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ABSTRACT 

For laser doppler velocimetry studies employing sapphire windows as opti­
cal access ports, the birefringency of sapphire produces an extra beam inter­
section volume which serves to effectively smear the acquired velocity flow 
field data. It is shown that for a cylindrical window geometry, the extra 
beam intersection volume may be eliminated with minimal. decrease in the frin~e 
visibility of the remaining intersection volume by suitably orienting the 
polarizations of the initial laser beams. For horizontally incident beams, 
these polarizations were measured at three intersection locations within the 
cylinder. It was found that the measured polarization angles agreed with the 
theoretical predictions. 
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1. Introduction 

In the past, LOV measurements on motored pistons employing a full 360· 

optical access cylindrical chamber have been confined to nonfiring configura ... 
, 'th ' l' 1 1-2 f d '1 ' 3 l' d F th tlons uSlng ln p eXlg ass or use Sl lcon cy ln ers. or ese 

situations,· the optics of the laser beams passing through the cylinder is 
relatively straightforward. However, such materials are prone to scratching 
due to the motion of the piston ring against the cylinder wall. For firing 
configurations, thin plexiglass and quartz cylinders do not suffice since they 
cannot withstand the pressures and temperatures associated with combustion. 
These mechanical problems are largely overcome by employing a sapphire cylin~ 
der. 4- 5 It has been determined that although a thin sapphire cylinder may 
not withstand the pressures associated with combustion5, a relatively thick 
sapphire cylinder would be able to withstand the thermal stresses produced if 
the cylinder is only intermittently fired. 

However, in spite of its potential mechanical convenience, sapphire is.an 
optically complicated material since it possesses a small degree of birefrin­
gence. If a l~ser beam is passed through the wall of a sapphire cylinder, at 
the surface of the sapphire the refracted ray breaks into two components, the 
ordinary and extraordinary rays. These two rays propagate in different direc­
tions within and beyond the cylinder wall. Applying this to LOV studies, if 
two converging laser beams pass through the sapphire cylinder before their 
intersection point, the birefringence produces two distinct intersection vol­
umes possessing interference fringes. One is due to the intersection of the 
two ordinary rays and the other is due to the intersection of the two extra­
ord i nary rays. These intersect ion vo 1 urnes are, separated by up to 114\Jm per 
inch thickness of the sapphire cylinder. Since the diameters of the intersec­
tion volumes are typically of the order of 25\Jm, this results in a smeared 
sampling of the flow pattern. If both fringe volumes are used for flow meas­
urement) any measured flow velocity is a weighted average of the flow veloci­
ties in the two measurement volumes. On the other hand, for a thick cylinder 
with the fringe volumes far enough apart, it is likely that the LDV photode­
tector system is finely enough tuned so that it might only registet' one of the 
two fringe volumes. Since each intersection volume contains only a fraction 
of the incident laser power, the counting rate ~esulting from registering only 
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one of the intersect i on volumes cou 1 d be very low. If the bi refri ngence of 

the sapphire cylinder could be effectively negated, and a single fringe volume 

produced, one would be guaranteed of obtainirgmaximally efficient counting 

rates. An examination of the birefringency of sapphire shows that such an 

effective negating is possible to obtain. 

Sapphire possesses a single optic axis and the ordinary and extraordinary 

rays within the sapphire are each linearly polarized. The polarization rota­

tions experienced by the ordinary. and extraordinary rays within the material 

are determined by the direction of the propagation of the incident light, the 
direction of the optic axis, the direction of the normal to the window sur­

faces and, are independent of the polarization of the incident light. Thus, 

it is poss i b 1 e to ori ent the pol ari zati on of an inc i dent laser beam so that 

within the sapphire its polarizatioh direction is indentical to the polariza­

tion direction of either the ordinary ray or the extraordinary ray. For such 
a matching of initial conditions,the light transmitted into the sapphire will 

have 100 percent of its amplitude fed into one of the two .modes and a percent 

of its amplitude fed into the other of the two modes. Although both modes of 

propagation within the sapphire are mathematically and physically allowed, the 

initiiil conditions are arranged so that only one of them occurs. 

This arrangement of initial polarizations produces a single fringe vol­
ume. Due to the requirement of matching the initial conditions at the outer 

surface of the window, the two converging electric fields will not be parallel 

at the intersection volume. This produces a contrast loss in the interference 
pattern at the intersection volume again resulting in decreased counting 

rates. It is the purpose of this communication to demonstrate that there 

exist particular optical alignments which cause this contrast loss to be vir­
tually zero at the same time that the problem of cylinder birefringence is 
circumvented. This means that in many situations, it is more advantageous to 

go through the effort of suitably orienting the input optics and the cylinder 
in order to eliminate one of the fringe volumes than it is to just ignore the 
birefringence and measure either the smeared flow field or the flow field in 

only one of the fringe volumes. If the birefringence is ignored, the counting 
rates will certainly be lower, but if the birefringence is compensated for, 
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the decrease in counting rate can be made negligible. As a result, our claim 
is that sapphire is a viable material from which to machine optical access 
windows for high temperature LDV studies. Its good mechanical properties may 
be enjoyed at the same time that its optical complications may be largely 
overcome. In order to make it convenient for other investigators to adapt our 
formulation to their own cylinder geometries, a relatively complete presenta­
tion of the calculation details is included in this communication. 

2. Cylindrical Window Geometry 

We consider a single crystal of sapphire which has been machined to form a 
hollow right circular cylinder of outer radius r and of wall thickness a. For 
purposes of analysis, the cylinder is oriented so that its axis of symmetry is ,.. 
along the Z axis of a reference coordinate system and its optic axis N makes 
an angle e with the Z axis and its projection onto the XY plane makes an angle 
~ with the X axis. The laser beams are incident upon the cylinder with their 
bisector parallel to the X axis and with the beams making angles of conver­
gence n with the centerline. This geometry is shown for horizontally incident 
beams in Fig. 1a and for vertically incident beams in Fig. lb. 

A light ray passing through such a cylinder has its initial refraction (i) 
at the exterior surface of the cylinder and its final· refraction (f) at the 
interior surface of the cylinder. At the initial refraction, the inward normal 

A 
to the cylinder surface is n., the in~ident light propagation direction is 

I\. , ,.. 

k. making an angle y,. with n., and the transmitted light propagation 
, ,.. , A 

direction is ko making an angle Yo with 0i. At the final refraction, 
the inward normal to the cyl i nder surf ace i s ~f' the inc i dent 1 i ght propaga-,.. ,.. 
tion direction is k making an angle Yh with nf , and the transmitted 

o 1\ ( 

light propagation direction is kf making an angle of Yf with ~f. If n 
is the index of refraction for sapphire appropriate to the particular mode to 
be transmitted, then Snell's law gives 

sin Yi = n sin Yo (2.1) 
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and 

n sin Yh = sin Yf • (2.2) 

for either the ordinary or approximately for the extraordinary mode since the 

birefr'ingence of sapphire is low. Similarly, the ordinary ray and extraordin­

ary ray polarizations within the sapphire are given by 

(2.3) 

and 

A " ,.. 
Dext f::: ko x Dord (2.4) 

" 1\ 6 
where g is the ang 1 e between ko and N. 

At an interface, the polarization direction of non-normally incident light 

suffers a rotation upon either refraction or reflection. Such rotations are 

calculated by decomposing the incident light into it~ transverse electric (te, 

also known as the s polarization) and transverse magnetic (tm, ,also known as 

the p polarization) components, determining the amount of refraction or 

reflection of each of these components, and then recombining the new ampl i­

tudes after the interface. The te mode is parallel to the plane of the inter­

face and perpendicular to the direction of propagation of the light ray (Le., 

~ x ~), and the tm mode is perpendicular to both the direction of propagation 
, A A A 

of the light ray and the te direction (i.e., "k x' te). For our case, the te 
. A A 

and tm directions before the initial interface are denoted by teiand tmi, and 
~ " the angle that the initial field Ei mak,es with the tel' axis isai' This 

geometry is indicated in Fig. 2.After the first interface, the te and tm 
A A 

teo and tmo, and the angl e that the transmitted directions are denoted by 
~ A 

fi e 1 d E makes with teo is a. Before the second i nterf ace, the te and tm 
o A O A ~" 

directions are denoted by teh and tmh, and the angle that Eo makes with teh 

is a~. After the second interface, the te and tm directions are denoted by 
Ad A .."" 
tef and tmf, and the angle that the final field Ef makes with tef is af. 
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The components of an incident electric field normalized to unit magnitude 

may be written as 

-+ " " E. = cos Qi tei + sin Qi tmi • 
( 1 

(2.5) 

Then the components of the .electric field transmitted at the first interface 

are 

~ A 1\ 

Eo = F cos ai e teo + Fm sin ai tmo (2.6) 

wher/ 

F = 2. <.os '1$, 2 (oS ". $CYI to , e :. (2.7) 

. cos 'If,'" YI (.05 "go s,~ ('il .. to ) 
and 

F = 
'2 (.os Y i '2. (OS "If, \h'l ~o : m 

n cos lr, + (..os 'Ito 5tY'l tti+~o)(OS (l,-~o) 

(2.8) 

Eq. (2.6) may be rewritten as 

1\ " (cos a o teo + sin a o tmo) (2.9) 
(.Os OC o 

where the polarization angle of the transmitted field, ao is given by 

+QM cCi 

Ff./~M 
(2.10) 

~ A 1\ 
Our goal is to have Eo be along the direction of Dord or Dext in 

order to insure that 100 percent of the transmitted amplitude is in the desired 
mode and that a percent of the transmitted amplitude is in the other mode. To 

~ A 
place Eo along the Dord direction requires that 



. ' 

tan~prd = 
" " iw-o • DOY'cl 
,.. II. 

teo • Do..-, 
:: 

7 

,. " 
N·UC, 

(2.11) 

This result is pleasing in that the appropriate incident polarizationdirec­

tion for the laser beam may be calculated from Eqs. (2.10 - 2~11) without hav­

ing to expllcitly know anything about the direction of the beam inside the 

sapph'ire. By a similar analysis, if one .wished to have the polarization of 
1\ . 

the refracted ray be coincident with Dext' then the initial polarization 

would be aligned to the angle ai given by Eq. {2.10) with 

(2.12) 

For the treatment of the final interface, the electric field within the 

sapphire may be'rewritten as 

~ 

E = o 
{OS 0(0 

A ,.. 
(cos at, teh + sin ah tmh) (2.13) 

In analogy with the treatment of the initial interface, after transmission 

through the final interface the final electric field becomes 

where 

I 
F = e 

, 

I=e {OS o(i 

2. f>tVllS (.os -g", 

~'''' (l§-+ 'i h) 

Fm = '2. SiV\ If <.OS l", 

1\ " (cos af tef + sin af tmf) (2.14) 

(2.15) 

(2.16) 
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tan af = ~'" o(h (2.17) 

F I / I e FfW' 
) 

" .\ 

" " tan ah, ord = it .. h . Do1'cl, N. tef 
:: -,.. 1\ 

,.. A ,.) 
teh . Dbrtl. N· (~D)(-lef 

,.. ,..,.. 
::: ~t . ( N )( Yl f ) 

,.. ,.. 1\ ,.. ) 

(N. Rt ) (os ~h - (N ·Ylf ) {bS ('~i'll) . 
(2.18) 

and 

+ nJ ah, ext = ah, ord 2. .' (2.19) 

For calculating the power level in the intersection volume of the two 

laser beams, it is notationally convenient to rewrite the final electric field 

of Eq. (2.14) as 

where the amplitude of the final field is 

and where 

(.05 O(~ (OS OC h 

(OS 0(0 COS C( 5 

A 1\ A 
U
f 

= cos a f tef + sin a f tmf 

(2.20) 

(2.21) 

(2.22) 

is the unit vector in the direction of the final electric field. At a point 

within the intersection volume of beams 1 and 2, the total electric field is 

then 
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(2.23) 

where the e ii factor describes the positionally dependent relative phases 

of the two intersecting electric fields. 

Then the total intensity is 

(2.24) 

The fringe visibility is defined by 

v = 
I ",*", - I Wli~ 

(2.25) 

where I and I. are the maximum . and minimum intensities obtained by max ml n 
varying the relative phase factor i between constructive and destructive 

interference. In the intersection volume of the two beams, we obtain 

v = (2.26) 

where 

,. "'" ","" ,.. . " 
ufr uf2 = (,OS o(f, U>£ C(:h. -let," ld

1 
-+ (.os OCf • ,StY'l 0({1. te .. &,· of:'Mi1 

" ". "" t ~&.h O(:lt cos 0(11 t.w.i,. idz. ... SLY\ OCfl SiY\o(h -I::m'I' tw\~ 2. 

(2.27) 

The first factor of Eq. (2.26) describes losses in contrast due to the ine­

quality of the individual field amplitudes Efl and Ef2 " Such losses in 

contrast also occur in nonbirefringent windows since the two beams travel dif­

ferent paths and undergo different losses on their way to the intersection 

volum~~. The second factor of Eq. (2.26) describes losses in contrast due to 
~ ~ 
En and Ef2 not being parallel. This is the factor of in~rest in "';he 

analysis of birefringent window~ Since we"chose to allign Eo 1 a~ Eo 2 

to b~ along the directions of Dord , 1 and Dord , 2 or to be along Dext, 1 

and D t 2 in order to e 1 1mi nate one of the propagat i on modes and its cor-
ex , ~ -=JI 

respond i ng second LDV measurement volume, En and Ef2 will in genera 1 not 

be para 11 e 1. Thi s resu lts in I U'fl' ~f21 < 1 and losses in contrast beyond 

those described by the first factor of Eq. (2.26). 
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3. Ray Tracing for Horizontally and Vertically Incident Beams 

In the previous section it was seen that both the initial beam polariza­

tions and the fringe contrast in the intersection volume depend on the geome~ 

try of the laser beams outside the cylinder 'and within the cylinder cavity. 

However, for each location of the beam intersection within the cylinder thi.s 

geometry changes. Thus, it is necessary to p~rfQrm a ray tracing calculation 

for the laser beams in order to determine this dependence of the beam geometry 

on the location of the beam intersection. 

In this section such a ray tracing calculation is carried o~t for a par­

ticular example of a cylinder-optical system configuration. We assume that 

the cyl i nder is fi xed in space in an upri ght position and that the ent ire 

laser velocimeter system plus final lens is mounted on a movable table. The 

table is free to move in the horizontal plane. In this example we assume that 

after leaving a laser velocimeter optical system, the horizontally incident or 

vertically incident laser beams are parallel and each is a distance II from the 

common centerl ine. These beams are then incident upon the final converging 

lens of focal length F. After passing through this lens, the angle of conver­

gence of the beams is n where 

A 
F = tan n (3.1) 

and their resulting intersection point is taken to be located at the origin of 

the fixed coordinate system described in Section 2 and shown in Fig. 1. The 

cylinder is then placed so that its symmetry axis is coincident with the Z 

axis. After the insertion of the cylinder, the horizontally incident beams 

continue to intersect at the origin, while vertically incident beams now have 

their intersection point shifted to a location on the negative X axis. This 

is a result of the cylinder acting as an astigmatic lens for the incident 

beams8. 

As mentioned before, in this specific example the laser velocimeter plus 

final lens system is mounted on a movable table. Translations of the table in 

the Y direction with respect to the table's initial position will be denoted 

by'C". Similarly, translations of the table in the X direction with respect to 
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the table1s initial position will be deonted by E.. By suitably moving the 

table whi le keeping the cylinder fixed and thereby varying t and € , the inter­

section point of either the horizontal beams or vertical beams may be moved to 

arlY fixed coordinates (x, y) within the cylinder. 

The first beam geometry considered is that of two converging laser beams 

in the horizontal plane with their centerline parallel to the X axis as is 

shown in Fig. la. Beam 1 ;s incident from the left and beam 2 is incident 

from the right as seen from above. Let Sj be the angle between the X axis 

and a cylinder radius which passes through the outer diameter of the cylinder 

as shown in Fig. 3. Then 

(3.2) 

where the upper sign is associated wHh j = 1, the left incident ray, and the 
lower sign is associated with j = 2, the right incident ray. The index lIill 

means incident at the initial interface as shown in Fig. 2. 

The equation of the outer surface of the cylinder is 

and the equation of beam 1 outside the cylinder is 

y = -(x - £) tan n + 1: • 

These two curves intersect when 

A similar calculation for beam 2 gives 

Inside the cylinder cavity the equation for each of the beams is 

y = x tan 4. + r st't\ ~ \; 
J 

(.os "'. 
" 

(3.3) 

(3.4) 

(3.5) 

(3.6) 

(3.7) 



where 

(2:..) ~'Y\ '6 'J = Y"-o.. - ., 
and 

This geometry is shown in Fig. 3. 

and 

)( = !>i.Y\ ~ " tcf.) ~l - ~i.Y\ 'If '1 t.o~ 4, 
r 

~ :. 
r 

SiV'l ( \f-~~ ~I ) 

~i.Y\ \ *2.-"'1 ) 

12 

(3.8) 

(3.9) 

The two int~rior beams intersect when 

(3.10) 

(3.11) 

Eqs. (3.10 3.11) may be inverted 

via Eqs. (3.5 - 3.6) to give ("C, £) as 
numerically to give Yn and Yi2' and 
a function of (x, y). 

The second beam geometry considered is that of two converging laser beams 

in a plane parallel to the XZ plane as is shown in Fig. lb. Beam 1 is inci­

dent from above and beam 2 is incident frolJl below. If viewed from above as in 

Fig. 4, the angle 5 i is the angle that the interseCtion of the laser beam 

and the outer surface of the cylinder makes with respect to the X axis. A 
geometric difficulty is encountered in this case which was not present in the 

1\ . 
case of the two hori zonta 1 beams. Although k. is ina plane para 11 e 1 to the 

1\ J 
XZ plane, the refracted ray ko within the sapphire is not in this same 

plane, but acquires a small Y component due to the refraction. The plane of 
incidence for the initial refraction is not the same as the plane of incidence 

for the final refraction. 

Due to this complication, the simplest way to view the refraction of the 

vertically incident beams is to consider the geometry in two orthoginal views. ,.. ,.. 
First we consider k,. and k as seen from above in Fig. 4a. Second we con-

"" 0 sider k. and ko as seen from the directions perpendicular to the vertical 
1 A,.. . 

planes which c~ntain k; and ko respectively as is shown in Fig. 4b. The 
calculation of k for Figs. 4a-b gives o 
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cos Yi = cos Si cos n J (3.12) 

(3.13) 

(3.14) 

and 

sin no = (3.15) 

where again Y; is the angle of incidence at the i·nitial interface from Eq. 
(2.1). The equation of beam 1 outside the cylinder is 

5 z = (x - £) tan n 

l Y = 1: 

Its intersection with the Qut-er surface of the cy,linderoccurs at 

y="C 

Within the cylinder the beam vertically drops a distance 

z = tan n [r cos S - (r - a) cos Sh] o 0 0 . 

(3.16) 

(3.17) 

(3.18) 

(3.19) 

and the intersection of the beam with the interior surf ace of the cylinder 

occurs at 

Xf = (r - a) cos ~ (3.20) 

Yf = (r - a) sin ~ (3.21) 

where 

(3.22) . 
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Once inside the cylinder cavity, the projection. of the beam travels a horizon­

tal distance 

L = i, -10 (3.23) 

~, 

before crossing the XV plane. Thus the intersection point of the two verti­

cally incident beams is 

'/. = 'l-f _ b (O~ t} (3.24) 
r r r .. 

and 

where for this vertically incident geometry, the angle t is 

~ = S· - S + Sh - Sf 1 0 

and similarly 

yo 

sin Sf = (;::;:- ) sin Bi • 

(3.25) 

(3.26) 

(3.27) 

Again, Eqs. (3.24 - 3.25) may be inverted numerically to give (-C, £) as a 

function of (x, y). 

4. Polarizations for the Horizont~lly and Vertically Incident Beams 

In order to have the horizontally incident beams of Fig. la propagate 

solely in the extraordinary mode, we require from Eqs.· (2.11 - 2.12) that 

(4.1) 

for j = 1, 2, with a ij then being determined from a oj by Eq. (2.10). In 

Eq. 4.1, e is the angle that the optic axis makes with the Z axis, and ¢> is 

the angle that the projection of the optic aiis onto the XV plane makes with 

the X axis. The geometry of the horizontal beam configuration is especially 
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simple since the beams remain in the horizontai plane for their entire tra­

verse. As a result 

A " A " 1\ 
tei = teo = teh = tef = u z 

A 
where Uz is the unit vector along the Z axis, 

and 

" A tmo= tmh, 

UhJ' = arctan .5 I . (t 1\'/ 
( +o.~ 9 S~V\ ( € j .. 4> - 't "'j) 5 2. 

€j = Yij - Yoj + Yhj·~ n ) 

A A 

Ufl' uf2 = c.os 0(*1 (.OS 0( h + s~V\ 0(51 si.v\ 0(51. c.o$ (tf,-'\':a,) . 

(4.2) 

(4.3) 

(4.4) 

(4.5) 

(4.6) 

In order to have the vertically incident beams of Fig. 1b propagate solely 

in the ordinary mode, we require from Eqs. (2.11 - 2.12) that 

lOS & <-OS" $\.Vl PL -; ~W\ e $W\ '1 $~VI (Pi - +) 
tan U . = (4.7) 

OJ ( ).. • 
(0$ '1. 'StYl ~}(#> + ± SiIA yt (.05 9 tos l1bj .. $We & (.1)$( ~,-4» (.os (~ij - 'lIOj ) 

" Due to koj acquiring a small Y component within the sapphire, no simplifica-

tions for Uhj and the te and tmdot products analogous to Eqs. (4.2 - 4.6) 

are possible for the vertically incident beams. As a result we obtain 

(OS 9 (.OS ~ S lYl P, ~ 'iVl e !1M '1. $~Y'l{,.,. .. +) 
= ,,' 

[to'V), S(vtS lOS (~- 4» ± st" ~ (Af;)Q )c.osCfn,;-SlYl 9 (.Os cr-.)c.os(Cfoh-lo-f) 
( 4.8) 

1\ ,... 2 5tVl"1 
tef • tef = 1 - ---"-----

1 2 C.O'ft"l'1. f/(.\I\'l ~§ t f,tYl" t ) 
(4.9) 

",.. A,.. 

tef1-tmf2 = ~ k.m 5,.i;(t
l 

-:: 2.SlYl'1.~'l~i~\"i~5<'''5Pi· (4.10) 

and 
c.ol"YJ.. ~'W'l1. Pi ... ~£Yl'l. vz. 

> 

(4.11) 
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5. Polarization Measurements 

The Intermittent Combustion Engine Branch of NASA Lewis Research Center 

had purchased a cylindrically machined single crystal of sapphire from Crystal 

Systems, Inc. with the parameters 

r = 2.375 inches (6.033 cm) (5.1) 

a = .625 inches (1.588 cm) • (5.2) 

The optic axis of this cylinder has been previously measured to be at 

(5.3) 

with respect to the symmetry axis of the sapphire9• The cylinder was 

illuminated with horizontally converging laser beams at the 0.5145 ~m 

wavelength of an argon-ion laser. For this wavelength, the ordinary and 

extraordinary indices of refraction of sapphire were taken to be 10- 11 

and 

no = 1.774 ' 

n = 1. 766 • .. e 

(5.4) 

(5.5) 

The laser beams were measured to nave a convergence angle relative to the beam 

bisector of 

n = 6.37° (5.6) 

In order to test the polarization predictions of Sections 2-4, the sap­

phire cylinder was rotated to the ¢J = 0° orientation. This was done both 

because 0 = 0° is interferometrically simple to locate9 and because a' l . 1 

and a i2 take on their maximum ranges at this angle. It was thought that it 

would be easier to measure the polarization angles if they varied signifi­

cantly throughout the cylinder than if they were relatively insensitive to 

the beam intersection location as is the case for ¢J = 90° for example. With 
this input data, the polarization angles ail and ai2 for propagating the 
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horizontally incident beams solely in the extraordinary mode were calculated 

as a function of ~ for ~ = 0 and appear in Fig. 5. The fringe visibility V 

for the extraordinary mode propagation of the horizontally incident beams was 

also calculated as a function of~ for ~ = 0 and appears, in Fig. 6. The Y 

axis was chosen for calculation since LDV measurements along this line within 

a cylinder using horizontally and vertically incident laser beams· correspond 

to the measurement of the radial and longitudinal components of an axisymme­

tric flow field respectively (for an axisymmetric flow, the angular component 

of the flow is constant by symmetry). 

The horizontally incident beams were made to intersect at the three 

locations within the cylinder 

(~ , ~) = (0. 00, -0. 25), (0 • 00 , O. 00 ), ( 0, 00 , O. 50 ) (5.7) 

and the initial polarization direction required to propagate each of the beams 

solely in the extraordinary mode was measured at each location. In order to 

eliminate the uncertainty involved in obtaining exactly vertical polarization 
. \ 

as a reference angle for the above measurements, all the polarization angles 

were measured with respect to the angle which produced solely extraordinary 

propagat i on of beam 2 for the center 1 ocat ion. These measured pol ari zat ions 

are also shown in Fig. 5. 

There are two major sources of uncertainty in theexperimenta 1 measure­

ments. The intensity of the ordinary focal walst as a function of initial 

polarization angle ai is 

(5.8) 

The minimum of this function is fairly broad, and as a result there is about 

1 0 of uncertainty in determining the exact position of the relative minimum. 

Secondly, for every 1
0 

of rotation of the polarization rotator dial, the actual 

polarization of the laser light was changed by 2°. Since the polarization 

rotator dial could not be read to any more accurate than 1°, this produced an 

additional +1
0 

uncertainty in the measured polarization angle. Taking these 

uncertainties into account, it is seen in Fig. 5 that four of the five data 

points agree with the theoretical predictions to within the experimental 

uncertainties. 
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Wi th the intent of perform; n9 future simultaneous two-component LOV meas­

urements employing such a sapphire cylinder, the initial polarizations required 

to propagate vertically incident laser beams solely in the ordinary mode and 

the associated fringe visibility were calculated for the parameters of Eqs. 

(5.1 - 5.4, 5.6) and as a function Of~ for; = 0 and appear in Figs. 7 and 6 

respectively. Again it is calculated that the fringe visibility should be 

well over 99 percent. It should finally be noted that if the other alterna­

tive were attempted, i.e., causing the horizontally incident beams to propa­

gate solely in the ordinary mode and the vertically incident beams to propa­

gate solely in the extraordinary mode, the resulting fringe visibility would 

be lower, about 94 percent. 

6. Discussion 

In the introduction it was mentioned that for firing configurations for 

motored pistons, the mechanical and thermal difficulties encountered could be 

overcome by employing a sapphire cylinder. However, the sapphire introduced 

optical complications, which as we have seen in this communication, may also 

be overcome. T~e ~ = 0° orientation of the cylinder was examined in Section 5 

for two reasons. Firstly, this orientation is interferometrically simple to 

obtain. Secondly, it predicts a large variation of initial polarizations and' 

this large variation is easy to observe and permits a relatively straightfor­

ward experimental testing of the polarization formulas. For actual LDV appli­

cations, it may well be more convenient to employ the ¢J = 90° configuration. 

This orientation is also interferometrically simple to obtain and as is seen 

in Figure 8 the polarization angles ail and a i 2 vary minimally as the 

location of the beam intersection is changed. Thus for 0 = 90° the polariza­

tion angles may be set at some average value at the outset, and measurements 

with these angles may be made with high fringe visibility at any location 

within the cylinder. 

Lastly, if e is considered as a free parameter, calculations based on Eqs. 

(4.1 - 4.11) show that the largest fringe visibilities over the greatest 

ranges of ~ and ~ occur when e = 0°. Thus, it is most advantageous for dual 

beam laser velocimetry applications to machine the sapphire cylinder so that 

is optic axis is as close as possible to being along its axis of symmetry. 
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(a) Horizontally converging beams. 

ki2 

(b) Vertically converging beams. 

Figure 1. - Converging laser beams incident upon a sapphire 
cylinder. The convergence angle of the beams is fl. 

___ nf 

Figure 2. - The transverse electric (Ie) and transverse magnetic (1m) components of a laser beam at the outside and 
inside interfaces of a sapphire cylinder. 
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Figure 3. - The angles of incidence and refraction for 
a horizontally incident laser beam passing through 
a sapphire cylinder. 
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(a) Projection from abovE. 

(b) Projection from the side. 

Figure 4. - Projections for a vertically incident laser 
beam passing through a sapph ire cylinder. 
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Figure 5. - The. polarization angles required to prop­
agate the horizontally incident beams 1 and 2 solely 
in the extraordinary mode as a function of y/r for 
x/r' O. 9' 18°, and ill" 0°. The polarization 
angles are referenced with respect to the polarization 
of beam 2 at x • y' O. The reference angle itself is 
at an angle of 2.07° counterclockwise from the ver­
tical direction. Positive angles represent cl0fkwise 
rotations as seen from along the direction of k. The 
five data points are the measurements of Section 5. 
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Figure 6. - The intensity fidelity obtained from prop­
agating the horizontally incident bean;s (H) solely 
in the extraordinary mode and the vertically inci­
dent beams (V) solely in the ordinary mode as a 
function of y Ir for x Ir • 0, 9 • 18°, a~d ill • ,0°. 
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Figure 7. - The polarization angles required to prop­
agate the vertica lIy incident bearr.s 1 and 2 solely in. 
the ordinary mode as a function of yfr for xfr = 0, 
e = 0°, and <t> = 0°. The polarization angles are 
referenced with respect to the projection of the ~ 
vertical direction on the plane perpendicular to k. 
Positive angles represent clockwilie rotations as 
seen from along the direction of k. 
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Figure 8. - The polarization angles required to prop­
agate the horizontally incident beams HI ilnd H2 
solely in the extraordinary mode and the vertically 
incident beams VI and V2 solely in the ordinary 
mode as a function of y/r for x/r· 0, e· 18°, and 
<t> = 90°. 
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