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1. Introduction

Reccut chemical laser tests at t i l e  US A rmy Mis si le CIII:imami

(NICON) R e d s t o n e  A rscual , Alabam a have i l Sc I )r p l ’r a t e d  a r e a l — t i n e  f l o w
visual iza t .  ion  c l L a ’ n ( l i : t i c  for ob se r v i  in , I low i i  eld c o n d i t i on s  in the
c lict-i ical laser L av i Lv . Of p a r t i c u l a r  in terest  was t h e  use of a 11010
graphically consLructed l a t e r a l  shearing i l iterl  e r l i l le t e r  to c a l c u l a t e
rL~ E r a c t i ve  ij ide:-: variations in t u e  f l ow .

T h e  chL :ical l a se r  u t i l i z e d  in t h i s  series o l  t e st s  is t i l e modular
subscale breadbo ard  evaluation device ( M S h E I ) )  I. 11 . The device was operated
as a chemical t r a n s f e r  laser in which c :-:cit ed DF niolecules t r a n s te r  t h e i r
v i b r a t i o n a l  energy to CO

2 
molecules.

The MSBED is broken down i nt o  four  basic  l I I i i L s  ( F i g u r e  1) :  the corn-
bust o r , nozzle bank , cavity, and diffuser . The cI.lmbustor supp Lies F
atoms to the p r imary  nozz l e s  by bu rn ing  h y drogen in art excess 0 1’ f l u o r i n e .
It is regenerativelv cooled , tile injector part being a hiv p c r thii n p latelet
concept developed by Aerojet 21 . Nominal col-ibustlIr pressure was approxi-
mate l y ~4 psia with greater titan 907 d i s s I l c  j a t i o n  of c :-~cess f l u o r i n e
molecu les .

CAVITY SUPERSONIC DIFFUSER

NOTE: Dimensions given in inches.

Figure 1. Schematic of the modular subscale breadboard evaluat ion device
(T’ISBED).

The n o z z l e  bank is a superson ic  t w o — d i m e n s i o n a l  sl i t  con cep t  w i t h
40 secondary nozzles alternating with 39 primaries 11 . A schematic of
a nozzle pair (one primary , two secondaries) is shown in F i g u r e  2. The
CO

2 
is bled iflill t i l e  primary upstream n t  t h e throat. Overall exit

dimensions of tile n o z z l e  bank is 2—in. Ilig.: l ) V 8—in . long w i t h  s l i t s____ p arranged vertically.

Tile laser cavit.’.’ itas a pair o~ movable p la tes , top and bottom , which
ser v e  as shrouds for confinement of laser gases (Vi ,~ure 3). Shroud
angles arc a d j u s t a b l e  f r o m  0

0 
to 12 . Purge boxe s ~n t i le  c a v i ty  sides

hold t i l e  windows which permi t  I )b s cr v a t i on  II! flow in t i t e  c a v i ty . N i t r o —
Y, c l t  pu rge  in t i l e  i) I I :- :cs  m i n i m i z e  t u e  C o r r o s iv e  Cl  I i c t s  ot liP and DF
re ir c u l at  ion near t i le  w i n d o w s .

3
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(H2 + F 2 H F + F 2 + F ) + He

CO2 He

CO~ He

F , F2 He , HF

I THROAT DIMENSION
(in.) 

_______________________________________ 

(in.)

PRIMARY 0.0094
SECONDARY 0.0112 

f

~~EX I T DIMENSION

0.1268
0.0688

Figure 2. Sp l it diluent boundary layer bleed nozzles.
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NOTE: Dimensions given in inches.

Figure 3. Chemical laser cavity.
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For p r e s s u r e  recovery  d e m o n s t r a ti on , the spent laser gases exit  into
a superson ic  d i f f u s e r .  The d i f f u s e r  has movable top and bo t tom wa l l s
s im i l a r  to t h e  c a v i ty  in c o n f i g u r a t i o n  1] . Each is p a r t i t i on e d  into  8
l’t i n i e d p l a t e s  o t  l ength s  2, 12 , 4 , 4, and 12 in . The pla tes are adjust-
able and f o r m  a m e t a l — t o - m e t a l  seal wi th  the vert ical  sides of t u e
di f f u s e r .  F rom t h is poin t , the gases ex i t  th rough a backpressure  valve
i nt o  a vacuum s ink.

2. Flow Visualization Apparatus

a. Test Configuration

A schematic of the flow visualization setup is shown in
Figure 4 . A helium-neon laser coup led with a spatial filter provide a
clean (spatially coherent) expanding beam of light. A large 6-in, lens
is placed with its infinity focus at the pinhole of th e spatial filter
wh ich gives a large collimated beam . The light then passes through a
window in to  the flow field and exits through another window on the
opposite side of the chemical laser cavity . A similar 6—in , lens is
then used to focus the light to a point  at which the various f low visuali-
za t ion  techni ques are app lied . A knife edge is shown in the figure.
This will give a Schlieren presentation of the flow field , the direction
of sensitivity dependent upon the orientation of the knife edge. With
tu e knife edge removed completely, the recorded image of the flow field
is a shadowgraph . A p inhole placed at the focus will g ive an image
having radial sensitivity . A holographic p la te is placed at (or near)
the focus for viewing of shearing interferograms . A small lens is used
to focus the image onto a TV or motion picture camera . For TV viewing ,
a video tape recorder with monitor is used to record the test. Figures
5 and 6 show the test equipment in place. A front view of the chemical
laser is seen in Figure 5 with the helium-neon on the right and TV camera
on the l e f t .  F igure  6 shows the video rec order and monitor  in place in
the laser  contro l  room.

TV CAME ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

KN I FE EDGE F I L T E R
(FOR SCHL IEREN s FLOW REGION

-I VIDEO TP,PE ____ M I TORREC ORDER TV ON

Figure 4. Real— tIme flow visualization.5
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Tile S c h l i e r e n  and s i ladowgr ap hl t e c h n i q u e s  Si l l  not he des c r i b e d  i.n
detail in t h i s  repor t . Numerous  a r t i c l e s  ilave been p u b l i s h e d  on I i e .se

s t anda rd  : - ~ . t i l o dS  !~ ,

b. Exposure  and Processing of In t e r f e r o m e t e r  h o lograms

Shear ing i n ter f er o r n e t e r s  may be designed in a va r i e ty  of
co n fi gu r a t i o n s  6 , 7] . In this case, we chose to make our own with
h o l o g r a p h i c  t echni ques.  The interferometer is made up of one or two
bleached Four ier  t r a n s f o r m  holograms.  The geometry fo r  cons t ruc t ion  of
the  holograms is sh own in F igure  7. A 15-mW hel ium-neon  laser  beam
passes through a 507 beamsp litter cube. The two beams formed are each
directed toward a spatial filter aimed at th e holographic plate. One
beam is attenuated by a 307 transmission filter . Using 4-in by 5-in.
A g I ’a-Gevaert  p lates , exposure time was approximate l y 1 to 2 sec for  a

—5 2
combined beam in t ens i ty  of 5 x 10 W/cm . The r e s u l t i n g  hologram was
developed and bleached in a solut ion of po tass ium te r ricyanide . Table 1
is a summary of developing and bleaching procedures.  A d i f f r a c t i o n
e f f i c i e n c y  of 207. was achieved in f i r s t  order  us ing  th is  rout ine .

~
::1::::::2

/ / <
)

~

— M I R R O R S

SPATIAL FILTERS

BEAMSPL ITTER

/ HOLOGRAPHIC
PLATE

TRANSMISSION FILTER

He—Ne LASER

Figure  7. lb Ing ram forming gent i l e  t r y .
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TABLE 1. PROCESSING OF i [OLO Gh <AN S

P l a t e  A g f a — G e v a e r t  10E75 , ‘
~ i n . x 5 in. p la te

E x p o s u r e  1—3 sec fo r  i n c i d e n t  I )( .aI :)  ir rad iance  of
—5 25 X 10 W/crn

Development 0-19 or i)k-50 diluted 1/5 normal
s t r e n - . ;t i i  t s r  I nl in  or u n t i l  p l a t e  is N .D. 1

F ix  i mm

Bleach 57~ p o t a s s iu m  f e r r i cy a n i d e  s o l u t i o n , 2 mm

Wash P h i o t o f l ow  r inse , 3 mm

Dry 20 m m

An interfero eter may be :~ide f ron t  one or two p la tes .  A double
r e q ue n e r  h o l o g r a m  on oflC p late is jade by either rotating or translating

the exposed p late and t a k i n g  an a d d i Lio n a l  exposure  [8]  . A similar
e f f e c t  is achieved h~’ t ak ing  each exposure  on separate p la tes . The p l a t e s
are p laced emuls ion  to  emuls ion  to f o r m  t h e  i n t e r l e r o m e t e r , t h i s  CO l l fi :~-

u r a tio n  having a g r e a t e r  d i f f r a c t i o n  e f f i c i e n cy  t it an a s i ng l e  p l a t e .

c. O perit ion and Types  of Holograp h i c a l l y  C o n s t r u c t e d  Lateral
shear Log Inter  [erometers

Figure 8 illustrates t u e concept  of l a t e r a l  shea r ing
in t e r f e r o m et r v .  An i n c i d e n t  c i r c u l a r  c ross - sec t ion  t e s t  beau: originating
f rom t i le  l e lt  i l l u m in a t e s  two holograms having a slightl y differing
dispers ion  

~
‘
1 ~ O~,) .  A v iewing  screen p laced in t h e  d i l i r a c t e d  beams

will show a u nite fringe pattern in the overlap of the  beams . This is
the principle of operation of tile lateral shearing interferorneter — a
test beam being “slipped” and interlering witil itself. Tu e arbitrary
amount that the test beam is slipped with itself determines t i l e  shear.
Large overlap gives a low shear; a small overlap , large shear. Figure 9
shows the result of a small phase distort Lol l LU t h e test beam and t h e
resulting perturbation o f  the fringes.

A few of the  t y p e s  ol  lateral shearing interierometers which could
be used for either lens , mirro r , n i  Ilow visualization testing is shown
sch ematicall y in F igure 10. Either lens testing or flow visual izat ion
is pic i l lred.  Case (a) gives a v a r i a b l e  shear  u s in g  two plates , t h e
shear p r o p o r t i o n a l  t o  t h e  p late spacing [ 9] . This case has been discussed
w i t h  F i g u r e  8. Case (b) is used in a convergent waveliront , each hi olo—
gram having a d i f i e r i n g  d i sp e r s i o n  to g ive two d i f f r a c t e d  beams h a v i n g  a
conuno n focus .  Case (c) is a dual f r e q u e n c y  g r a t i n g  r e q u i r i ng  a double
exposure  on a s i n g l e  p l a t e .  Two p l a t e s  p laced enlu ls ior t  to e m u l s i o n  w i t h
the same d i spe r s ion  (such as used ill t i l L s  r e p o r t )  would be equ iva l en t  to
th i s  case .

9
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F r5 ) l l ~~e I 0 1 1 S l  t 11)11 Ill a conve u - - s o t  hea r ,  o f  Case (c) is si l o wl i  i n
FL-o re II . An i n f i n i t e  f r i n g e  is produced wilen thie g r a t  i n g  i s  I t  t i e
focus o t t lie beam . Tb is r e s u l t s  f rom t i l e  d i f f r a c t e d  beams i i av i  ng  t II
same Gauss ian re ference sp i te  re . A si:ial 1 di sp lacei.:eii t o f t h e  grat ing 11 I fl ~~

t i l e  opt ical axis gives a finite I ri te s wit tern. Tile dif I rasted hear s
no l i t er originate at t h e same point and a w a v e f r s t t  t i l t  b et  we - i t  I

t w o  beams is i n t r o d u c e d .

0

INFINITE FRINGE FINITE FRINGE

Fi-.~ure 11. F r i n g e  f o rm a t i o n  with a convergent beam.

F i r , i i r e  12 shows an i n t e r f e r o g r a m  o f  an tI 5.7 , 10—in, paraboloid
m i r r o r  taken with a dual frequency holosranl p laced a small distance
i n s i d e  focus . ‘i’he c u r v a t u r e  o l  t u e  r i  n :ç e s  r e s u l t s  from t i l e  nonsp i te r i c al
stir l a c e  o t lie l i i i  r r or

3. Theory of the Shearing Interferometer

The s h e a r i n g  i n t e r l e r o n i e t e r  w i l l  y i e l d  u n i q u e  s o l u t i o n s  to
an arbitr ar ’ wave t ront. A general meth o d b r  r e d u c t i o n  01 s h e a r i n g
i titer I er og rains has been riven by Saunders 101

A set III re Icreuce points are chosen as silown in F l - t i r e  1 3( a )  w i t h
a sejla r it ion equal I t u e  a m o u n t  o l  shear.

In F i ‘ore 13 , P (v = 0, 1 , 2 . • . N) represents t i l e  (N + 1) r e f e r e n c e

p o i n t s  in ne I I t h e  i l - e s  , W , It the sheared wave front and ~‘‘ the

~~rresp ol i n ? .  points i i i  I H I  o t h e r  image , W I . Let  [ I l - l i r e  1 3  (b)J

equal  t i  t h e  1ev i~ t t  i l l  ( I i  tI ~ wave front ;i I P , f ron t  t h e  co r r e spond ing

p o i n t  , ‘l
~~ 

on a re l e i ’ & t i c e  c i r cl e , C , ( t o  be c I I I : ; e t l  l a t e r )  , c equals  the



I

Fi gure 12 . I n t e r f e r ogr a m  of an f / 5 .7  paraboloid  m i r r o r .

a n - - i c  bet-seen the two images , C and C’ , of the r e f e r ence  c i rc le  at t h e i r
j ) ) l f l t  of i n te r sec t ion, and g equals t h e  d i s tance  from the  i n t e r s e c t i o n

l int to P0. The dis tance , i , is p o s i t i v e  if P0 is be low [F i g u r e  13 ( b ) ]

the intersection of the two circles and negative if above . The deviation ,

~~~~~ , is p o s i t i v e  if P is on t u e concave side of t u e circle , and negative

ii it lies on th e convex side ol the reference circle. The distance from
P
0 

t I  P (or from T
0 

to T), measured along the circle , is always positive

and is represented by v .

The separation , S (distance from T to T’ 
- l~~’ 

of t h e two images

of t ue reference circle at any pair of points , P,~, and P’  
- ~~~

, assuming

— 
p u n i t  shear)  may be obtained front Figure 14. The centers of the two

circles are located at C
1 

and C
1
. The distance C

1C’ 1 
equals 2ii , R

s hoals the radii of the two circles , p equals the distance from E to T
~~
,

i- bisects the line C
1C’~ and ~

- is th e  ang le subtended by (v + ‘) at E.

A ppl ying the law of cosines (from trigonometry) to triangles EC’
1T’ ,, - 1

and EC T we obtainl v

= 11 2 
+ (p -f S ) 2 

- 2 1i (p + S
~~

) cos (90 -

R
2 

= h
2 

t p - 2h p Cos (90 + ~~)

1 3

- - rra~~ -
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P0 ~1 p0
I)
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3

.
2

—1 
s~
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N~

C

• rN

(a ) Two Images of a wavofront (b) Illu stration of th . two wave f ro nts
sheared laterally relat ive to itse lf , relat ive to the images of a reference circle ,

Figure 13 . Schematic showing two images of a wavefront sheared
laterally to itself and two wavefronts relative to the images
of a reference circle.

On taking differences and solving for S we obtain ,
V

S = 2ii sin -~ . (1)
V

- “—..~ Th is equation may be app l ied r igorousl y ,  bu t  i f  the local ratio (radius
o f curvature o f the circle divided by the diameter of the wave front)
exceeds si x , no s i g n i f i c a n t  error is introduced by rep lacing sin by
its approximate equivalent , (v + )/R. Als o, since th e angle c will
always h)e quite small , th e value of 2hi is approximatel y equal to R ‘

and t h e  value  of S in E qua t ion  (1) becomes
V

S = (v -t i)  ~ . (2)V
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Figure  14 . Re la t i onsh ip  between parameters  and o the r  va r i ab l e s .

If we let  
~~ 

represent  the separat ion of t h e  two w a v e f r on ts, h and

W ’ , at P . it  is seen f rom Figure  13(b) tha t

- = 
- 1 + - s = 

- ~ 
+ Q - € ( v  + ~~ ~

- . ( 3)

V~~~~l , 2 , 3 .. . N

A l l  quan t i t i e s  t ha t  represent  op t ica l  distances are given in u n i t s
of the wavelength  tha t  is used . Accord ing ly ,  these q u a n t i t i es  shou ld  be
m u l t i p l i e d  b y the wave leng th  to  conver t  to s tandard u n i t s  of l C ll ? ’, t h l .

The quantity Q~~ may be observed d i r ec t l y if w h i t e  l ight  is used to adjust

the zero orde r t o  a known point , 
~ r ’ 

and then , us ing  monochroniat  ic 1 ig h i t

of known wavelength , observe th e order difference between points 
~r 

and
It  is inconvenient  and u n n e c e s s a r y  to use white I ig h i t. Let Q

represen t  t h e  unknown order  of i n t e r f e rence  at an a rb i t r a r i ly chosen
point , ‘y

r ’ in th e fringe pattern [Figure l3(a)1 and q
~ 

the d i f f e r e n c e

in order (number of f r i n g e s )  between t h i s  point and P ,, . The order  o f

15



i n t e r  t c r e n c & -  , Q
1
, at P

1 
is , t h e r e f o r e , eq u a l  to  (Q + q )  . This  m t  r o —

duce s ann t i t e r  unknown in to  t h e  e q u a t i o n s  o f  obs t -  i - v a t  i l l ;  but  t i l  is may
he rep lac in, - t h e  pr oduc t  c with a new pa~~i i e t e r  , r , suc h L h a t

= 

~~r 
- r) . (- ‘I )

W i t h i  t h e se  v a l u e s  fo r  Q and ~~~t rep laced by t i t e i r  r e s p e c t i v e  equa l  ‘
~~ ,

E q u a t  i n  ( 3 )  becomes

- = - + q  + r - v  Iv v — 1 -
~ ~. . (~~~)

v = l , 2 . . . N

E quat ion  (5) r ep resen t s  N equat ions  th at con ta in  (N + 3) u n k i t s - i t s :
n a m e ly , (N + I) - ‘ s p lus th ie two paramete rs  c and r .  We need t h r ee

add i t i ona l  equa t ions  r e l a t ing  these  (N + 3) unkn owns if a s o l u t i o n s  is
to be possible. I t  appeared th at one could use a second set  i f  f r i n - e s
I ruied with a shear of two u n i t s , as show-n in F ig l lr c  l3a . This  would

ield  (N — I) add i t iona l  equa t ions  of obse rva t ions  with onlr two ti e --
unknowns;  i . e . ,  two more pa ramete r s , c~ and r 2 ,  to be added to t i l e  be fo re -

- - en t i o n e d  (N + 3) unknowns . If  N is 6 or l a r g e r , we would  have as many
equations as unknowns and a solution would seem t o  he poss ib le , but i t
can be shown t h a t  th iese  equa t ions  are not entirel y independent.

Thic ‘~~‘ s do itot have significance u n t i l  the reference circle , C ,

shiown in Figure 13(b) , is defined. Any c i rc le  may be d e f i n e d  by three
condi t ions . In analytical geometry, thiese might be tu e coordinates of
t u e  c en t e r  and the radius of the circle. A circle migh t  also be de f ine d
as th ie one tha t  passes th irou g h t h ir e e  g iven p o i n t s .  T h e  c i r c l e  of refer-
ence may be i u l l y de f ined  by thiree equat ions  of cond i t i on .  When t h ese
are combined wi th i  the set of observation equa t ions  [ E quat ion ( 5 ) ]  data
f rom a s ing le  set of fringes is sufficient for a comp lete solution.

rite va lues  of the d e v i a t i o n s  may he obt a ined  w i t h l o u t  knowing  t h e
value o t  R. however , whien tes t ing a parabol ic  mirro r , fo r  instance , t h e
deviat ions  represent  th ie d i f f e r e n c e  between t h e  parabola  and a sphere.
If comparison is to be made between th e measured deviations of t h l e  wave -
front and the computed deviations of a parabola from a circle , t h e radius
of curvature of the circle must be known . The radius , R, can be meas ured
independen tl y of the interferometer . The ideal image point , E, (Figure
14) or t h e  mean poin t  of convergence of  th ic  w a v e f r o n t , can be located
and i t s  distance from any chosen point  can be measured d i r ect i v .  The
center of t h e reference circle will be located at the ideal image point
if the reference circle is chosen as the circle that best fits the
observed wavefront . Th is may be done most precisel y by thie method of
least squares. Thie value of R is the measured distance from the ideal
image point (point ~ convergence) to any chosen reference point plus the
computed deviation of this reference point from t h e re ference circle.

16



Iii  t i l e  t e s t  o t  a concave m i r r o r , R is a p p r o x i m a t e l y  equal  to t h e
rad ius o f t u e  m i r r o r . In the  t e s t  of a len s ( s imp le or compoun d sys t em)
R is t u e  d i s t ance  f r o m  the po in t  of convergence ( i t - age- P o i n t )  to  t he
back s u r f a c e  of  t he  l e n s .

Three me thods  fo r  de f ining the r e f e r ence  c i r c l e  of “be -s t  i t ’  f o r
an a r b i t r a ry  w a v e f r o n t  are ment ioned  b y Saunders  [ 10] . In  the  f l o w
f i e l d  s tud ies  o u t l i n e d  in t h i s  r epor t , th ie r e f e r ence  sp here is d e f i n e d
by an i n t e r f e r o g r a m  taken of the  cav i ty  p r i o r  to each f l o w  t e s t .

4. Test Results and Calculations

T u e  i n t e rf e r o g r a m  of F igure  15 was taken dur ing  t u e  s tead y - s t a t e
portion 01 a t es t  run . The cavity shirouds were set at an ang le o f 6

0
.

Thie test parameters are given in Table 2. These results are compared to
a previous  t e s t  under s imilar  conditions in which mirrors replaced the
windows and closed cavity laser  power was measured .

Data reduction of Figure 15 was accomplished in thie following manner .
An unperturbed interferogram was taken immediately before the test having
the same coordinate system and magnification as Figure 15. A ser ies o f
reference points equal to the shear displacement and along the shear
direction (chosen along the y-axis) were placed on both interferograms .
T h e  f r i n g e  order at th e se po in ts  were measured , the f r inge  order  at
each point on the unpertrubed interferogram being subtracted from tu e
order at an equivalent point on Figure 15. These deviations were summed
parallel to th-te y-axis for each series of reference points.

Phiase plots along y at arbitrary K-positions downstream of the
nozzle exit were obtained . The data were then converted into isophas e
contours of Figure 16. Since th-ie shear was taken along the y -ax i s , th u s
figure represents phase distortions only in the y-direction. A maximum

phiase difference • ‘ g of 2.6 at the illumination wavelength of 6328 A was
calc ulated . This represents a far-field intensity degradation in the
cent ral lobe , 1/10 

of 0.95 at 10.6 microns .

Figures 17, 18 , and 19 are included for comparison. Figure 17 shows
an interferogram of a few (3) fringes across the cavity , Figure 18 a
transients in the chemical laser cavity. Similar details of shock
structure are seen in all three views.

5. Summary

The simp lici ty of construction and use of the lateral shearing
interferometer lends itself readily to the measurement of flow properties.
The standard interferon -t et ers  in th is  f i e ld  — Michelson , Twyman-Green ,
and Mach-Zehnder  - all require a reference beam to interfere with the
test beam. This introduces problems with movements of optical

17
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components during an interferogram exposure — m o t i o n s  of a fraction of
a wavelengtht are intolerable. Thie sh earing interierometer , hiowever , is
relat ively insensitive to vibrations because of its meth iod of producing
f r i n g e s .

The drawback of the shear ing  in t e r f e r om e t e r  is in da ta
reduct ion  ( the  f r i n g e  p a t t e r n  r e q u i r e s  e x t e n s i v e  m a n i p u l a t i o n  to a r r i v e
at a f i n a l  p lot  of p h ase) . A d d it io n a ll \ ’ , two in t e r f e rog r a m s  of  t h e
same Les t  wi th - u o r thogona l  sh-u ear must  be made fo r  a comp l e t e  d e s c r i p t i o n
of the t e s t  w a v e f r o n t .

~0-~~~~~
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