


MEMORANDUM ON THE POLARIZATION-OPTICS
OF THE PHOTQELASTIC SHUTTER —_CLASSIFIED

"By authority Secretary of

CCi 101960

This report discusses the theorati ASDecis,. S
problem of the photoelastic shuttar develggﬁgﬁéﬁgggfbgg%ggé%ﬁ

OEMsr-576 at the Massachusetts Institute oEIHRMIMologIGNCRIRS
particular it is an investigation of the polarization-optical
systems used in connection with this shutter and serves to do-
termime the most favorable system to be used for attaining
maximum range of transmission.

The light transmitted by the shutter is in general =
mixture of natural light and elliptically polarized ilght, 1.0,
50-called partia}ly elliptically (avbrev. pe), or eventually
partially lineart(pl), or partially circular fpc) polarized
light. This 1is true even if the shutter is illuminated witr
monochromatic linear (1), elliptical (e), or circular (c)
polarized light. Since the mathematical tools necessary for
the handling of problems involvigg partially polarized (pp)
light appear to be little known <, we start our discussion with
a short exposition of these mathematical methods.

Part 4., POLARIZATION OPTICS.

1) Polncaré's representation of polarized iight.

A polarized light beam is usuwally described by giving
its electrical vector

By

£y

referred to a system of axes with the z axes along the direction
of propagation. Y, = &l{a *31s P = 202 + o are the phase
A

i

Py cos (wt+y,)

1
p, cos (wt+T2) (L

—-‘ﬂ-"‘—-ﬂ—m-‘-‘--_—-uﬂﬂ-ﬂ——*—‘-ﬂh——-w

1) we prefer "linear polarized light" over the more commonly
used notation "plane polarized light.n

2) The writer knows of no textbook im wrich these mathematical
methods are discussed. Certaln aspects of the method
discussed here zre given by F. Perrin, Journal of Cheulecal
Phy=ics 10 415 (1942) where older references may be found.
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angles, ¥ = 2w the frequ 1, p2 the amplitudes. Since
the phase angles Y1 and €2E§§%IH§%’%ﬁ@@rﬁﬁbmﬁlquantities,
it is sufficient for the EmBEAgvegizatlon of the state of
polarization of a light beam to glve threés quantities, namely,
pl, pp and ¥ - Y5 =831 -85 =45. When either one of the
three parameters is zero the light 1s plane polarized; py = p.,
g=1t W/2 are the parameters for right (+) and left (»5
circular pclarization.

Since p1 pz and J change with a change of the
orientation of the x, y axes; they are not convenient for a
mathematical analysis. A better set of parameters is obtained
from the ellipse which is the lccus of the end points of the
vector E. If the principal axes x', y' of the ellipse are
chosen as reference. axes E is given by the equation

xt = 8 cos ub (2)
2
tp sin wt

=
i

where +b refers to "right® and -b to "left®” elliptical polari--
zation. A new set of parameters is therefore obtained by
giving:

&8 = half the major axis. This is to be considered
an absolute quantity.
=b = half the minor axis 'b| < a

and

L = the angle between the Girection of the major
axls and the reference axis x. D& X<,

A third set can be obtained by introducing the intensity of
the light bg%m. The intensity i1e given by Pointing's vector
8 = Z%F ( EL- & ﬁ;k ). B8ince we are interested only in

;ntensity ratios, it 1s sufficient to characterize the intensity
y

I = iLcS’ = P12+P22 = a° + b2, (3)

As the other two parameters one choses oL , as defined above;

and the ratio b/a, or, better, one introduces the Mellipticity®
o defined by

tan & = I b/a, where ~43° £ 8 « T45° (4)

The parameters I,«, B lead to Poincaré’s representation of

polarized light. 8ince Iro0, oxxX<T, “%i /3§_+11‘/4




the state of polarization of any polerized light beam can be
represented by a vector of length I whose directions are
given by the angles 2« and 2/ , as shown in diagram 1,
where 20¢ is the longltude and %ﬂ the equatorial distance.

If light undergoes a chsnge of polarization, without:
a simultaneous change of intensity, f.i., when 1t goes through
a transparent crystal or a sugar solution, the representative
point P moves along the surface of a sphere, the so-called

Poincaré sphere (abbr. P-sphsre}. Any point on the equator
(@ = 0) of this sphere represzents (1) light, the North pole i3

right (c¢), the South pole left {e; and generally any point on
the northern hemisphere represents right (¢) light, and the
southern hemisphere corresponds to left (e, light.

2. Poincaré representation of the action of simple optical
instruments.

The action of any polarization optical instrument which
changes polarized light into other polarized (but not into
gartially polarized) light can now he described b¥ stating how

t influences the representative vector. The effects associated
with these instruments are:

Optical Activity (Sugar solution, Quartz with light parallel
to axis, Faraday effect). If ¥y notates the angle of rotation
= fnrﬂnl) of the optically zctive substance%hit changes

the position of any representative Point P along e sphere
to apposition E? ogtaiged bybrctation of the P %phere ;;-

oot its polar axis NS by an angle ZKQ See fig. 2.

Birefringence (parallel crystal plate, Kerr cell, Photoelastici-
ty) ;

To describe the action cf a doubly refracting plate
one must gilve:

1) The orientation ¥, i.e.. the angle which the optical
axis of the plate (axis of the ellipse obtained by intersection
with the index ellipsoid)forms with the reference axis X.

2) The phase shift between the ordinary and extraordinary
light component created by the plate, W= 33‘{: d(no=ne) , where d
is the thickness of the plate.

Since no intensity change is involved (neglecting reflection)
the representative point moves along the P sphere. Its end
position P! can be found by the following construction: Rotase
the P-sphere by an angle ¢ around an axis in the equatorial
plane which forms an angle 2% with the refeTenseIBEIE. See

diagram 2. By authority Secretary of

' 0CT 101960
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ﬁj Polarizer (Nichol, Pclaroid)

If the axis of the Polarizer forms an angle <p with

”Hfthefreference axls, the transmitted (1) light is represented by

¢ A
(1) into (c}qlight when i
~ polarization.

&8 vector in the equaf@g&al plane which is at an angle *p to
~ the x axis, The length

- follows: Construct the normal projection ¥p of I on the
given direction of Ip- See fig, 2. Then

of this vector Ip is found as

Ip = £ (I+ Mp) (5)

(Note that M, is an algebraic quantity.)

The validity of these rules may readily be checked by verifica-
‘tion of certain simple consequences; as for example:

uarter-wave glate, for which W = 90°, transforms
§ 8xis 1s at 45° to the plane of

Any light can be transformed into (1) 1ight by a Af4

- plate. To this purpose set the axes of the plate parallel to

~ the axes of the ellipse (¢« = ¢} and the transmitted (1) 1ight is
- oriented at an angle 2 to these axes, {(Sénarmont Compensator)

¥hen using optically active and birefringent plates,

_ or several of the latter, in succession, the character of the
~ transmitted 1ight depends on the succession of the plates,
 because the addition of finite rotations 1s not commutative.

The intensity of light transmitted through a polarizer

- 1s a maximum when its axis 1is parallel to the major axis of thne

incident (e) 1light ©p ==<). It is a minimum when «<p = o+90

- @nd varies with the orientation «p according to

I

5 & [i + M cos ZG{p-dﬂ
31 [1 + cosfB cos 2(o(pmo():" (6)

A birefringent plate shall be called s phase plate or - plate
its optical axis is called "axis of the ~-plate.n ?& )

- 3) Yariable "Quarter-wavel plate.

The importance of A/ plates, 1.e. "/2-plates, in
Polarization optical investigations arises from the fact that
they serve to transform any kind of (e) light into (1) light,
and vice verss, All X4 platess nave for practical purposes
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the disadvantage of being serviceable for only one wavelength
of light, because+ varies with A . Fer instance the commonlvy
used ¥4 plates are correct usually for A~60004.- For infrav:d
light of A= 90004 they are approximately W/3-plates and for
ultra-violet light of A= 4000 they ave 3%/ 4-plates.

From Poincaré!s representation it is apparaunt that
whatever can be accomplished with a A/4 plate, can alsoc be ob-
tained by using two or more arbitrary‘yhplatss in succession.

For instance the transformation of (1) into (c¢) light can be
accomplished by two ¥ plates, provided /4% §/4. Thus two
nyisible® A/ plates can perform the (1J-{c) transformation for
light of any wavelength between A= 12000 to A = 40004, By
adjusting the angles of these pliates relative to the orientaticn
of the (1) light a "Quarter-wave® plate for any kind of light
within this range masy be constructed. The directions fdr this
construction can easily one derived from the Poincaré sphere ac
follows {sece diagram 3§a j :

Let P on the equator represent the incident (1) light.

If the first ¥plate is oriented ot an angle ¥, to the orienti-
tion of the (1) 1light, it shifts the point P to P! by a rotat.cn
Waroundd, where AP = AP! = 2¢ , To attain (c) light a second

dentical ¥-plate is introduced. If its axls forms an angle ¥-
with that of the first-yplate, it creates a rotation-¥ around
B, where 4B = 2¥2. This rotation shifts P' to PW, and the
transmitted light is (c) polarized if P% is at the Polg i.e. iIf
BP® = BP!' = 90°, which implies alsc that PWBA = 9Q°, The
spherical triangle AP®B gives sgin law:

sin 2% sin (90-9)
sin @ sin (180=4)

catggjb (7)

[

or sin 2@

Cos-laws
Cos 90 = cos 2%} cog 242 - sin 2?& sin 2?% 005}&

Cos 2%, = cos 90 cos 2Y, + sin 90 sin 24, sinj[)

whence
cotg 2‘{"1
tan 20 = —Fr
. Cos 2y
sin 2¢ = o
£ sin W

and, using (7) one obtains
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cos 2¢, = cotnggi (8)

Bquations (7} and (8) detcrmine the orientation of both plates
when the phaseshift of the plutes are known

for the particular wavelength used. The resulting values of ?l
and (¥1+¥2), the latter giving the orientation of the second

~plate with respect to the (1) light, are plotted in Plg. 4.
-x:te that (¥i+?2§ has & maximum for -0 = 60°. Hence slight
changes of the wavelength or of +¥ do not affect the orientution
of the second plate, and only that of the first plate is eritical.
This result is of importance when two "visible® Pclarcids sre
used to make a 7/, plate for infrared light.

It is important to note that this double plate,
although it transforms (1) light into (¢) 1light, has roperties
which differ from that of A4/, plate. Consider f.i, (1) light
polarized at 45° to that represented by P This light would
not be changed Ly an ordinary A/4 plate.  The double YLplate,
however, changes the polarization of this light, because two
rotions around different axes leave the position of nc point
on the P-sphere unaltered. In our example the incident
light is represented by point Q in diagram 3, where PQ = 9Q°.
The first y~plate shifts this point to Q' and the second to g%,
Q" is again on the equator; i.e. the transmitted light is (1)
polarized, because P"Q" must be 90° and P® is at the pole.

A simple calculation, using the fact that AQ = AQ®
= BQ' = BQ" = 2¥) + 90, shows that the Q-light 1s rotasted by an

angle § = QQn
2

X = 90° - {Eﬁ + (‘-fl-I- ‘Fz)J (9D

Tests with double Y-plates have verified the above conclusions.

In passing it may be noted that with three yiplates
1t should be possible to construct multiple ¥~plates which have
all the properties of #/4 plates. ,

4) Stockes? representation of partially polarized 2ight.

Stockes has shown that any arbltrary monochromstic
llght, f.1. as obtained by the superposition of an arbitrary
number of polarized, coherent or incoherent, components, can
always be considered as a superposition of natural light {e.i.
for which E assumes all tirections and phases with the same
probability) and elliptically polurized light. Thus the total
intensity I of any (p.p) light can be decomposed into
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= s
I = Iy+1, (10)

where Iy and Ip are the intensities of the natural and the
polarized compoOnents. The polarized component in turn can

be represented by Poincare's representation by three parameters
Ip, ¢ 28 . Thus the representation of (p.p) light reguires
4 parameters. While Iy, Ip, « and / are the set with a simple
hysical significance, they are not those which are suitable
gor calculations.

To arrive at a more suitable set we consider the
problem of the superposition of two (p.p) light components.
Let the first component be characterized by Ihs Ié, <Lty Bl

It =14 + Ig s the second component by ifs Ig, X" pf,
in = Iﬂ + Ii; and the result of the superposition by Iy Ip, X 3

Ay I =1, 41 . If the two components are coherent the
addition YivesPobviously Iy =If + I, £, = 1} + If, but the values

of o«  and APcannot be given because they depend on the phase
relation between 'the components. The superposition is quite
different when the two components are incoherent. In this
case Iﬂglﬁ + Iﬁ, because the superposition of two incoherent

polarized components will in general produce a natural
component. (Example: Two (1) components polarized in different
directions.) Thus it is seen that Iy and Ip are not additive
parameters for incoherent superposition, however, since

I =1+ I" will always hold, We find that I is an additive
parameter and therefore more suiltable than IN and Ip for the
representation of (p.p) light. To find the other suitable
parameters it is necessary to determine the polarized component
of the resultant of incoherent superposition. A somewhat lengthy
. but elementary calculation leads to the simple result that in
Poincaré's representstion Ip is obtained by vector addition of
the vectors I} and IPf. This result implies naturally that the
cartesian coordinates of the representative points P! and P®
are additive q uantities for incoherent superposition. The
suitable parameters for (p.p) light are therefore, see fig. 1

6 R IH+Ip
2 2

n = Ip cos 2B cos 2 = p3” -~ p,

11)
Ip cos 2B sin 2« = 2pyP,c0s § (

C

]

8§ = I, sin2A = 2 p;pysin 6

and the addition of incoherent components gives
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I =11+ 1"
Moo= MF o+ uw
g =¢f & Cn
§ =81+ 8n

The four parameters are called Stockes' parameter (abbr.St-P).
Note that I and 8 are independent of choice of the reference
axis x = M. A rotation of the reference axis by an angle A
changes M and C to

M3
C#

Ffom the 4 St-P all information concerning the natural and
polarized components can be derived by meens of the
relations

M cos 2A + C sin 22
-M sin 2A + C cos 22

"

(12)

4 ST 2

1= +/u% + 2482 =p 24y,

Iy=1-1, P12 - $(1 )
tan 2« = C/M P~ (1)
. = ) z = &
sin 2 = 8/1; tan § /c

and the following implications are apparent:
0 dmplies (pl) light.
0 implies that the axis of the elligse representing

the polarized component ismrallel or normal to
the reference axis X.

S
C

u

0 dimplies that this axis is at 459 ko X.
C =0 implies (pc) 1light.

{1

i

C=8 =0 implies natural light.

5)  The superposition of incoherent components.

The law of additivity of the St-P can of course be
extended to arbitrary many incoherent (pp) components

I ZZ:Ii c = 2:;1
‘Z:Mi B =78,

it

(14)

i

M
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and can be put in integral form as illustrated by the follow-
ing examples '

Consider a plate of area A which emits light.
Assume that the intensity and state of polasrization varies
continuously over the area. The light coming from an element
dA = dxdy can then be characterized by

J(x,y) dxdy
Ip(x,¥) cos 2p{x,y) cos 2X(x,y) dxdy

dI
du

i

A\ AvR
m(x,y) dxdy

i

ac = gp(x,y) cos 24(x,y) sin 2«(x,y) dxdy c{x,y) adxdy

s{x,y) dxdy

t

s = 3,(x,5) sin 24(x,y) dxdy

and if all contributicns are incoherent the addition law stotes
f.JdA c J?dA
(15)

deA S f sdt

The question whether two components are coherent or incoherent
is sometimes difficult to decide. They are certainly incoher-
ent when they originate in different light sources or when the
1izht paths from the common source differ greatly, also when
theoretical rezson can be given that the components have
slightly different frequencies, even though this difference can
not be experimentally shown (f.i. Doppler effect) so that for
all prsctical purposes the two components have the same
frequency. i

i
i

I

(]

M

i

Of special interest for our applications is the
following case: Suppose two light beams originate in the same
source, pass through different instruments and emerge differently
polarized although the lengths of the two paths is the same.

It can be shown that these beams can be considered to be inco-
herent, provided the aperture stops in both beams are sufficient-

ly large so that the path of both beams can be described in
terms of geometrical optics. The situztion can be explained by
considering a modification of Young's experiment for the
diffraction of light in which the two light waves from two
coherent sources pass through different polarizing devices. In
the arrangement shown in fig. 5, the light from the two scurces
81, 82 are made (1) polarized, vertical and horizontal, respec-
tlvely, by the two Polaroids P and P2, Without these
polarizers the image on the screen Sc is the well-known diffrac-
tion pattern with maxime at equidistant point A3y, where the

two waves are in phase. With the polarizers inserted the




SECRET

TN
= f e

diffraction pattern disappears, but due to the phase relations
we conclude that at the positions Ay the resulting light will
be (1) polarized at 45°. At points Bj halfway between Af,
where the minima would be, the resulting light is (1) polarized
at -45°, and at intermediate points it is (e) polarized.

Thus the diffraction pattern could again be made visible by
observing the screen through a third polarizer at 45° to P; and
Ps. Now 1if the slits are opened the screen shows an image of
tﬁe primary source S and the light in this image is the super-
position of all states of polarization, which in this case
gives natural light. Hence in the framework of geometrical
optics the two beams 83 and Sz, although they have a common
source, must be considered incoherent.

6) Perrin's represcntation of the action of polarization-
optical instruments.

] & beam of light with the St.P. I s ¥, , C,, 8, entering
any optical instrument produces transmitted (or reflected,
refracted or scattered) light with St.P. I, ¥, 6,8,

These may refer either to the emgerging heam in a definite direc-
tion or to the total (Integrated) emerging light. Obviously

I W', C), 8/ are certain functions of I,, 4,, C,, 8 and the
action of any optical instrument can be described by giving
these four functions. I now a second incoherent beam with

the 5t.P, I, M,, C,, Sa, which gives rise to a transmitted beam
I;, M3, Cz, 83 enters simultaneously with the first beam, we can

conclude from the additivity law that, if I' = £4(I,M,C,8)

E =L+ 1, = £0(0,,M,,0,,8,) + £1(1;,0,,04,8,) =

(16)
£1(1,4,C,8) = f1(1,+13, M, +M,, C,+C,, 8, +8,)

¥here fj is everywhere the sume function. Similar equations

h?ld algo for fy, fo, fs defined by M' = £ (I,8,C,8),

c' = fE(I,ﬂ,C,S » 8 = £5(I,M,C,8). Eqe ?165 can only be satis-
fied if the funection fi 1s linear in all parameters. Hence we
must have for any optical instrument

e
i =
M a5 I+ 851 M+ a23 c + a24 S
(17
et =

a3y I+ g M+ 834 C + a34 S

g = s

a41 I+ a42 M+ a43 C + 344
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where the matrix &3 with 16 coefficients is characteristic

'or the instrument. aik is in general dependent on the

rection of the incident light and of the direction of ob-
rvation. ajy are called the Perrin coefficients. It can be
shown that for any instrument which satisfied the so-called
reciprocity relation ajx = % ay3. The reciprocity relation
91§531that when the position of source and observer are ex-
anged the intensity reaching the observer is the szme ("If I

. see you, you can see me", holds for most instruments, ex-

, for Faraday effect.)

- The problem of any polarization optical instrument or
ct is therefore solved when the 16 coefficients a+s. can be
uated. It is the purpose of the paper to establish the
ix ajx for the photoelastic shutter, and for instruments
in conjunction with the shutter. The latter are:

 Bince the §t.P. parameter can readily be transformed
ins of Eq , (12) to any new reference axis, it is suffiecient
1sider the case where the axis of the 4 plate is in the
rection (¥=0). As the intensity is not changed by a

ate (neglecting reflections) one has ajjy = 1, a12 = a13 = a1,
;g?égg = as] = 0. 8ince Falarized'light is modified

8 ing to & rotation #*o the P sphere around the x=M axis

1 0 0 0]
0 1l 0 0
- (18)
o 0 cosy siny
o 0 -siny cosy

. _For & perfect polarizer the transmitted light is (1)
zed, hence M' = I qos Xp, C' = I' gin 2¢p, 8' = 0
alggéfeg_gg;t a4%h= a1, =d0 gnd 821 = alj cos Ky,

81§ sin. o ese conditions, and ajp = a are
ient to establish < =
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i cc: qu sin ZQP 0

2 cos 2gp cos zxp gin 2«p cos 2¢, O
#ik gt in 2 sin 24 cos 2o 2 (19)

S P p sin® 24, 0

0 0 0 0

where a;, = 1/2 when 50% of natural light is transmitted.

7) Ihe transformuation of Polarization changes into Intensity

ghanges.

The state of polarization of a light beam cannot be
directly observed, Experimentally it is always necessary to in-
troduce auxiliary equipment into the beam to transform changes
of polarization into changes of intensity. As auxiliary equip-
ment we have only to consider ¥=Plates and Polarizers. The
latter is always necessary, since it is the only instrument for
which the transmitted intensity varies with the state of polari-
zation of the incident light. The problem as it arises in
connection with the receiver for the photoelastic shutter may be
formulated as follows:

If at the time t3 the light is characterized by
I, =1I,M,,C,, 8, and at a later time tp by I, =1, 0,, C,, B3
what should be the orientation of a ¥-plate ané the anelyzing
Polaroid in order to create the laurgest intensity change in
the final receiver (photocell). To answer this problem we ask
first: If two beams have the same total intensity I but
different polarized components I%, and If., what must be the
orientation of I¥ in the Poincare representation in order thst
& perfect Polarogd creates the largest intensity difference?
According to (19) the transmitted intensities J are

I, =% [I + M} cos 2« + Gt sin 2:4]
= #* #
I, i[x + MY cos 2« + C} sin aoﬂ
and the change is

AT =73, = iEﬂ—ﬁfi) cos 2xp * (c1-c%) sin z*é]

- * _#
: -f?qﬁoatgﬁi); (C?~Ct) are the M and C components of the vector
Upy-Ip2), 2nd cos 2(p and sin 2xp can be interpreted as the M
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and C component of a unit vector qu in the equatorial plane.
Hence 24J can be interpreted as the scalar product

) i

* L)
2. a7 = - (@) -1 Y (20)

It follows that AJ is a maximum when (Ip?wlpf) 1s parallel to
 £§§’ - EEEr-Iaf) must be parallel to the equatorial plane,
end the axis of the polarcid is to be adiusted arallel to

s YOR

: Now if the polarized components of the ligh} at t1
and t2 do not satisfy the above condition for (Ip%-Ip%) they
can be changed by a ¥-plate so that the condition is satisfied

when the light enters the Poéfroidn According to eq. 18 angd
section 1 a y~plate rotates I,, and around an axis in the
8f wi%ﬁo

equatorial plane by an anglie ut altering the magni-
tude of I, Ip,and I 25 and it is’obviously always posside to
find a-ﬁ-pla%e go tgat T _T . is after the rotation parallel to
the equatorial plane, P P2

- The answer to our problem is therefore: fand V¥ of

the P-plate must be adjusted so that the vector (Ipi -Ips) becomes
parallel to the equatorial plane, and the Polaroid is o be
adjusted with its axis parallel for normal} to the resulting
direction of (Ip,—Ip;J after rotation. From eq. (20) 1t

follows that the maximum change of intensity which can be pro-

: Although AJpax depends only on the polarized component
of the light, this does ot mean that the validity of (21) is
restricted to cases where only Ip is altered, The only
restriction is that the total ingensity is not changing with time,
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Part B. IHE PHOTORLASTIL SHUTTER.

8) QOptical characteristics of the shutter,

The shutter as described in = previous report, is a
rectangular or square plate of glass in which & standing
elastic wave is sct up by means of Plezo-electric Quartz
erystals. In general the elastic wave has three sets of
nodal planes parallel to the faces of the plate, but the fre-
guency can be sdjusted so that only cne set of nodes appear,
The more general case of several sets of nodes is left for g
later discussion. We conslder here only the case where the
strains in the glass can be described by

X 4 sin 2T& sin o4 T

<
i

¥
¥
1.e., a standing wave with nodes parallel to y, The lig %ﬁg
basscs through the plate in the z dire.tion. Ag and Vg = ==
&re the wavelength and frequency of the sound waves in
current experiments Vs is about 1 megacycle and Ag about 0.
cm,

i

22 =X =2 &Y% =0,

The photoelagtic effect of the strain Xx is given by

e = . o T e 4
B, = n+ u sin 293; sin Wg t©
(22)
- R X g ;
ny ot yisin zwxg sin G t

where ny, n, are the principal refractive indices, n the
refractive Sndex of the glass, u = ng 4, v = n<g 4, where
Py @ are Neumann's strain-optical constants of the glass. The
Shutter is therefore = P-plate with a veriable phase shift

¥

i

(¥ ) sin M= sin W, t (23)

w

. Where

¥n= 4L a (u-v) (24)

';§ being the thickness of the plate.

e " In the following discussions we will neglect the
'€ Variation of Dy, Ny and ¥, i.e. we consider first the
:tionary case and replace later the constant values u, v

¥
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y periodically vurying functioans. This procedure

ves an approximation, because it is known that the opti-
fiect of a stunding supersonic wave is not a simple super
ion of the effects of two simple waves traveling in

ite directions. [However, the exact soclution iz for all
cal cases sufficiently close to our approximation that

ems unnecessary to present here the rether elaborate
golution.

- The optical problem of the shutter can be discussed
 entirely different methods which are presented in the
eding section. :

.ﬁé.diffractio& method.

. We assume that the entire area A of the shutter is
1inated uniformly at normal incidence by a plane light wave

n arbitrary ellipticity, i.e. the incident light is
.erized by

.Ex = pl ces (wt"'lfl)
2 (25)
E, = py cos (wt+f)
s = Plz.+ p22
= Lo 2
8= 21 Py (26)
c = 2p,P, cos (?l-%h)
§ = 2P1p2 sin (?1"’?2)

ffirsﬁ-representatian (25) we can consider the two
and Ey separately. Each of these waves suffers a
t when it passes through the glass, namely for Ex

Aﬁ?}  = g%; (n+u s?n ZF%:)

L varies with x the transmitted wave is no longer
ther it has a "corrugated" wave front. The shutter
Se-grating” for each light fomponent. Raman and Nath
_that the "corrugated" wave can be decomposed into
)lane waves traveling in different directions.

the diffraction orders. As is the case for an or-

ng with a period A3 the diffraction angles are
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. given by 3
: siné/,, = i;;:= (i=0, £ 1, #2...0 {(27)
R 8

: and the amplitudes of the diffracted waves are found to be

Lvig =274
EK 2 pl Jj (Y/l} ﬁ;/l = = u

1 ' ) . 274 (28)
By" = B d; () e

f where J4 denotes the Bessel function of i!th order.

=L According to this Conslderation the shutter BOrks
bl éssentially on the same principle ag the supersonic shutter in
. the Scofoni system, In this system Supersonics of high
 frequency are used so that the diffraction angles become large.
The recelver will ther collect only the light from s single
_diffraction order and periodic variastions of ¥;1 or ¥, produce
modulation of the 1light intensity of these orders. Qur photo-
elastic shutter, when operated at frequencies of about 50 mega-
cycles could be operated with natural light, provided the lignht
~_cone has an angle of aperture smaller than the 1st diffraction
angle. For a _cone of 10° iotal aperture supersonics of
frequency 4.10%5 would be required, Obviously this is not
practical. In the photoelastic shutter ope makes use of the
fact that the various diffraction orders are differently
‘polarized. Instead of a spacial separation of the orders
‘used in the Scofony system, a separation by polarization is
carried out. This carries the advantage that supersonics of
low frequencies can be used, though it has the disadvantage of
incomplete separation, The latter is offset by the fact that
stronger supersonics can be produced at low frequencies.

.

: In the photoelastic shutter the transmitted light
s a superposltion of all diffraction orders because the

| diffraction angle (of about 1/2' in our experiments) is negli-
© gible compzred to the width of the light cone of 7e,

& In carrying out the addition of all diffraction
- orders it should be noted that the Ey and Ey componernts are
- necessarily coherent, and because they have the same optical
| path their phase difference is the same as in the incident
© light. However, the light in the various diffraction orders
& 1s incoherent. While this is not obvious for the stationary
- case, it must be so for the dynamic case, because the shutter
| Bodulates the light in the different orders by a different
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-5ffrequency (i.e. different harmoniecs of vs) . The frequency
shift is much too small to be observed (vg/v = 310~%9, but 1is
gufficlent to guaranty incoherency.

: It follows that the St-P. of each order can be
computed in the szme manner as for the incident light

912 312(1}1) & Pza Jiz(‘?g)

=4
b
4

2 ¢+ 2 2
Py Ji ("}'1) = sz Ji (";2)

&
[
it

(29)

(@
(]

i 2?1132 Ji(}t’l) JiC‘f'g) cos {'?01“"(2)

2P1P2 Ji("f‘l) Ji('ibz) sin ("fl'" 502)

w
e
1t

~ and addition of all orders gives for the transmitted light
] = :
ZIi E Zc’i
M 8! = Z
I, :

It

Mt

. These sums tzke a simple form on account of the following
relations for dessel functions:

{=4 00
T=- o
24 0
; Ji (X) Ji (» = JO (x"Y)
i=- o0

fE}ﬁDr ghﬁ]latter relation see Whittaker & Watson, dodern Analysis,

 ing into account (26) and noting that according to (28) and



v
W
¢
St

a8

p dx 1s

£
e
)

& &
4] i

dr!
aie
dc?
dst

i

i

i
KC
KS

K =3 (4)

The Polarization method.

¥ sin %}Z& g

Jdx
mdx
cdx

sdx

1se plate with its axis

(30)

(31)

SECRET

In carrying out this method we divide the shutter
mall strips of width dx and consider each strip as &
parazllel to x and a phase shift

If I, 8, C, S are the Stockes parameter

= dl

it

L}

did

dc

= I/%
m = M/
c= C/MH
s = S/

-dC * cosy + dS sin Y

siny + dS cos ¥

of the incident light, which is assumed to be uniform over
ieé whole arca of the shutter, then tle light falling on the

(32)

(33)

_the width of the shutter in the x-@irection and can bpe
ted, without loss of senerality, to be a whole multiple

- Accoruing to eq..(18) the light transmitted through
Harrow strip has the St-P.

ing the argument of section 5, these contributions are
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:.con-sidered incoherent, hence the transmitted 1ight is

=1
= i

W -~ (34)
_‘cos(¢h sin zﬂii)dx + 8 %J sin(y, sin 2E§i)dx

L]
i

L W '
.,—;-C,%Jsin()bm sin' 2{%)6_:; + 8 %.; cos(#’m sin 2??’-%-;):11

2T

;}Im sin z)dz and ‘-21-11 J sin(y, sin z)dz

= 2
tively. The first integral is the well-known integral
'e;xtag:_l.on °£'1r"-°(1"m)' The second integral is zero,

= =] . Hence the final result
Ct' = KC

i K =7J,04p) (35)

&

_ The shutter discussed in the preceding section shall

funiform® to indicate that the entire area is illumi-
th lizht of the same characteristics. The matrix of
'in coefficients of this shutter are

(36)

0O 00 M
© O+ O
© WMo o
R o o o
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and the following conclusions ars elementary:

a) Natural light (1,0,0,0) and (1) or (p,1) light
(I,M,0,0) vibrating parallel or normal to x are not
changed by the shutter.

b) Since for practical reasons the incident 1light %s
goéar%zed ?and not p p), whence I< = M2 + C2 + §<,
na 81incé the M component remains unaltered, the
shutier will give the best results when C and S are
as large as pessible. This requires 8 = 0, and
means that the axis of the incident 1ight is to be
oriented at 45° to x (or to the nodes). Any ellip-
tically polarized light of this character is trang-
formed into partiallﬁ elliptical light with the axes
remaining at 45°. The natural component has the
intensity Iy = I(1-X), the polarized component
Ip = KI, the ellipticity of the latter is the same
as for incident light (C'/S! = C/8)

When the shutter is not operated, ¥ = 0, and
= Jo(0) = 1. Application of a stress creates a change of
! from C to KC and of 8! from 8 to KS. 43 shown in section
-the largest possible intensity varlation which the stress
an create - using the most effective analyzer -~ 1lg there-

3 (1K) E;z+32]1f2

% I (1-K)

is entirely independent of whether the incident 1izht is
e elliptical or not. The most simple and at the same
e the most effective method consists therefore in using (1)
dent light, polarized at 45°, e.i. M =8 =0, C = I,
transmitted light with M' = §' = 0, C = KI is then (p,1)
arlzed, and since its Ip vector is in the equator a simple
arold, parallel or crossed, is the best analyzer. Thue
 shutter operates best between crossed or parallel Folsroids
5® to x. A phase plate can be inserted in front of the |/
tter, but then a compensating plate (with the sume W, but
rotated by 90°) must be used in front of the analyzer.
t for additional reflection losses, the latter method |
the same result as simple Polarcids. The use of phase |
%gg és recommended only when additional secrecy is /1
e Ll f

e Jmax

(37)

i
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~ 12) Freauency characteristics of uniform shutter.

a) For C W transmission

We introduce now the time varistion of ?m by replac-
: ing 1t by ¥n sin wgt. The 1light transmitted by the uniform
¢ ghutter is now

L -
i 3 E. - J (¢, sin wst)] (38

- Khere I; would be the incident light falling on the shutter

- if reflection losses were negligivble and if the polaroids would
transmit 50% of nmatural iight. The corrections necess.ry for
Io will be taken into account later.

Bty
ii
L I
Sans?

The function 1-Jo(x) = (%")2 - 'E’%j‘)‘;(%)i? + *@%}: (‘%)6

1s an even function. Hence the Fourier development of J will
eontain only the frequencies 2Ma);, i.e, the radic receiver
ust be tuned to one of the even hurmonics of the frequency of
.ne sender. To determine the strength of the various
larmonics we set:

l“’Jo(‘f‘m sin ‘*-'*st)] = Ko(ﬂa} = Zﬁgﬁ(")am) cos 2 z:n.u}st {39)

"‘-if':am Fourier's theorems we obtain
Vs .
Ko(ﬂfm) S [l - JQ(-pm sin stt)] dt (40)

-
o0 Tepresents the average constant light intensity passing the
tter during C.h. transmission. The strength of the radio
Ponents are given by

_ -
'n(?m). s 2 -ég‘([l—.}o(xpm sin ZWVS‘I:)] cos 4]'FnVst dt (41)
© 27 i
Stituting ZWSt = 2z and noting that f = 2f one finds
i i ¥ =

Ko(#'m) = & [1- "%f Jg(-)bm sin z) d.z]

.ﬂ.o
Ron(Py) = + —_Jﬁ:j Jo(4, sin z) cos(2nz) dz
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..rHThe integrals can be simply expressed, giving

By

i

BERERNCY (42)
Ry = 3.° (35 (43)

;ﬁ{see Watson: Theory of Bessel Functions; Cambridge 192 3 Pi32.)

: ;E g:discussion of these functions is given in the concluding
- section of the report. See Fig. 9.

b) The & meazsurements.

The experimental evaiuation of ¥ in a vibreting
lock could be carried out with suitable compensators, A much
easier method is based on the fact that in the uniform shutter
the average transmitted intensity is given by I = IoKo(fm) .
40% this intensity can be comparcyd, without altering the opti-
2al system and hence without a change of the correction factors
1o, wWith that transmitted through an gnalyzer which is devia-
d by an angle ¢ from the "crossed® position. Since thig
%’emsity is It? = Io sin® K, it follows that when It = Ig?,
ol¥n) = sinlel ., Thus neasurensnts of the Runcrossing® angle
for which the transmission through the anonvibrating shutter
_the same as through the vibrating shutter with crossed
laroids permits a deterwinztion of ¥m. This method is par-
Cularly convenient for NAN, where compensator measurenents
'Fgéff%cult. The correlation between & and ¥m is plotted

G For experimental urposes it 1s more convenient.to
OTrelate observgble quantigies. Wie have therefore adopted

Pips. 9 and 10 the representution of the various functions

dependance of < rather than of 4. The corresponding

2lues of WV are given in the scale on top of the figures.
ICe in the wost important range for <3, K and Pare

*ly proportional the essential features of the Ko{fn) and
other curves are retained in the KolK) etc. plots.

) MCW and voice transmission.

L In this type of transmission the peak value‘?m of  the
€rsonic is varied periodically. One replaces therfore ¥u
m(l + v sip &,t) where 100 r [rel] is ghe percentage
ation of the supersonic wave in the shutter., The varia-
R of Y, creates a periodic varlation of the average value
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d-and of the r.f. modulated parts Rop of the light. The
dulation of Kg gives rise to a component whiech can be regis~
red with an audio amplifier, while the moculation of Rop
ves a modulated radio outpul of the photocell.

To find the modulated output it would be necessary to
ry out a Fourier analysis of Ko\ p(l+r sin W, t) ] and
[ ¥m(l+r sin Ot)]:  This turns But to lead to unmanageable

pressions. A satisfactory approximation, valid for small
lues of r, is obtained with the development:

5 [—;&m(l-!-r sin &Jﬁt)]

Fourier analysis

1

3&0
K, &) +B#£; T Y, sIm it o+ Lo

KUO(}%}) * Z I‘Aon sin nat

;ﬁishes now for the amplitude Al of the modulated component
erred to 100% modulation)

2K 2 27K
J ! = “"‘""‘:Q' L é __hg = @09 s H 0w
Ao b ?m a$m ‘!" -E- yz?i 4 a_ymz 4 a L3

een from Fig. 9 K, and Ry are over a large renge of ¥y

ly lineur. Thus for practical purposes it is suffictent
take

! 3K,
Ay = 5%, (44)

imiler development for & Y {l+r sin Wit ives a radio
ulated output wiih & resﬁ%n[: { iy )] ¢

S€ ro the fundamentcl of w,
erred to r = 1) :

i 'bﬂz
b}
e }’bm

5e expressions

Can be represented in terms of Bessel
ions

P
)
it

W)

Liao¥2) 3, () . (4

=
1}

2 2, {3&/2) I:.JQ('V&/E) ‘f— Jl(“‘yé'/z:-)j (45%)

€ functions are plotted in Fig. 10, and the implications are
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iscussed in the concluding section.,

The chief feztures of the uniform shutter may be
summarized as follows:

: a) It permits C.W. transmission, but the receiver must
be tuned to twice the frequency.of the sender. For other even
harmonics the transmission is weak,

b) M.C.¥. and voice trensmission can be obtained
:ither by audic reception or A, F, reception at the double
requency.

_ ¢) The light reaching the receilver is always either (1)
strongly (pl) polarized, depending on whether the analyzer
placed at the sender or receiver,

fhe "strippeds shutter.

The uniform shutter is not the most effective methaod
transforming elastic Vibration in the block intec variation
light intensity. To realize this fact we consider the

ribution of an infinitely narrcu strip of the shutter,
oraing to (33) a chanze from P=0to Y= alters the
P. of the light through this strip by

A(dIt) = o(dur) = g
q(dcv) = dC (l-cosv¥) = 48 sin % (46)
A(ds!) = +aC siny + dS (l-cos )

€ the maximum change of intensity is, according to (21)

i
{n
o
s

e
-

A
+
£,
n

hoe]

¥e note, since dit® + qc? + gg? - 1%, “bhat e mEr i
QChed when dy = 0, lhus the largest verlation is

s (53) = aI-sin Y2 (47)

* independent of dC and 4s. Lonsider the two cases
2 G5 = 4T and dc - 41,/ d5 = 0. 1In the first oase the
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3ight is circular, A(dC?) =-dI sin ¥, &(4s!) = dI(l-cos #)

- and for small values of ¥ the aA{§Ip') wector is in the
_equatorial plane. According to the discussion in section (7)
the analyzer must therefore be a Polaroid with the axis at
45° to x. In the second case we get for small values of
a(dc?!) =0, A(dS!) = dlen V¥ and to obtain meximum response
a 2/, plate must be inserted before the Polaroid of the
receiver. Summarizing these results ane may state that

a) to obtain the largest action of a narrow strip a A/l plate
= must be inserted between polarizer and analyzer, elther
before or after the shutter;

the maximum intensity variation is AI sin ¥/2, hence when
¥ varies periodically the intensity vuriation is for small
P of the same frequency as the supersonic;

the maximum variation is larger than that obtzined for the
conditions of max. efficlency of the uniform shutter. For
crossed polaroids at 4%° the narrow strip gives an intensity
change of A (§J') = dI sin? ¥2.

t becomes therefore apparent that it must be possible to con-
truct an optical systean for the shutter which creates a

arger fluctuation output, and which at the szme time avoids
requency doubling,

The foregoing results are taken into account in the
peration of Kerr cells where a biasing field is introduced.
s bias is chosen so as to creates ¥= M/2 and acts therefore
place of a A/ plate. From this analogy one might conclude
t the application of a uniform stress in the block could
prove the shutter. This, however, is not correct, because

® stress would be equivalent to introducing a A4 plate
before or after the uniform shutter, and we hzve already seen
in section 11 that this procedure carries no advantage.

Frequency doubling and low response of the uniform
tter arise from the fact that, since photoelasticity is a
ear effect, the chansge of V¥ 1is equally often positive as
18 negative within the area of the block. Hence in averaging
JéT the whole are the integral over sin ¥/2, where
F = 7 8sin 2T £ 2 vanishes, and only the double frequency term,
¥/2 give a contribution.

- To remedy this situation it is necessary to use s A4
&te in connection with the shutter, However, in order to
€vent that the integration cancels the terms in dI sin ¥/2
(OSt introduce a positive A/4 plate (= r/2) where Y is
Bitive aund a negative 24 plate %19= -7/2) where v is negative
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. or vice versa. This means of course that the /4 plate to

. be introduced must consist of strips of a width equal to /2,

. e,i. half the wavelength of the supersonic wave, or equal to

- the distance between successive nodes of' the standing weves.
Ia alternate strips the axis of the A/4 plate must differ by

14) ZIheory of the "stripped® shuttar.

e Practical limitations arising from the fact that no
A4 plate 1s accurate and cannot be accurate for a finite range
the spectrum, and from the circumstance that the stripe may
the experiment not be accurately matched to the nodes, induce
to consider a somewhat more general problem. We assume

t the incident natural light passes through a "stripped"®
lzer before it enters the block, Each strip is 2As/2 wide
onsists of a Polaroid followed by a ¥ plate, for which W
proximately 7/2., According to the preceding discussion
), the Polaroid must have its axis at 45 to x and the axis
the Y plate is parallel to X. In successive strips the
'01d axls or the axis of the -Wplate, or both, differ by

- We consider therefore 3 cases.

lStripped Polaroid, uniform -+ plate.

For this case the Stockes parameter of the lisght passing
through the two sets of strips are:

First Set Second Set
I, =1 I, =1
#; =0 M, = 0
¢, =¢C €y = =C
8, =8 8, = -8

11=I 12=I
gy =0 Mp =0
Cl=C Cz=*C
Sl =8 82 = 8¢
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This case reverts to the uniform shutter when 8 = 0,
and a and b become identical when ¢ = g,

c) Stripped Polaroid ang Stripped Y-plate.

Il =1 I:2 = I
Ml =0 M2 = O
C1 =C CZ = =C
Sl =8 ; 32 = 8

and the case
0.
The edges of the strigs are assumed to deviate by a
distance x5 froa the position of the nodes. Thus if we take
he position of the nodes to be at x = 0, x = Af0, x = ete., the
trips cre joined at the x positions x = xg, x = Xot M2,
= Xo+?2s ete., The integration over all Strips is carried out

in the seme manner as in section 10 and gives for the Stockes
Perameter of the transmitted light

Case (a) and (b) become idential vhen S
of the uniform shutter is obtained when

It = 7T
gt = 9
,(;1—15}1_ XFAs
=
ct = E‘,l!cos%’dx+02 | cos P ax
S - x.f)":./h
";a“'}‘s/z Aot As
‘A_ .
w}"s Sl/sin-‘{:dx'bsz sin + dx
*o -*2511
ﬁﬁaﬁh xﬂ*s
8! =

26 ="
i Cljsinftn-!-cz sin '}bdx]
.98 -o*yz &
Kot Asfy % +s
.,...i_-Lg Slj cos‘}bd.x+82f eosydx] '
Ko ; Ko +%/2

¥here Y‘ = ﬂ’m sin 277 -;5—; - Substituting g = 27x and noting
s
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i

K = T 0p,)
Kl= u%i-‘/

[

C' = Cy I () + (Cpc

-&-8)) 2

aw
'él'ﬁ.fcos' ¥ dz =-‘:§‘}]cos (¥,

(-]
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-28-
2,427 27
-2--‘.1”-7-.- gin Y dz = f sin (¢, sin 2z) dz2 = o0
% 8
2o+

sin‘g) dz = N CT

2,420

) <k
12#]

zarawr

L+

Zra7

Z T

= 2TXo
o A s

23T

'® that %fr fz cos (g, sin z) dz =-%

2,427

sin (‘{’m sin z) dz

-+

2 + T

cos (#Imsin z) dz

sin (-gbm sin 2z) dz

cos (%m sin z) dz

(48)

Js w’m) . Hence

m, (49)

= + '%. sin(+, sin 9 dz

Zs



Iiiimeet N' = Q

(o]
|

= & (Cy+C)K + (55-89) K (50)

8t = (clmcz)x1 + 3 (sl+52) K

Application to the three cases glvesy TV = 1.
Mt =0, in 2l) cases, but in Case a)
gt = 28K, 8t = 2K, (51)
n Case b)
C! = CK - 28K, 81 = 0 (52)
n Case ¢)
ct =0 B! = 20K, + SK (53)

oting that when the shutter is not vibrating ¥p = 0,
=Jo¥m) =1, K; = O we arrive at the following table,
which shows the change of the light character wkren the
shutter is operated.

Table 1
~ Incident light G =
: Shutter 0 |+ 0 | ¥n 0 | ¥m
Transmitted (a n pc n | pc n | pe
' for b 1 pl n 4 plolipl | pl
case c n pc ¢c | pec | pc | pe

natural, 1 = linecr, pl=partially linear, elc.

for Case (a) AJ =kK; I
() ag
(¢c) oaJ

S#(1-K) - CK;

~29- SECRET

The largest possible intensityvariation which can be
with the stripped shutter is readily found to be

C3#(1-K) + SK3 (54)
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: To determine which of the three cases has greater
vantages, we should note that #(1-K) is the same torm
untered in the uniform shutter. It gives rise to lizht
table for audio reception and radio reception at the double
eguency. Kj, however, being an odd function of ¥m gives a
ht modulation at the frequency of the supersonic and does
egister in an audio amplifier since the average intensity
ro. The possibility of audio reception is not desirable,
ause 1t reduces the secrecy of transmission. Now ia
hod (¢) the term in (1-K) can be eliminated only by taking
but this implies that the stripped fhase plat }s to be
d and this corresponds to a special case of fa
case (c), which also involves a more complicated con-
ion, is eliminated. 1In case (b) the above secrecy
ure is maintained provided the stripped phase plate is
e to a A/, plate. Case (a) , however, is decidedly the
favorable, because it eliminates every possibility of audio

ion. '

o A second point favoring Case (a) follows from Table I..
ise (b) the light transmitteq by the shutter in operation
lways partially plane polarized. Consequently any

er with a suitable Polaroid is able to detect that the
.88ion involves the polarization of light. In particu-
f the plate is not an exact A4 plate, the observer

laroid is able to Mgeen dot-dash communication on

with a photocell and audioamplifier he can intercept
nd HMCW communication. In case (a) , however, the trans-
L 1ight is usually partly elliptical, In the wost simple
of all, i.e. when the polarizer is simply a "strippedr
0ld, not followed by any P-plate, the trunsmission goes
rt1ally circular light. @ oho periodic fluctuation of-¥p
the polarization periodically from right to left

« This kind of light is practically indistinguishabile
aral light. An observer with a good A4 plate and g

s?e conclude, therefore, that the best method is reached

se 2) when the stripped Polaroid is not followed by a

It may be noted from equation (54) that the term in Kj
'r be made larger than KiI, thus from this point of view
8) 1s as good as any of the other methode,'  Fc close
ussion of the optical properties of the stripped shutter
finally to consider the optics of the receiver, e
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: %ith a stripped Polarcid 8=0, C=I, the St-P. of
transpitted light are

' =1, W =0, €' =0, 4§ =K

hange from Pm = 0 to Wn changes the I, vector from O to
Ip = St = 2IK]. To transform the polargzation change into

an Entensity change a A/ plate is necessary to turn the ALIp

irallel to the equatorial plane. If this plute is not

xact, 1.e. if ¥+ M/2, the component parallel to the

vatorial plane is 2IK] cos ¥ and therefore the intensity
iation

AJ = IK; cos (55)

e note that any reascnably good /4 plate with Y differing
ss than 8° from #/2 over the spectral range is adequate
cause the deviation reduces the intensity fluctuation by
8s than 1% from the ideal case. Or in other words a A/
te which is correct for 90004 can bhe used for a spectral

ge from 90004 to 100004 without introducing appreciable
rs in our equation.

Freguency response characteristics of the stripped
shutter.

The response of the stripped shutter is given by -

T/
=K o= -’%_ f sin (—;bm sin z) dz (56)

%o

ihen z, = 0 we suy the stripped Polaroid is "matched®, i.e. the
boundary between the strips coincides with the nodes of the
personic. z,< M2 is thede%ree of Munmatching®. The

aluation of the function K3 » 20) 1s best carried out by
ns Of Bessel functions.

i
okt

-

sin (4 sin z) = 2 ZJ2n+1(7bm) sin (2n + 1) ¢z

Th S
2
and 5;.‘/[ sin (2n + 1) z dz = f?(%ﬁ;ff cos (2n+1) 23

2-0
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¢ finds
: Topsr ()
bt - 3] BE cuern, o
= 7-%— J‘l(ffbm) cos z_ + % 33(-%1) cos 3 z_ + -:,IJ.—‘ J cos 5 3z,

J (£)
N0 -2/ gl

' ¥m Y | Ak 6
o =Pt o2 ]

88 a maximum at ‘§)= 2.04 where its value is.(Kl)
J.39

5. (See figz. Hax

ansmission

' Of greater intercest than K1(¥y 0) is the response
the vibrating shutter. Ihis is found, for the matched
tion, from the Fourier analysis

Ky Gy sin wg t) = Z Ry sin 1w t
|

largest term is Ry which represents the amplitude of the
a B

1l as recorded by~“a radio receiver tuned to’ the frequency
1@ sender. Since ;

ar
Rl & ?-%_ f Kl(«ﬁm sin x) sin x dx

Nds from the power series (59)
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= dreti
"2 T 950 SE et o =z "{%ﬂ%)}? (60)

leyh) has the first maximum (ﬂl)max = 0.463 at 4 = 2.33,

i and R] are plotted in fig, 9 and a discussion of the curve is
given in the concluding section.

- For an audio modui:teg shutter we replace %, by
+r sin Wy t), where r 1s the pereentage of modulation.  The
1 as registered bs the h.F. recelver is given by :
1 + ) Art sin 4 “at] sintg t, The moduleation factor 4,
ch has the sgame modulstion frequency zs the input is Found

27T
Al = -%».J RIE;,m(1+r gin xﬂ sin x dx
o

2 2 4 - |
_T_F [1 _1;;.!12(%_*_{3) + %4(‘%’?+§§+§% ...] (61)

function is lotted in fig. 10 for r>0, i.e. when the |
ion 1is smafl

end for r = 1, 1,e, for 100% modulation .
Oted that the maximum for A} occurs for all values of p
= 1.25. (The exact Position is 1,228 for p =

9T » = 3/10.°1.540 ror e 1/2, 1.245 for r = 174 ans’

1 differs very little from Rj. The difference
udio modulztegd intensity which Vibrates at

ies nw,, Up to y= I, &= 14°, the "distortionn

pped shutter orferé & new method of audio

of R.F, modulated light by moving the position x, of
ary between strips relative to the nodes of the

From equ. (57) ye See that K, = 0 when
= 3 , which occurs when the Stripped Polaroid is

2
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gatched®, with the bounduries halfway between nodes

B Ay2).,. If gy = 2.t T/2, where Yo corresgonds to a

ement X,= AsV¥%  from the "unmatched * position we
2

il

= -g» §2n+1 C'}Dﬂ!) =1 n
;;(#' Yo) : (2nv1) k=1

sin {2n+1) Ys (62)
m= |

'(76111 ¥) =ﬁ-¥;§. sin y[l - (%52(.}5 + v%é sin 3yo : (%13)5"

sin Vs

Ghl mn gy a 579y |
i By w0 g

1f'io signal changss therefore with the position of the
ber. This variation is given by

afw
gl("bm y) = '%7‘ [Kl(}bm s8in x, y) sin x dx

5 3
y) =1£ﬂf!i sin Yo [1 - (ﬁ-"@)“2 (ng« + 7:;?5 '%’fb) {63)

sin y,_ 50 sin yo

O E G

- T/2 this becomes identical witn Ri. The dependence

ms Yo) on Yo is very neurly a sine curve, except for

ed values of ¥m. For = 2, which corresponds ta nearly

gest value of Ry the dependance R1(1,4) 1s given in Fig,
the deviations from

Rl. wm/ sin Yo are small.

This result suggests that the audio moduletion can be
€ed by mechanical vibration of '

the stripped Polaroid,
®nd yo = 0 15 chosen as rest position and the strips
“ted with an amplitude a< W2,

The approximation
= R1(Pn) sin yo gives with Yo = a sin wpt
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.'__a. sin w,t) = Rl(‘»“m) sin (a sin <t)
ing into a Fourler scries

"“_Zvi sin 1 w,t

in anslogy with the derivation of Kj and Ry, for
tude of the fundamental

vl 5 Rl("f’m) Rl(a)

For small values of a Rj(a) = %- and if one expresses

entages of its maximum value W/2, i.e. a=rT
A} where Ah has the same significance as A' in the

__ '_i-ans and therefore

o = a9 (64)

ga_iue-s of r Ajdecreases. When r = 1 one finds,

2

f___".'ﬁﬁhe'ae-functbns occur at "}'m = 2,33 (X = 31°)and is 0.231
pactively. Due to the approximation we
tually the maxima are somewhat smaller and octur

werk (about 25°).

transmission possesses unusual secrecy
ures. It cannot be intercepted with audio
eiver and the use of polarized light is not
ctable. -

M.C.W. and Voice can be received only with
receiver operated by a photocell 3%2/4

0 the frequency of the sender. 4
nust be inserted in front of the analyzer.
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: In contrast to the uniform shutter for which the
intensity reaching the photocell ig zero when the shutter is
not operated, the average intensity passing through the strip-
ped shutter is always the same. Lhe difference betveen the
types of intensity fluctuations for M. .. transmission of

the two shutters is illustrated in Fig. 8.

'16. Conclusions

To arrive at the physical interpretztion of our
theoretical results the following points should be kept in
minds :

1) The theoretical quantities give the intensities or the
amplitudes of the intensity fluctuations as frezctions of the
1ight intensity incident on the vibrating block, neglecting
any subsequent intensity losses. 1t would be of greater
practical value to express these guantities in terms of the
1ight intensity which would reach the recelver when no in-
‘strument would be interposed, i.e. the intensity of the direct
beam from the dirccted source, If this flux is denoted by JO
then the intensity reaching the block is about 0.35 Jo,
because in the uniform and the stripped shutter at least

506 of the light is absorbed in the first Polzrold. Letually
for most Polaroids (visible or NAN) the transmission through

a single sheet is usually less than 40%. The "stripping®
Will introduce a certain light loss, but this can be neglected
for the "matched" shutter because the light passing through
the nodes is not acted upon. Only for the case of mechanical
modulation (a reduction of perhaps 10%) is due to the strijsping.
Loss due to reflection at normel incidence on each surface of
the block and the A/4 plate may be assumed to amount to 5%,
thus the correction factor for the light reaching the asnalyzing
Polaroid is about 0.31 for the uniform and 0.30 for the stripped
Shutter, Finally, the analyzer is not ideal. Instead of
transmitting 50% of natural light it transmits only 35%, which
Elves an aduitional correction factor of 0.7. Thus, when
referred to the intensity of the source, all our values have to
De reduced by a factor of about 0.2. The scale on the right

8ide of figures 8 and 9 refers to fraction of Jo and is only
approximate,

2) The A quantities give the amplitude of the audio modulated
fomponent.of the light, referred to 100% modulation. Now
experimentally it has been found that the actual modulstion at-
tained in the block is smaller even if the drivinz oscillator
1s 100% modulated. The modulation decreases with increasing
frequency from about 80% at 100 cycles to 20% at 2000 cycles.
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hoosing an average value of 504 for the entire audio range
should introduce & correction factor of 0.1 when the
tensities are referred to J, and to the practical conditions.

= In the case of mechanical modulation the sume factor
8 applicable, because a vibration of full amplitude 2*s/4 will

;roduce considerable distortion of the audio signal. It is
stimated that the distortion is not serious when r = 0.5,

2. when the amplitude is A48, 1In this connection it should
> mentioned that in the present shutters A. is about 0.5 cm.

_curves refer therefore to an amplitude of vibration of the
“ipped Polaroid sheet of only 0.06 cm, which appears to make
e method a practical possibility.

 In discussing the practical advantages of the seversl
ods, the difficultles in producing large values of ¥y or X
the deciding factor. Using visible light and blocks of
thickness it 1s found that in blocks with an & larger than
excesslve heating of the block is unavoidables Since it
rise to spurious birefringence, this should be avolded.
for the above conditicr;g% = 2.25 appears to be the
limit. Now 4 = *'%T: (n1-n2), where A,1s the optical
ength, t the thickness of the block. The birefringence
= np) can be assumed to be independent of A, ., It f