  the quenching and Franck-Condon factors p a r t i c u l a r l y  a t  the 

high temperatures ex i s t i ng  i n  the f law.  Veloc i ty  measuremnts are best per- 

formed on atoms but h w e  not  been demonstrated on n i t rogen o r  other species 

present i n  the flow. Since a fluorescence signal  w i l l  a lso be present, i t  

m i g h t  be useful t o  use a~ elect ron beam a t  least  for  f l o w  v isua l i za t ion  and 

t r y  t o  ex t rac t  quant i ta t i ve  deta by proper ca l i b ra t i on  a t  the higher a l t i tudes .  
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APPENDIX G. W N  SCATTERING 

s Y 1801 Units Desc r 1 D t  i on 

h 

L 

Ni 

n 
P 

P I W A N  

0 
P 

(SIN) - 
A t  

% 
nD 
x 
V 

Q 
' & A H A N  

nC 

6.6256~ 1 0- 34 
joule-sec 

n e  t e  r s  

m t e  r s  -3 

watts 

watts 

second 

Planck's constant 

sample volute length 

number density of sca t te r ing  molecule i n  
energy leve l  i 

n u d e r  of pulses per measuremnt in te rva l  

Raman scattered signal  p a m r  

incident laser  F r  

Raman sca t te r ing  s ignal  t o  noise r a t i o  

. -5er pulse durat ion 

, ic iency of  the col l e c t  ion op t ics  

e f f i c i ency  of the detector 

meters laser  wavelength 

Hertz frequency o f  scattered rad ia t  

d i f f e r e n t i a l  Raman sca t te r ing  2 meter 1 
s tt radi  an- 
molecuie 

s t e  radi  ans s o l i d  angle of c o l l e c t b L  opt  

on 

cross sect ion 

CS 

~ _ _  __ - 

TABLE G.l L i s t  o f  synbols. 

Ranan scat te r ing  i s  an i n e l a s t i c  sca t te r ing  process where the wave 

number s h i f t  o f  the scattered l ight i s  charac ter is t i c  of the spacing between 

the sca t te r ing  molecule's ro ta t iona l ,  v ibrat ional ,  and e lec t ron i c  energy 

levels. 

sca t te r ing  species and the gas temperature. 

Raman sca t te r ing  can be used t o  measure the number density o f  the 
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For a spec i f i c  ro ta t iona l  , v ibra t iona l  , and e lec t ron i c  energy level 

t rans i t ion ,  A+B, the Rawm scattered signal strength, i n  t e r m  of power, 

i s  given by the fo l lowing expression 

where P i s  the p e r  of the inc ident  laser  beam, Ni i s  the nunbtr density 
0 

i s  the d i f fe ren-  o f  the sca t te r ing  species i n  the i n i t i a l  state, (=IRAnAN da 

t i a l  Raman sca t te r ing  cross-section, L i s  the length of  the incidemt beam 

f r o m  which scattered l i g h t  i s  col lected, Qc i s  the s o l i d  angle o f  the col- 

l ec t i on  opt ics ,  q 

detector quantum e f f i c iency .  

i s  the ef f ic iency of the c o l l e c t i o n  opt ics ,  and oD i s  the C 

The Raman scattered l i g h t  corresponding t o  d i f fe ren t  energy level trar- 

s i t i o n s  i s  a t  d i f f e ren t  wavelengths, and i t s  i n tens i t y  i s  proporational to 

the population o f  the i n i t i a l  energy leve l  o f  the p a r t i c u l a r  t rans i t i on .  

This resul ts  i n  a spectral shape which i s  a funct ion of the r e l a t i v e  popula- 

t i o n  of the energy leve ls  and can be re la ted  to the gas temperature un&r 

equ i l ib r ium conditions. The in tegrated spectrum in turn i s  propor t ional  to 

the to ta l  number density of the sca t te r ing  species. 

The s e n s i t i v i t y  and accuracy o f  Raman sca t te r ing  for species density 

measurements was evaluated i n  terms of the minimum detectable species den- 

s i t y  f o r  a given signal t o  noise r a t i o .  

quantum noise which i s  equal to the square root o f  the number of detected 

Raman photons; therefore, the signal t o  noise r a t i o  i s  given by: 

G. 1 
The noise was assumed to be 

where A t  the pulse duration, n i s  the number of pulses during the m a -  

surement i n te rva l ,  h i s  Planck's constant, and v i s  the rad ia t ion  frequency. 

P 



I n  order to  determine the min imum detectable nwnber density f o r  a given 

signal t o  noise ra t i o ,  the experimental paramters i n  equations ( G . l )  and 

(6.2) must be specif led. 

give maximum sigrral strength and t o  be consistent w i t h  any const ra in ts  im- 

posed by the proposed f l o w  f i e l d  measurements. The exper imnta l  parameters 

are s u m r i z e d  in  Table 6.2. A KrF laser and a copper vapor laser were 

considend f o r  the Raman measuremnt. The KrF was considered because of i t s  

high average pawer (1 J/pulse a t  25 H r )  and i t s  UV output (249 nm) which 

resu l ts  i n  larger  Raman cross-section and in  greater detector quantum e f f i -  

ciencies. The copper vapor laser was considered because of i t s  high average 

power (10 mJ/pulse a t  5000 Hr) . 
5 m based on the spa t ia l  resolut ion required t o  character ize the boundary 

layer  p r o f i l e s  which were predicted by the n u m r i c a l  conputattons. ' a 2  

assumed tha t  for the d tns i t y  masurements the integrated Raman spectrum would 

be used, in which case Ni becomes the t o t a l  nunber densi ty o f  the sca t te r ing  

species. 

t i m e  up t o  10 seconds was assumed t o  make the measurements because the s ta te  

condit ions do not  vary rap id ly .  

which are expected i n  the boundary the Raman t r a n s i t i o n  wavelength 

o f  each, the Raman cross-section o f  each, and the minimum detectable density 

for  a s ignal  to noise r a t i o  of 10 f o r  pumping *.rith both the K r F  and the 

copper vapor 1 ase r . 

The exper imnta l  parameters have been selected t o  

The measuremnt length L i s  chosen t o  be 

I t  i s  

Based on the ra te  o f  descent o f  the Space Shutt le,  an in tegra t ion  

In  Table 6.3 are l i s t e d  the f i ve  species 

The d e t e c t a b i l i t y  estimates given i n  Table 6.3 can be compared to  the 

calculatedG" species densi t ies a t  d i f f e r e n t  a l t i tudes ,  which are also sum- 

marized i n  Table G.3, i n  order t o  determine the a l t i t udes  a t  which Raman 

sca t te r ing  concentration measurements are possible. Based on these resul ts  
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Copper Vapor 
KrF Laser* Laser** 

Incident Laser Power i n  Sanple Volume 

Pulse Length 

Repetition Rate 

Wavelength 

Detector Quantum Ef f i c iency  

Collector Optics E f f i c iency  

Optics Col lect ion Angle 

Scat ter ing Length 

A t  

n 
P 

h 

‘IC 

L 

6.25 W 

16 nsec 

25/sec 

249 nm 

0.35 

0.1 

0.01 s t r  

5 m  

0.1 EIU 

50 nsec 

3 5 x 1 0  /sec 

510 nm 

0.1 

0.1 

0.01 s t r  

5 m n  

* Lambda Phys i k  Model EHC 201. 

** Plasma K ine t ics  k Q 1  751 

TABLE 6.2 Values used f o r  Raman sca t te r ing  s ignal  t o  noise estimates. 
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and the requirement of a dynamic range o f  IO, using the K r F  laser, N2 can be 

measured a t  a l l  a l t i t udes  up to 75 km, whi le  O2 and 0 can be measured a t  

a l t i t u d e s  up to  52 k m  and NO cannot be measured; whereas w i t h  the copper 

vapor laser, N2 can be measured a t  a l t i t udes  up t o  52 kmwhi le  02,  NO, and 

0 cannot be measured. It i s  important to re-emphasize tha t  these detection 

estimates are made assuming no appreciable background noise from par t i cu-  

la tes  (i .e. sca t te r ing  or incandescence) o r  thermal emission. 

The ca lcu lat ionsGm2 pred ic t  tha t  the n i t rogen mass f r ac t i on  varies by 

less than 308 across the boundary layer  p r o f i l e  f o r  a given a l t i t u d e  and 

distance along the vehicle. I f  high accuracy and resolut ion measurements 

were avai lable, the n i t rogen density would ind icate the  s tatus of the boun- 

dary layer  and would act as benchmrk data for computational codes. The 

t o t a l  gas density changes by approximately a fac to r  o f  10 over a given 

boundary layer  p r o f i l e ,  therefore, a n i t rogen density measuremnt could more 

e a s i l y  be used as a measure of the t o t a l  gas density. 

For temperature measurements, one should use the most populous species, 

i f  possible, which i n  t h i s  case would be nitrogen. As shown above, using a 

K r F  laser the detection o f  t o t a l  N2 concentration i s  possible a t  a l l  a l t i -  

tudes. However, i f  one chooses to  resolve the Q-branch spectrum f o r  the 

purpose of curve f i t t i n g  t o  determine the temperature, the p a r t i t i o n i n g  o f  

the signal among the d i f f e r e n t  v ib ra t iona l - ro ta t iona l  leve ls  w i l l  increase 

the minimum Ng density a t  which the themmet ry  measurements can be made by 

a factor  o f  100. 

b l e  below 52 km. 

i s  used for  la rger  signal strengths, then the p a r t i t i o n  fac to r  i s  i n  the 

wors t  case 10, and thermometry measurements can be made a t  a l l  a l t i t udes .  

This method, however, i s  subfect t o  rather large errors .  For example, one 

In  t h i s  case thermometry measurements would on ly  be possi- 

I f  a v ib ra t i ona l  band r a t i o  o r  Stokedanti-Stokes approach 
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would have to be concerned, espec ia l l y  near the shock, about non-equil ibrium 

ef fects .  The measured v ib ra t iona l  temperature may not be i n  equ i l ib r ium 

w i t h  the gas k i n e t i c  temperature. 

escence from p a r t i c l e s  w i  1 1  a lso  lead to  i n te rp re ta t i on  errors .  

Thermal emission and laser  induced ' ' uo r -  

Another p o s s i b i l i t y  f o r  enhanced signal strengths would be t o  use reso- 

nance Raman sca t te r ing  f r o m  O2 (193 nm) o r  NO (220 nm) whereby several 

orders o f  magnitude greater s ignal  strengths could be real ized. As pointed 

out by Dr.  Alan Eckbreth o f  United Technologies, t h i s  would require the use 

o f  a laser  w i t h  excel lent  frzquency s t a b i l i t y .  There are, however, no re- 

por ts  i n  the l i t e r a t u r e  of resonance Raman measurements o f  0 or NO. There- 

fo re  l i t t l e  more can be concluded a t  t h i s  time. 

2 

The concensus o f  the researchers we interviewed was general ly not as 

o p t i m i s t i c  as these resul ts .  However, most of t h e i r  concerns were re la ted 

t o  the po ten t ia l  problem o f  background noise from par t i cu la tes  and thermal 

emission. There was agreement tha t  character izat ion o f  these po ten t ia l  noise 

sources must be done before the f i n a l  experiment se lect ion and design i s  

completed. Because of the weak s ignals  associated w i t h  spontaneous Raman 

scat ter ing,  there was a lso  agreement tha t  fluorescence and Rayleigh measure- 

ments should be given more serious consideration. 
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APPEND1 X H. COHERENT ANT I -STOKES RAMAN SCATTERING 

!Description s rho1 Uni ts  

C 

D 

h 

4 l  

'AS 

I P  

IS 

4 

N. 

n 
P 

'AS 

I 

ps 

(S/N) CARS 

A t  

z 

Y 

rl 

'AS 

'P 

'S 
V 

mete rs/sec 

meters 

6 . 6 2 5 6 x I 0 - ~ ~  
Jou 1 e- secon d 

1 .0545xI0-~~ 
joule-second 

2 wat ts/me t e  r 

2 wat ts/rne t e r  

2 wat ts/me t e  r 

- 3  mete r s  

watts 

watts 

seconds 

meters 

radi  ans/sec 

meters 

meters 

mete rs  

Hertz 

speed o f  1 ight  i n  vacuum 

laser beam diameter between I / e  i n t e n s i t y  
p i n t s  

2 

Planck's constant 

P1 anck ' s  cons tan t / 2 ~  

i n t e n s i t y  o f  coherent anti-Stokc: Raman signal  

i n t e n s i t y  o f  pump laser 

i n t e n s i t y  o f  probe (Stokes) laser 

f rac t i opa 1 popui a t ion d i f fe ren ce between 
t r a n s i t i o n  leve ls  

t o t a l  species number density o f  species i 

number o f  pulses per measurement i n te rva l  

coherent anti-Stokes Raman signal  power 

power o f  probe (Stokes) laser  

s ignal  t o  noise r a t i o  f o r  coherent an t i -  
Stokes Raman spectroscopy 

laser  pulse duration 

in te rac t ion  length 

Ramal 1 ine width 

combined co l lec t ion  and detection ef f ic iency 

an t i  - 5  tokes wave 1 ength 

pump laser wavelength 

probe (Stokes) laser wavelength 

rad iat ion frequency 
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2 meter / 
s te  rad i an- 

da 
( z i ) M N  

d i f f e r e n t i a l  Raman sca t te r ing  cross section 

molecule 

non 1 i near suscept i b i 1 i t y  

non-resonant par t  of nonl inear s u s c e p t i b i l i t y  

resonant p a r t  of  nonl inear suscept ib i l  i ty  

3 X meter / jou le  

meter 3 / jou le  XNR 

XR 
meter 3 /Joule 

Ilw radians/sec Raman t r a n s i t i o n  frequency 

rad! ans/sec 

radians/sec 

radi ans/sec probe (Stokes) laser  frequency 

coherent ant i -Stokes Raman frequency 

pump 1 ase r frequency 

AS w 

TABLE H . l  L i s t  o f  Symbols. 

Coherent anti-Stokes Raman sca t te r ing  (CARS) i s  a three-photon, 

ine last ic -scat ter ing process which i s  enhanced as the difference i n  frequency 

between twn incident laser beams nears resonance w i t h  an energy leve: t ransi-  

t i o n  of the scat ter ing molecule. The scattered rad iat ion i s  then at the 

Raman anti-Stokes wavelength. 

quency wAS i s  given by the fol lowing equation. H. 1 ,H.2 

The in tens l ty  o f  the CARS s ignal ,  IAs,  at fre- 

where 

I 

o f  the Stokes beam a t  frequency us, x i s  the th i rd-order nonl inear s u s c e p t i b i l i t y  

i s  thz i n t e n s i t y  of  the probe beam at  frequency up, I 
P S 

i s  the in tens i  t y  
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z i s  the distance over which the beam in teract ,  c i s  the $peed of  l i g h t ,  

and n i s  the combined interact ion-col  Iect ion-detect ion e f f i c iency .  The 

third-order s u s c e p t i b i l i t y  f s  composed of 

resonant part,  xNR. The resonant p a r t  o f  

dependent on Ni, the t o t a l  species number 

a resonant part ,  xR, and a non- 

the t h i r d  order s u s c e p t i b i l i t y  i s  

the Raman dens1 ty, (&-,,,, 
da 

cross-section f o r  the trarrsi t i o n  characterized by the frequency dif fersnce 

Au, y, the Raman l i n e  width, A J ,  the f rac t iona l  p o p u l a t i m  di f ference be- 

tween the leve ls  i n  the t rans i t ion ,  and+, Planck's constant div ided by 28. 

The CARS process i s  nonl inear in incident bean in tens i ty ,  number den- 

s i t y ,  and in te rac t ion  length; whereas spontant z. j t ter ing i s  l i n e a r  

i n  these parameters. Because o f  t h i s  nonl inezr ir : given experi- 

mental s i tua t ion ,  the CARS signal strength can be l a r !  o r  smaller t b  - the 

corresponding spontaneous Raman signal, depending on the nmber density. 

The CARS process must also sa::,fy a phase-matching r2quirement (i.e. con- 

servat ion o f  momentum). Phase matching i s  possible w i t h  one-sided op t ica l  

access; however, a wide-angle crossed-beam conf igurat ion must be used. This 

resu l ts  i n  a shortened in teract  ion length avd 1 imi.ted t raversing capabi 1 i ty. 

I n  order to  estimate the CARS signal strength, one can assum tha? the 

Stokes and anti-Stokes beard hake the same diameter. 

be w r i t t e n  i n  terms o f  the CARS p w e r  

Equation (H.l) can then 

:',re are two l i m i t i r g  cases to  consider when est imat ing the minimum 

detection l i m i t s .  One case i s  the detection o f  a major species for whi:cta 

xR > xNR, and the other  i s  the detection o f  a minor species f o r  which xR < 

xNR. 
cases. I n  the former case, the greatest sourcr "f noise i s  the quantum 

We w i l l  consider the measurements to be qusn' n noi-e : imi ted i n  both 
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noise i n  the signal i t s e l f ,  therefore 

where 
2 

1Xl2 = x: + x" R 

I n  the l a t t e r  case, the major noise source i s  the quo. tum noise i n  the n m -  

resonant background. Therefore, the signal i s  the contr ibut ion due t o  

2 
2 ~ $ + , ~ ,  and the noise i s  the square root o f  the contr lbut ion due t o  XNR. 

The r a t i o  o f  these two reduces to equation (H.3) .  wherc 

i n  equation (H.2). 

major species and the mino. species cases d i f f e r s  only by approximately a 

2 = 4 x i  i s  used 

Therefore, the d i f ference i n  the detection l i m i t  for the 

factor c f  *NO. 

The minimum detectable nitrogen 

IO can non be determined using equs: 

irrental parameter. 3re l i s t e d  i n  Tab 

l i m i t  i s  10 /un . This estimate i s  15 3 

density f o r  a signal-to-noise r a t i o  8 f 

ons (H.2) and (H.3). The assurrpd exper- 

e 14.2. The resc l  tant detectabi l  i t y  

f o r  150O0K. whereas, away from the st 

As the temperature face the temperatures are expected to be much higher. 

increases, the rotat ional  population spreads out  over many m r e  levels. The 

CARS strength i s  consequently reduced through the AJ + t c m  i n  the t h i r d  order 

suscept ib i l i t y .  As Eckbreth pointed out, the cont r ibu t ion  o f  adjacent 1 ines 

high temperature, fu r ther  reducing the CARS strength. 

s compared w i th  the calculated densit ies of Ng, 02, NO, 

t i  tudes, Ng can be detected a t  a1 1 a1 t i  tudes; and 02, 

Again, the s e n s i t i v i t y  w i l l  NO, and 0 can be detected a t  52 km arld below. 

be less i n  the +o t te r  regions aJay from the surface. I n  crder  t o  re la te  the 

CARS aignal strengrb tc the densi ty, the gas tei,gerature must b- knawn, 

unless a part icula; t rans i t i on  can be selected for which the population 

w i l l  a lso be less a t  

I f  t h i s  resu i t  

and 0 a t  d i f f e r e n t  a 



F m  laser wavelength 

Probe (Stokes) laser wavelength 

Anti-Stokes wavelength 

Pump laser peak pawer 

Xp = 532 nm 

A- = 607 nm 

XAs = 48o nm 
3 

Pp = 10 EIW 

Probe (Stohcs) laser pea& power P S f  1 w w  
Non1 i near s uscept i bi 1 i ty xR = 3.2 x cm3/erg at 1 atm, lSOO*K* 

Combined efficiency rl - @.Ol 
Focused beam diameter 

Pulse duration At = 10 nsec 

Nuder of pulses per masuremtnt interval n = 100 

D = 200 wn 

P 
Interaction length (crossed-bean phase matching) 2 = 100 'elm 

* Reference H.1. 

TABLE H.2 Values used for CARS signal to noise estimates. 
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di f ference term i s  tenperature independent. Determination o f  the temperature 

from the N2 CARS spectrum requires resolv ing the spectrum which increases the 

17 3 /cm because of reduced xR may  f r o m  the minimum detection l i m i t s  t o  10 

peak and the necessity to US& broad-band CARS. 

therefore w i l l  only be r x s i b l e  a t  the lowest a l t i tudes .  

Thermometry measurements 

Because the detect ion 1 i m i  t analysis predic ts  adequate sensi t i v i  t y  a t  

only the lowest a l t i t udes  and because of  the severe lid ta t i on  due t o  m e -  

sided op t i ca l  access, CARS i s  not v iab le for the proposed re-entry vehic le 

measurements. Several o f  the researchers i n t e r v i w e d  have had extensive 

experience using CARS diagnostics and t h e i r  comnents were i n  general agree- 

ment w i th  t h i s  conclusion. 
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APPENDIX I. LASER DOPPLER VELOCIMETER 

a 

ul 
W 

Xf 

8 

0 
a 

Av 

uB 

metee 

m t e  rs/sec 

meters 

me ters  

degrees 

m t e r s  

Hertz 

Hertz 

Hertz 

length o f  the laser  Doppler velocimeter f r inge  
region 

p a r t i c l e  ve loc i ty  

width o f  the laser Doppler v e l o c i m t e r  f r inge  
region 

distance between interference fr inges 

in tersect ion angle of lasers for laser  Doppler 
veloc i met ry 

laser wavz 1 ength 

spectral  1 inewidth--ful l  w idth a t  h a l f  maximum 

best frequency produced by p a r t i c l e  passing 
through the f r inge  pat tern i n  laser Doppler 
ve loc i met r y  

f ree spectral range o f  the Fabry-Perot i n t t r f e r -  
o m t e r  

TABLE 1.1 L i s t  o f  Symbols. 

The laser Doppler velocimeter i s  useful for measurins f l u i d  ve loc i t ies .  

Laser l i g h t  scattered by a p a r t i c l e  moving w i t h  the f law cweriences a Dop- 

p l e r  frequency s h i f t  proport ional  t o  the ve loc i ty  o f  the pa r t i c l e .  

sul.emnt of  the s h i f t  i n  frequency then gives the p a r t i c l e  ve loc i ty .  The 

nnst comncnly employed configuration uses two laser  beams crossed i n  the 

sample region t o  produce interference fr inges (Figure 1.1). 

traverses t h i s  region, i t  crosses the fr inges (Figure 1.2) a t  a ra te deter- 

.lined G Y  the ve loc i ty ,  resu l t i ng  i n  scattered l ight  which i s  modulated a t  

the crossing frequency. Spat ia l  resolut ion i s  defined by e i t . k r  the beam- 

crossing volume or the co l lec t ion  opt ics  w i th  submil l imeter resolut ion ,asily 

A m a -  

As the p a r t i c l e  



Figure 1.1  A laser  Doppler v e l o c i m t e r  heterodyne detection configuration. 

Figure 1.2 The fringe pat te rn  created by two in tersect ing laser  beams 
stmuing the Interaction length 1 and the width of the fringe 
region, w. 

Figure 1.3 fahry Perot output looktng a t  l i g h t  scattered off  par t ic les  
i llwninated by two laser  beams 
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obtainable. A second approach employing a Fabry-Perot interferometer may be 

useful a t  high f l u i d  veloci t ies."1 

i n t rus i ve  and insensi t ive t o  other f l uc tua t i ng  f l o w  parameters such as den- 

s i t y  and temperature. 

been measured. The d i f f i c u l t i e s  associated w i t h  the use o f  the laser  Ooppler 

w l o c i m t e r  are pr imar i l y  because the f l a w  has to be seeded and the pa r t i c l es  

do not t rack the f l o w  i n  regions of h igh accelerat ion or l o w  density. 

The laser  Doppler v e l o c i n t e r  i s  non- 

6 Veloc i ty  ranges from I f 3  c d s e c  t o  10 d s e c  have 

The d i s t a c e  between the interference fr inges, xf, may be f o m d  from 

I . I  equation I .  1 

Here U i s  the p a r t i c l e  ve loc i ty  i n  the plane o f  the two laser  beams and 

perpendicular to t h e i r  b isector,  B i s  the in tersect ion angle, Xo i s  the laser  

wavelength, 2nd vB i s  the beat frequency produced. The product o f  the output 

o f  the frequency counter, uB, and the fri, ge spacing, xf, equals the veloci ty.  

Comnercial laser  Doppler velocimeter un i t s  can handle counting rates up t o  

200 HHz. State-of-the-art counters can go as high as 1 G H t  which i s  a lso 

approximately the largest  bandwidth o f  avai lab le photomult ipl  iers.  Counter 

and photomult ipl  i e r  avai l ab i  i i t y  i s  therefore the 1 i m i  t i n g  fac to r  as f a r  as 

high ve loc i t y  measurements are concerned. Table I .2 1 i s t s  the counting 

frequencies, uB, :or d i f f e ren t  beam in te rsec t ing  angles, B, f o r  an argon 

laser operating on the A. - 514.5 nm l i n e  and a p a r t i c l e  ve loc i t y  o f  U, = 

5000 m/sec. From the tab le  i t  i s  c lear tha t  the smaller the angle the more 

manageable the counting rate. I f  t h i s  method i s  t o  be used w i t h  a re-entry 

vehicle, very smll angles w i l l  be required. An a l te rna t ive  approach to 

reduce the counting rate Is t o  s h i f t  the frequency o f  one o f  the laser  beams 

so the fr inges scan i n  the d i rec t ion  of  motion. Th is  e l iminates pa r t  o f  the 

1 
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45 0 -  7 

20 1.5 

5 6.0 

1 30 

PO0 

3333 

835 

166 

TABLE 1.2 Fringe spacing and counting frequencies f o r  514.5 nm laser beams 
in te rsec t ing  a t  angle 8 and 5000 d s e c  pa r t i c l es .  

Doppler s h i f t  and i s  useful on ly  i f  a narraw range of  ve loc i t i es  are t o  be 

measured. A large value o f  in te rac t ion  length p e r m i t s  the focusing o f  sev- 

e ra l  I-tectors a t  d i f f e r e n t  pos i t ions along the i n te rac t i ng  volume to obta in  

a ve loc i t y  p r o f i l e .  Clearly, the shallower the angle 8, the longer the 

in te rac t ion  length becomes. 

The second approach circumvents the h igh counting ra te  problem by re- 

so lv ing  the scattered 1 ight spectral l y .  A Fabry-Perot e ta lon i s  inserted 

between the in te rsec t ing  volume and the detector. Two peaks are registered 

by the detector as the eta lon i s  scanned as shown i n  Figure 1 . 3 .  They cor- 

respond t o  the Doppler downshifted and upshifted i i g h t  scattered by the two 

laser  beams o f f  the moving par t i c les .  The frequency d i f ference between the 

two peaks i s  vB i n  equation ( 1 . 1 ) .  

o f  the Fabry-Perot e ta lon which provides a frequency ca l ib ra t ion .  

The value Au i s  the f ree  spectral range 
0 

While an 

upper bowd  l i m i t s  the ve loc i t y  measureable w i t h  the op t i ca l  mixing config- 

uration, a lower bound ex i s t s  i f  the scattered l i g h t  i s  t o  be spec t ra l l y  

resolver When both scattered signals are put  through the same etalon, the 

4 'mum n-asured ve loc i t y  i s  l l m i  ted by the Rayleigh c r i t e r i o n .  A s h i f t  i s  



masureable only if i t  i s  larger  than the width o f  the spectral  l i ne ,  A v I V g ;  

othewise,  the two peaks coalesce. To overcorn the l im i ta t i on ,  a reference 

beam conf igurat ion may be enployed whereby j u s t  one beam interrogates the 

f l o w  whi le the other beam i s  used as a frequency reference. The scattered 

l i g h t  from the f l o w  and the reference beam are now d i rected i n t o  d i f fe ren t  

etalons so tha t  the peaks cannot overlap a t  small ve loc i t ies .  

Ion may be enployed i f  the frequency o f  the reference beam i s  sh i f t ed  using 

a Bragg a 1  1 .  

A s ing le  eta- 

Iwo addi t ional  techniques which have been used and are re la ted  to  laser  

Doppler velocimetry should he mentioned. One i s  the t ime-o f - f l igh t  ve loc i -  

which may be used if the f!ow d i rec t i on  i s  known. Two p a r a l l e l  

laser  beams are d i tected i n t o  the flow. A detector monitors the l i g h t  pulses 

scattered o f f  the pa r t i c l es  as they pass through the beams. The velocity i s  

deduced from the known separation of the beams and the tim di f ference be- 

tween the l i gh t  pulses. 

In  a re la ted  technique discussed by Dr. Don b l v e  of Sandia Labora- 

to r ies ,  the pulse shape of  a p a r t i c l e  t ravers ing a s ing le  laser  beam i s  

resolved temporally and i s  independent o r  the p a r t i c l e  s ize or t ra jectory .  

The t i m e  betwem two f rac t iona l  values o f  the peak amplitude i s  re la ted  to  

the p a r t i c l e ' s  ve loc i ty .  The in tens i t y  o f  the pulses can a lso  be used t o  

obta in  the p a r t i c l e  s ize d i s t r i bu t i on ;  however ve loc i  ty-s ize corre la t ions 

cannot be de t e  r m  i ned . I . '  

Two extensions o f  the LDV technique were mentioned i n  our meeting a t  

Sandia. I n  the f i r s t ,  a holographic lens i s  enployed t o  prolong the f r inge  

pat tern f o r  mu l t ip le  po in t  measurements. 

measurement which takes advantage o f  gas breakdwn by laser  focusing. The 

The second i s  a t ime-o f - f l igh t  
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emi t t i ng  plasma f o l l w s  the f l o w  and i s  monitored by t w o  detectors which 

fu rn ish  the elapsed t ime. 

The seeding problem poses the greatest d i f f i c u l t y  as f a r  as applying 

the LDV t o  measurements on board a re-entry vehicle. Par t i c les  in jec ted  

through the wal l  of the c r a f t  may tend t o  s tay close t o  the wal l .  

occurr ing seed may be present o r  emitted from the ceramic cover of the re- 

en t ry  vehicle, and these could be used f o r  LDV measurements. 

Natura l ly  

The in te r fe r -  

ence f r inge  detection schemes are m r e  prevalent and eas ier  to use. A very 

narrow angle f3 w i l l  be required to reduce the count frequency, but  t h i s  a lso 

has the advantage of  permi t t ing  mu1 t i p l e  po in t  measurements. 

Thermall) exc i ted  fluorescence emission and pa r t i cu la te  luminosity may 

mask the signal . For these reasons i t seems advisable as a f i  r s t  step to 

monitor fluorescence and pa r t i cu la te  emission. 

laser  t o  determine whether p a r t i c l e s  e x i s t  i n  the f low. Only a f t e r  the 

This may be augmented by a 

environmental e f f e c t s  have been determined should an LDF measurement be 

a t  tempted. 
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APPEND1 X J . RESONANT DOPPLER VELOC IHETER 
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u n i t  vector i n  the d i rec t i on  o f  laser  propaga- 
t ion 

mass 

t o t a l  species number density 

tenpe r a  t u  re 

flow ve loc i t y  vector 

r e l a t i v e  ve loc i t y  

absorption wavelength o f  the p a r t i  cu la r  species 

Doppler s h i f t  o f  resonant frequency 
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TABLE J.l L i s t  o f  Symbols. 

The Resonant Doppler Velocimeter (RDV)J* '  has been used f o r  visual iza- 

t i o n  and f o r  quan t i t a t i ve  measuremnts o f  ve loc i ty ,  temperature, and density 

of a gaseous flow. These are achieved by sh in ing a s ing le  frequency laser  

beam i n t o  a f l o w  which i s  seeded w i th  a selected atomic o r  molecular species. 

The laser i s  tuned through the absorption frequency o f  the seeded species 
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and the re la ted resonance fluorescence i s  observed. An op t ica l  detector may 

be configured t o  moni t o r  t h i s  fluorescence from an): p s i  t i o n  along the beam 

to provide good spat ia l  resolut ion.  The ve loc i ty  i s  determined by observing 

the Doppler s h i f t  o f  the absorption frequency. 

1 ine broadening mechanisms furn ish information regarding the s t a t i c  tempzr- 

ature and density o f  the moving gas. 

Spe-troscopic absorption 

The technique has been demonstrated i n  supersonic and hypersonic wind- 

tunnel flows. Unl ike p a r t i c l e s  needed f o r  the standard laser  Doppler velo- 

cimeter, t racer  atoms in jected i n t o  the f low fo l low i t  closely. But the f l o w  

s t i l l  has to  be seeded, a fac t  which could raise experimental d i f f i c u l t i e s .  

The ve loc i ty  of the f low i s  measured by the Doppler s h i f t  6vD of the 

absorption 1 ine 
A f  

( J .  1 )  U 
C 

6vD v0 k - 
A 

where vo i s  the absorption frequency i n  the atomic res t  frame, k i s  a u n i t  

vecto. I r e c t i o n  o f  the laser  beam, U i s  the flow ve loc i ty  vector, 

ana c I ,.: d o f  l i g h t .  The method measures the ve loc i ty  vector i n  

the d i rec t ion  o f  the laser beam. A reference has t o  be furnished t o  be able 

to  measure the absorpticn frequency i n  the atomic rest  frame. This can be 

gas i n  a c e l l  o r  i n  an 

+ 

provided by performing spectroscopy i n  a s ta t ionary 

a tomi c beam devi ce. 

The temperature and density o f  the flow give r 

ening of  the spectral l i ne .  The temperature ef fect  

which i s  a Gaussian and the c o l l i s i o n  frequency, wh 

t i ona l  to density, causes a Lorentzian l i n e  shape. 

se to  freouency broad- 

resul + i n  a 1 ine shape 

ch i s  d i r e c t l y  propor- 

Their  combination i s  3 

convolution which i s  known as the Voigt p r o f i l e .  The observed p r o f i l e  m y  

be deconvolved t o  furnish the separate broadening components. The temperature 
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1, o f  the f low i s  given by 

*'G A2112 m 
T = (  2 2k ln2 

where AvG i s  the f u l l  width a t  the h a l f  maximum intens 

Gaussian l i n e  shape, Xpl and m are the absorption wave 

pa r t i cu la r  species, respectively, land k i s  Bo1 tzmann's 

s i t y  o f  the gas, N, i s  given by 

t y  po in ts  o f  the 

ength and mass o f  the 

constant. The den- 

where Au i s  the f u l l  w idth a t  h a l f  maximum o f  the Lorentzian l i n e  shape, 

s i s  the c o l l i s i o n  crcss section, and i s  the r e l a t i v e  ve loc i t y  i n  the 

center o f  mass system o f  the t racer  atom and i t s  c o l l  id ing  partner. 

parameter u i s  temperature independent i f  the hard sphere po ten t ia l  i s  used. 

I n  practice, the temperature dependence o f  u must be determined by perform- 

ing a ca l ib ra t ion .  

L 

The 

J.2 

The resonant Doppler velocimeter may a lso  be used f o r  f l ow- f i e ld  v is -  

ua l izat ion.  Regions o f  higher density i n  the flow fluoresce b r igh te r .  I n  

addit ion, by tuning the laser  t o  a p a r t i c u l a r  Dopp e r  sh i f t ed  absorption 

frequency, one can h i g h l i g h t  the port ions o f  the f ow f i e l d  which correspond 

to a pa r t i cu la r  veloci ty. 

The many proper t ies whic5 can be measured by using the resonant Doppler 

velocimeter make i t  an a t t r a c t i v e  technique. The major d i f f i c u l t y  l i e s  i n  

i den t i f y i ng  the proper t racer  atoms and seeding i t  i n t o  the flow. Sodium 

atoms have been used i n  n i t rogen and helium flows, bu t  sodium would tend to  

react w i th  the atmospheric oxygen i n  the f l o w  f i e l d  surrounding the vehicle. 

Sodium does occur na tu ra l l y  i n  the atmosphere. A t  the highest a l t i t u d e  of 

in terest  (80 km), i t s  concentration o f  IO 2 i s  four orders o f  magnitude 
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below t h a t  used i n  the laboratory. A t  lower a l t i tudes,  i t s  concentration i s  

negl i g l b l e ,  and the fluorescence signal w i  11 be masked by Rayleigh scat ter -  

ing. 

L a s e r - i n d u d  fluorescence has been demnstrated on N, [I, and NO sug- 

gesting th3 t  they could be used as tracers fo r  applying the resonant Doppler 

velocimeter. The major d i f f i c u l t y  i s  associated w i t h  producing a tunable 

laser  system w i t h  a narrow l inewidth and an output frequency which matches 

one of the u l t r a v i o l e t  absorption frequencies o f  the gases present. 
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