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ABSTRACT

Full vector-electromagnetic theory is used to calculate
the diffraction pattern between two parallel perfectly conduc-
ting mirrors, illuminated by a point monochromatic source
located equidistant from the mirrors. The method of solution of
the problem involves four steps: (a) AIl possible modes of the
eicctromagnetic field between two parallel mirrors are found.
These modes form a complete set of Orthogonal functions which
are solutions to the vector Helmholtz equation, and satisfy
Maxwell's equations subject to appropriate boundary conditions.
(b) An appropriate expression for the radiation field of the
source (in the absence of mirrors) is found. (c) The actual
field between the mirrors due to the source is expressed'as a
linear cdmbination of the modes found in (a). (d) Finally, the
intensity of light on a screen just beyond the mirrors and per-
pendicular to them is calculated from the fields of part (c).
The calculation is performed for several sets of values of the
various parameters: mirror separation, distance of source from
mirrors and screen, and wavelength of source.

A simpler theory for this problem, involving the method of
images, 1is also described. A comparison between image method

and mode calculations is given.

vii



CHAPTER 1
INTRODUCTION

In 1969, Day introduced [1] a new kind of .interferometer,
which he called the Grazing Incidence Multi-Beam Interferometer
(GIMBI), It was hoped that this interferometer would be useful
as a spectrometer in the ultraviolet region. The construction
of the GIMBI is shown in Fig. 1.

Two plane mirrors are separated by a distance of 2a. A
point light source which usually is outside the interferometer
illuminates these mirrors and the pattern of interference be-
tween various reflected beams is observed on a screen located at
a distance zp+z, from the source. In Fig. Z we show a photo¥
graph of one of the interferometers which were built in our

laboratory.

.Since the interferometer makes use solely of reflecting

~eean
SO

ch

aces to obtaim coherenit peams (i.e., no transmitting ele-
ments are involved) it has unrestricted applications throughout
the electromagnetic spectrum. In particular there is no impedi-
ment for its use in the ultraviolet range of the spectrum,
unlike interferometers which involve transmission through glas§
plates.

Before such a device would become useful as a spectrometer,

1



Figure 1.

Fig. 1. Cross-section of the GIMBI interferometer.
The source is located at S, the screen at B-B, The
device parameters are: 2a, distance between mirrors;
Z, distance from S to boundary ArA.of.region between

mirrors; and Zys distance from boundary to screen.



Figure 2

A photograph of two parallel plane interferometer
built by Dr. Day
called

GIMBI#*
*Grazing incident multibeam interferometer.



calculations would have to be performed showing the kinds of
interference patterns produced for different combinations of
the various parameters.

The first theoretical treatment of GIMBI was done by the
image methed [1]. In this method one considers the light
intensity at the screen as due to the interference of a number
of beams: one direct from the source; one reflected singly
by each mirror; another pair reflected once by both mirrors;
and so forth. For a particular polarization, we can replace a

reflected beam by a beam from an image source, with a definite

phase relationship to the real source. Thus, the radiation
field at the screen is the superposition of a number of radia-
tion fields o£ the various images, and the intensity can be
calculated from the absolute value squared of the electric
field. 'Chépter IT is devoted to a discussion of the image
method.

Since two parallel mirrors actually constitute a kind of
waveguide, the GIMBI can also be treated by a completely dif-
ferent method, which we call the mode method or mode solu-
tion,In this method we first find all modes of the electromagnetic
radiation field in the space between two paréllel plane mirrors.
We then find the particular linear combination of these modes
produced by the source, and evaluate fields and intensity of
light at the screen [2]. Full details of this method are given
in Chapter III, Similar problems can be found in the literature [3-6].

Chapter IV describes details of the calculations, along
with calculated interference patterns using the two different

approaches.



CHAPTER II
SOLUTION BY IMAGE METHOD

The image-method treatment of GIMBI has already been described
[1]. By this method, the intensity at a given point is found by
summing the contributions of all rays (direct and reflected) |
reaching this point. For radiation of wavelength A, the pub-

lished formula for the total field amplitude at point x is the

following:
N n . '
¢(x) = § rI | expi (kdn*0q) | (1)
n=-N dp
where
k = 2n/x , (2a)
2 1/2
d, = [L2+(nt-x)*]  , -N<n<N, (2b)
o, = i, L =297+ 21 , (zc)

and where the quantity r is related to the reflectivity R of the
mirrors by

r2 = R,
Parameters zg, Zy and x are defined in Fig. 3. Note that when

the angle %o in Fig. 3a is not close to m, the number of images

5
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N is finite, and can be deduced from Fig. 3 as follows:

tan Gy =

(3)

Actually, for different values of x, we may have different
numbers of images above and below the apparatus, contributing
to the field at x. Where Nz and N, are the numbers of images

below and above, respectively, we obtain

. - Zo+Zl x
Nz(x) = greatest integer in 53 - 75 (4a)
o]
N,(x) = greatest integer in 2,%29 | X (4b)
2z, 2

o]

1. The Image of an Electromagnetic Field.

The image-method treatment of GIMBI is based on the concept
of the image of an electromagnetic field in a mirror (perfect
conductor). In particular, the image of the E field can be
found as follows: €onsider a charge q at a distance d from a
perfect conductor. The image of the charge is a charge -q a
distance d behind the mirror. As shown in Fig. 4a, consider a
" field E, parallel to the mirror, acting on q. Because of4the
resulting acceleration of q and its image, we infer the existence
of an "image field" E

~

exerted on the image is parallel to the force F exerted by E on q,

j acting on the image. Since the force F;

we deduce that E; = -E. Thus, the image of an E field parallel
to the mirror has the opposite direction to the original field.
As shown in Fig. 4b, the image of a field perpendicular to the
mirror must exert a force on the image charge in the opposite

direction, and hence the image field is in the same direction.



(a)

(a)

(v)

Pig. 4 Image of a charge,the foce on it,and the E field

producing the force. (a),g'parallel to mirror,

(b), E perpendicular %o mirror.
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2. Unpolarized and Polarized Light.

Light is an electromagnetic radiation obeying Maxwell's
equations, which specifically demand transverse waves. Electro-
magnetic waves are due to the vibrations of charged particles
within the molecules making up the source. The light wave sent
out by one molecule may be considered to be plane polarized,.
since the vibrations occur in only one plane cgntaining the
direction of propagation. For a large number of molecules,.
each of the vibrations is normally in a2 random directian.

If a beam of 1light is made up of vibrations in all direc-
tions perpendicular to its direction of propagation, so that:
there is no preponderance of vibrations in any particulaxr
transverse direction, the light is said to be unpolarized.. But
if there is any dissymetry, the beam is said to be palarized.

Since many optical phenomena, such as reflection, depend
on polarization, we must express unpolarized light in terms of
polarized light. The correct procedure is to consider un-
polarized light as an incoherent mixture of two beams of equal

amplitudes and orthogonal polarizations. To find the resulting

arired hanm
D e A L

intensity, we find the intensity due to each pol
separately, and add the intensities. Where reflection of light
is concerned, it is convenient to choose polarization directions

parallel to and perpendicular to the plane of incidence: this

is the plane defined by the incident and reflected rays.
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3. Derivation of Image Method Treatment of GIMBI.

In light of the above discussion, we find intensities for
two kinds of polarized light, which must be added to find the
intensity for unpolarized 1ight.

(i) Polarization perpendicular to the plane of incidence.

The expression for the radiation field originating from the

source with this kind of polarization is .

R 2

where r = [(ZO+Z)2+XZ]% and, as shown in Fig. §, 2 is a unit
vector perpendicular to the plane of the figure.

An image field will have a phase difference of 180°, and
may be considered to have originated from the image of the
source. We designate.subscripts u and & (upper and lower) for
the mirrors, and use superscripts to denote the order of an
image. Thus, S& stands for the first image of the source located
above the upper mirror. From these source images, image fields
may be said to originate, with successive phase differences of
180°. Thus, we can obtain equations like the following from

Fig. §5:

Ei = (-1t E, = 2 (-1} exp(ikd1),
Bf = (D E - § (12 SRp),
Ei - (nlE =3 (1! exp(ikd])’
By = (D2 E -y (12 xRl Eikd- ), etc.
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1
Each reflection diminishes a field by a factor #l = sf, where
RJ_ is the reflectivity of the mirrors. Thus, the n-th order
reflected field is reduced by the factor r ™. The sum of fields

1

at a point x on the screen can be written

Ny (x) [n|

E (x) =y ] (-ry) explikdj), (6)
~] “neN, () L a;

where d, and the N's were defined previously. The reflectivity
quantity rl is discussed further in the Appendix.

(ii) Polarization parallel to the incident plane. For

this case, the E field of the source has the following form:
Ep = (g cos a - 2z sin a) 952%151) (7)

where r has already been defined, and the angle o is defined in
Fig. 6. Calling the z- and x-components of this field CA and
CB, as shown in the figure, we note that the image of CA is -CA,
while the image of CB is CB. 1In other words, images of horizon-
tal components change sign alternatively, while images of
vertical components are unchanged. As in case (i), we add image
fields, appropriately diminished by reflections, to find the
total field at a point, obtained the following:

Nu (x)

§1](X) =nZ-Ng(X)[% €os @, - -1)" % sin dplr {nlcan)

exp (ikdp) . (8)
n

Here, T (an) is the appropriate quantity for describing reflec-

11
tion of light polarized parallel to the plane of incidence, which
gquantity is discussed in the Appendix.

)
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Fig. §

Image method for light polarized perpendicular

to the plane of incidence.
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L
Each reflection diminishes a field by a factor il = sf, where
R.L is the reflectivity of the mirrors. Thus, the n-th order
reflected field is reduced by the factor r ™. The sum of fields

1

at a point x on the screen can be written

N
oo =5 20y Mexptinay) ©
"] "N, () L a

where d, and the N's were defined previously. The reflectivity
quantity rl is discussed further in the Appendix.

(ii) Polarization parallel to the incident plane. For

this case, the g field of the source has the following form:

(7)

~ A
E; = (X cos a - z 48

~

where r has already bee e o is defined in

Fig. 6. Calling the 2z s field CA and
CB, as shown in the fi lage of CA is -CA,
while the image of CB i images of horizon-
tal components change sigNG_—G—_—_G_ BW.ile images of
vertical components are unchange® in case (i), we add image
fields, appropriately diminished by reflections, to find the

total field at a point, obtained the following:

I 16 oon ? .. In]
Eax) =) [x cos a_ - (-1)7 z sin dpjr ‘(an)
I‘ =‘N2(X) ’ ll

exp(ikdp) . (8)
n

ll(an) is the appropriate quantity for describing reflec-

tion of light polarized parallel to the plane of incidence, which

Here, T

quantity is discussed in the Appendix.
)
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Fig. 6. Image method for light polarized parallel

to the plane of incidence.
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The resulting interference pattern at the screen is found
from Eqs. (6) and (8) by the following expression for ihtensity
I(x):

1) = By 12+ [E 0% )

We recognize that Day's formula, Eq. (1), is essentially
the same as Eq. (6), obtained for light polarized perpendicular
to the plane of incidence. As shown in the Appendix, rII is
very nearly zero for grazing incidence, so the contribution
from parallel-polarized light is negligible (except for the
unreflected ray, which produces uniform intensity over the
screen).

Remark: It should now be clear that, in the image method,
reflected fields are replaced by image fields., The combination
of original field plus image fields must satisfy the following

boundary conditions at the mirrors:

N
nxE = 0,

[§=2}

B = 0,

where ﬁ is a unit vector perpendicular to the mirrors. Thus,

it is clear that the tangential components of incident and

image E fields must add to zero. For polarization of type (ii),

the B field is parallel to the mirror, as is its image. For

raca (3Y +ha R F£5a1
o) \-‘-J - dd A e

(&9

1453 an +ha Tan
b e b b ~ddw b

(]

o) nf RBios g and wa £inAd
r ot e - -‘-6 . -~ ’ b a L -

that the x-component of the image B field is reversed.




CHAPTER III
MODE THEORY TREATMENT OF GIMBI

The theory of partial differential equations informs us that
the radiation field in a source-free region of space with given
boundary conditions is a superposition of a set of special solu-
tions, or modes, which are a complete and orthogonal set of eigen-
functions matching the boundary conditions. Considering the space
between the mirrors in GIMBI to be such a region, we can obtain the
GIMBI interference pattern by a procedure involving three steps:
(i} obtaining the complete set of orthogonal functions for the
radiation field between the mirrors; (ii) determining the coeffi-
cients of the linear combination of modes produced by a particular
source; (iii) calculating the field and intensity ét the location

of the screen.

1. Modes in Rectangular Coordinates

For 1light of a definite frequency v = 27mw, electric and mag-

iwt

netic fields are considered to have time dependence e~ , where-
upon Maxwell's equations in free space take the form
V-E =0, (10a)
Y'B =0, (10b)
YXE = -iwB, (10c)
VxB = iwn,eqE. (10d)

15
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Taking the curl of Egs. (10c) and (lpd), using a vector identity,
and substituting various of Eqs. (10) in the resulting expressions,
one can show that E and B both satisfy the vector Helmholtz

equation:

(v2 + u e whE = 0; (11a)
(V% + Bgequ?)B = 0. (11b)
Plane-wave solutions in free space for plane-polarized radiation

have the form

E(r) = Eg el k¥ * £, (12a)
B(r)

where the magnitude of k is

c k x E(), (12b)

k| = w/c, (13)
where ¢ is the velocity of light [c = (uoeo)'%], and the direction
of k is the direction of propagation of the wave. The direction of
Ey is parallel to the plane of polarization, and must be perpendi-
cular to k.

In the space between two parallel mirrors, consider radiation
propagating in the z direction (parallel to the mirrors). We can
think of '"rays" bouncing back and forth from one mirror to the
other, traveling in this direction. Clearly, it is possible for
E and B to have z-components, and for the z-components of the

e -~
(9

ot of

-
.

e ma A o ar A -
propagacion vecd to

13-
I3
t=

a wave propagate in this manner, with propagation constant (eigen-

value) kn, and defining a vector differential operator
2
v, 2 =v2 - 2, (14)
2
3z

we can write Eq. (1la) in the form

2 .
(Vt2 + g 5 * kZ)E(x,y) el kp2 = o,
z

Evaluating the partial with respect to z, we find the x,y
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dependence satisfies

(V.2 + Y DER,y) = 0, (153)

where ynz = k2 - knz.

In similar fashion, we can obtain

(V.2 + vp5) B(x,y) = 0. (155)
Defining longitudinal (z) and transverse components of E by
E, = (2 B)E, By = (2xE)xZ,.

where z is a unit vector in the z direction, and similarly  for:
components of B, we can show that the longitudinal and transverse

components are related by f7]

T Z @ A g
Ey = —7 [V, (57 - igzxV¥ B, (L62)
Yn z
JB
1 A .o ns
Be =72 [Te (570 v 17 2% Vg Bl (165:)

The boundary conditions on the mirrors will be taken as:

those for a perfect conductor, namely

a-B=0 , (17a)
@xg =0 » (17b)

~

where E'is a unit vector normal to the surface of the mirrors,

If propagation is in the z direction parallel to the mirrors,
the relation (17b) means the y- and z-components of E vanish at
the mirrors. Equation (17a) means that the x-component of B
vanishes at the mirrors.

The various normal modes obtained are of three types. Eirst,
there is a mode withlEz = B, = 0, known as the TEM (Transverse

Electric and Magnetic) mode, given by
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, k, = k. (18)

1‘<.>

E(x,y) = 2, B(x,y)

This is simply a part of a plane, plane-polarized wave. Second,

there are modes obtained by setting E, = 0, B, # 0, known as,

TE (Transverse Electric) modes. Third, there are modes obtained

by setting Bz = 0, EZ # 0, known as TM (Transverse Magnetic)
modes.

The different TE eigenfunctions are found.by assuming
that o

B, = X(x)e’ kn 2z “ (19)

E, = 0.
The infinite extension of mirrors in the y direction
implies the independence of Bz on y in this direction. The

wave equation for B, reduces to

24 v 2 X = 0 (20)
——7 'Yn X = .
dx
The boundary condition to apply is that Ey = 0 at x = * a.
From Eqs. (16a) and (19), we obtain
dX - tx =t a. 21
o 0 a (21)
The solutions of Eq. (20), subject to the boundary condition
713 Ava
\b.‘.)’ [~
sin Y X, n odd;
X(x) « (22)
: cos Y, X, n even, ) '

where Yy = nn/Za.' The eigenvalue kn thus has the value

k, = K2 - (Gt (23)
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The complete expression for the E field for the n-th TE

mode, propagation in the z direction is

Ergn) = '{

In similar fashion, the T™ mades are found. by assuming

i cos v, x el ¥y 2 q oad;: 24
k. z

sin v (x) el “n *, n even.

™ >

E, = X(x) el kpZ
(25)

Bz = 0.

Again, X(x) in a solution of Eq. (20), and sincefE;_must vanish

at the mirrors, we have

X(x) =0 atx=¢t1,

Aécordingly, we find

cos y X, n. odd ;
(26)
X(x) « )
sin y X, n even,

where Yn and kn are the same as for the TE mode. The E field

corresponding to the n-th TM mode can be written

Foe_s o : . iknz
(211 Y 4 & 7

n

w ~AdA
y 1.0GG;

A
cas Y ¥ zje
n

|l
&5

(27)

E -
~T™ (n) ~ . A ik 7
[cos YpX X - ¢ sin y X zle™ , D even.

Note that the TEM mode can be considered as a special case

of the TM mode with n = 0. .

Also, attention is drawn to the fact that n cannot take a

value larger than ng,,,where
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= 2t
max X

Here t is the separation of mirrors and A the wavelength of
the light source. If this condition is violated, the eigen-

value k, in Eq. (23) will be imaginary, k= ik;, and the .

n

z-dependence will be e  <RZ

, which does not describe a propagating
wave,

It is also instructive to consider the modes in cylindrical
coordinates, for the case of azimuthal symmetry. Letting x be
the axial, r the radial, and 6 the azimuthal coordinate, we have
cylindrical coordinates (r,6,x). For fields independent of §
and bounded by mirrors at x = + a, we obtain the same modes as
for rectangular coordinates with el knz replaced by H*(knr),
where H* is the Hinkel function for expanding waves [8]. 1In

the region of large k. v, the Hiankel function can be replaced

by its asymptotic form, so that we can make the replacement

. ei knr
el knz , —— . (28)
v T

2. Coefficients of the Expansion in Modes for a Given Source

We consider a point source of unpolarized radiation of
wave number k haifway bDeiween the mirrors and a distance zy out
from their edges, as shown in Fig. 1. As explained in Chapter

II, we treat unpolarized radiation by adding intensities for

the two kinds of polarized light: 1ight polarized parallel to,
and perpendicular to, the mirrors., (In chapter II we referred
to these polarizations as perpendicular to and parallel to the

plane of incidence, respectively.)




.

21
~Considering an jnfinitesimally thin wedge of rays of
angle d6 traveling in the z direction, as shown in

the radiation field for the parallel kind of polarization:

ikr
Elcz) = z e T , (Zga)

For the other kind ot polarization, we see from Fig.7p that

o A ikr
E,(x) = [x 202 -z X . (29b)

Note ‘that gl(f), having only a y-componeﬁt, contributes only'to
TE modes, while §2(£) contributes only to TEM and TM modes.

The. evaluation of mode coefficients is performed by matching
the fields (29a) and (29b) to linear combinaticns of modes at the

bourdary formed by the edoes of the mirrors. Since both radiatioh

fields and all modes involve propagacion in the same sense
across the boundary, we need only match the fields themselves,
as their normal derivatives will then coincide.
Considering the wedge of Fig.7a to be part of a cylindrically
symmetric situation with negligible azimuthal variation, we

match at a "surface'" of length 2a in the x-direction, and in-

finitesimal ‘widthdy = zddoin.the y-direction.The problem,
as in the image method,is two dimensionzl and the variation
of intensity in the y-direction is not considered.VWe express
the ekpansions of source in terms of modes in the form

By = CTE(g) Erg(n) (X9, - (302)

E,(x) =

o~

WL CrMn) Etvn) (XD | (300)

where ETE(H)(x) and ETM(n)(X) are given by Eqs. (24) and (28) with




22

Screen
‘, 4
Source ’/, de® )
= n 1
4
"~
A
y
r~
(a)
}_‘?,2
b ¢
Source 1
“* ~
Zo
(b)

Fig. 7. Schematics for the mode method treatment of -GIMBI
(a) shows the thin wedge of rays treated, seen from
above. (b) shows the direction of the E vector for

polarization of type E2 [Eq. (29b)].
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z = 0. The coefficients CTE(n) and CTM(n) are found By single

integrations:

a
“TE(m) ~ Nl%n)f g;ﬁ(n)(x)’El(x)dx, (31a)
*
CtM() = Nz(n)f ~TM(n)(X)'EZ(X)dX, (31b)

where the normalization constants are defined by

a
- 2
Nl (n) = :’-’a l?TE (n) (x) | dx, (32a) |
a !
_ 2
N2 (n) = {a IETM (n) (x) l dx. . (32b)

For the TE modes, the normalization is especially simple:

Nl(n) = a, (33)
3. Propagation of Modes and Intensity of the Interference Pattern

Having determined the coefficients of the expansions (313)
and (31b), the next step in obtaining the interference pattern
is to evaluate the radiation fields at the screen. Considering

Eq. (28 ) we write

o) i k.z
E; (x,z7) =/E]?E;n§1 CrE(n) Eren) ) © L (34a)

E, (x,27) = iknzy,  (34p)

zl+z 2 Crmen) Emmeny ) €

The intensity I(x) is then given by the sum of the intensities

for the two kinds of polarization:

I(x) « |[Ey(x,2)|° + |Ey(x,2)]2. (35)
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Actually, there is absorption of energy in the transmission
of various modes through the space between the mirrors. This
phenomenon, related to the reflectivity loss mentioned in the
*-previous chapter, is also discussed in the Appendix. For rea-
sonable geometries, frequencies, and mirror materials, the TM
modes are so much diminished that we éan safely ignore their
contribution to the interference pattern. This can be demon-
strated experimentally by allowing only light plane-polarized
perpendicular to the mirrors to enter the device, whereupon a
negligible amount of light reaches the screen.

For our calculations, we assumed that the TE modes pro-
pagated without losses, just as we assumed that there was per-
fect reflectivity in the image method for light plane-
polarized parallel to the mirrors. Actually, one should multiply
the n-th term of Eq. (34) by the factor e-khz, where k, is

nearly linear in n, as shown in the Appendix. Since the n-th

mode corresponds roughly'to light reflecfing back and forth '

in a ray inclined at an angle a_ to the .planes of the mirrors,

n

where tan an = yn/kn, the dependence of the mode calculation
on losses should be nearly the same as for the image method.
The details of the computer calculations are given in

Chapter IV, along with results and conclusions.



CHAPTER IV
CALCULATIONS, RESULTS, AND CONCLUSIONS

Calculations using the image method were performed by a
computer program which essentially involves substitution in
Eq. ( 6). Calculations were made only for light polarized
parallel to the mirrors, as reflectivity is very low for the
other kind of polarization. We considered only the case of
- perfectly reflecting mirrors, with T = 1. The calculations are
exact, in that no approximations otﬂ;r than machine round-off ‘
(which is negligible) are involved.

Calculations for the mode method were pérformed for the
analogoué case: light polarized parallel to the mirrors (which
involvad only TE modesj; and perfect transmission of TE modes.
Unlike the image-method calculations., the mode-method calcula-
tions involve important approximations. First, in the evaluation
of the integrals of Eq. (31a) to determine the coefficients CTE(n)’
we used numerical integration (Simpson's rule) to approximate the
integrals. Second, it is necessary to terminate the sum over
modes in Eq. (34a). A discussion of the significance of these
approximations is presented in the following section.

25
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The various parameters which may be varied are as follows:
zg, fidysnvr gtom doutvr yo mittotd; 2a, separation of mirrors;
20 * 29, distance from source to screen; and A, wavelength of
the radiation?m The first three ﬁafameters are defined in Fig. 1.
It should be noted that, if all four parameters are changed by
the same factor, the resulting interference patterns are simply

expanded by the same factor.
1. Details of Mode-Method Calculation

The integral of Eq. (31la) has the form

a expik(zg+x2)%{cos BIX ] n odd

1 2a ¢
C = _ . 1. dx . (36)
TE(m)" 3 {a (202+x2)5 sin ITX n even
28 )

Note that this is a type of Fourier series expansion, relating to
the Fourier sine series. Since the first factor of the integrand
is an even function of x, and since the interval -a<x<a is sym-
metric, integrals for even n vanish, and we obtain

a expik(z(2+§?)%

|

cos 3TX 4x, n odd; (37)

C =3f
TE(n) a’ (202+x2)% 2a
0,

a
n even.

We evaluated the above integrals using Simpson's rule [9 ],

[ R -1 e N 3 1 NN 3 +
nich involves he interval 0O<x<a intc an esven number 2N

-3

of cells, of width n = a/2N. With this method, the integral

a
I =) f(x)dx
0

is approximated by the sum

h N N-1
I~ 3 [£(o0)+4 2 [(2Zn-1)h] + 2 z f(2nh)+f(a)]. (38)
n=1 n=1
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This method is equivalent to fitting the integrand f(x) by a
quadratic polynomial over two adjacent cells. For an oscilla-
tory integrand such as that of Eq. (37), one must have several
cells for each cycle of the oscillation. Thus, the number of
cells required depends on the various parameters. Since for
x2<<202 the factor expik (202+x2)% is approximately given by
2

expik(zozﬂcz)]/2 = expik zy expik %E; ? (39)
As a function of x, this has a decreasing cycle length with
increasing x. Thus, the shortest cycle will be at x=a. The
approximate length of this last cycle can be estimated as
follows:
Choose Ax so that varying x from a—-Ax to atAx changes the

argument of exp (ik x2 ) by 2w:

2zo
k 2 2| -
T (a+Ax) 4 - (a-Ax) = 27,
o
2Ax% = l%g = length of last cycle.

This is a fraction Azo/a2 of the interval 0<x<a.

f we want at least four cells in this last cycle, we must have

4a?

Azo

2N >

The factor cos Yp¥ also affects the number of cells needed.
Since this function has %n cycles in the interval, we again

multiply by four and obtain

a?
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as a rough guess as to the number of cells needed. Table I
shows values of ICTE(n)l calculated with varying numbers of

Simpson's rule cells for a case with 4a2/Az0 = 5,
Noting that the absolute values of the coefficients are

monotone decreasing functions of n (nee table 'I)we used the

rule-of-thumb that a series can be terminated when the absolute
value of a coefficient was less than 1/10 that of the leading
coefficient. For the cases of columns 1 and 2 in Table II,

Figs. 8a and 8b show how well the terminated Fourier series

fits the real part of'% ei¥T  In general, we would expect the

accuracy of the fit at %le’ at the screen to be aBout the

same as at 2=0, since only the relative phase of the "Fourier

. . 4 ik . :
coefficients" CTE(n)el nZ i11 vary.

We can also use the Bessel inquality [1¢9 ] to determine

the accuracy of our Fourier expansion. To be expliéit, at the

matching boundary we are attempting to fit

elkr

r (40)
L

where 1 = [x2+202]2. For this case, the Bessel inequality has

the form

)) Crg(n) cos yn* =

a ikr
e 2 2
g | - | © ex 23 I CTE(n)

2
| <. (41)
If the series is terminated, the difference in the two sides

of Eq. (41) is the mean square error. Integrating the left-hand-

side, we obtain
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TABLE I. Effect Of Using Various Numbers Of Cells On The Simpson's Rule

Calculation ) Cog (n) .

. NO0F GeIl 6 iz I8 -1 30 —35
n= ) 16809469 . 18812759 . 18812923 <18812951 .16812958 . 18812961
3 < 16092597 . 16090766 216090703 +16090694 «16090691 16090690
5 09930241 «09909094 .09908170 .09908020 409907580 09907965
7 05953936 05906599 05904661 . 05904350 05904267 05904237
) 9 04000368 «03911407 03908122 03907603 <03907464 .03907415
11 .03050786  .02888261  .02883039  .02882228 02882013 .02881937
13 02598270 .02298847 . 02290869 02289658 02289338 02289225
15 02491707 01920731 «01908914 .01907163 01906705 <019065%44
5 17 L 02801662 .01658904  .01641833  .01639377  .0163B8740 .01638516
- 19 <03770294 .01468210 01444029 <01440663 <01439800 01439498
21 .05376621 01325236 .01291500 .01286984 01285839 .0128544]
T 723 06162733 .01216804 01170240 01164284 401162792 «01162277

6¢




Table I. Continued.

72

' No. of Cells = 42 . 48 54 60 66

_ 1 < 16812962 18812963 18812963 «18812963 18812963 18812963

3 .16090690 «16050690 16090690 «16090690 «16090690 «16090690

5 09907959 < 09907956 © .09907954  .09907953  .09907953 109907953

7 05904224 05904218 «05904214 «05904212 05904211 «05904211

9 03907394 .03907383 .03907378 «03907375 «03907373 «03907372
11 .02881904  .02881888  .02881680  .02881875  .02881872 .02881870 9

13 02289177 .02289154 .02289142 «02289135 02289131 .02289128

15 «01906476 01906443 «01906425 01906415 «01906409 «01906405

17 .01638422 .01638377  .01638353  .01638339 .01638331  .01638326

19 «01439371 <01439310 .01439278 .01439259 .01439248 «01439241

21 <01285274 .01285193 .01285151 .01285127 01285112 .01285103

23 «01162061 «01161957 401161903 401161872  .01161853 «01161841
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Table II. Values of ‘CTE(n)I for Several

Sets of Parameters

g-x C'TE(n) x 100
Parameter Set 1 2 3
z, (ram) 5 5 5
t (mm) 0.1 0.1 Q0.1
A (R) 2000 4000 3990
n
1 .3114 .4703 4697
3 .3224 .4023 4025
5 .3468 .2477 .2482
7 .2908 .1476 .1480
9 .2066 .0976 .0978
11 .1395 .0720 0721
13 .0968 .0572 .0572
15 .0713 .0477 .0477
17 .0558 .0410 .0410
19 . 0458 .0360 .0360
21 .0390 .0321 .0321
23 .0340 .0290 .0291
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Fig} 8. Graphical Comparisons of the function

ikr . . .
e and its Fourier expansion (real parts
Y

only) for two sets of parameters. Parameters
are given in Table II, column 2 (for Fig. 8a)
and column 1 (for Fig. 8b). Asterisks are

points of the function and dots of the expan-

sion. Where both coincide, a dot is used.
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a, ikr a ' -
I I(el 2 dx = j 1 dx =1/2 tan 1 2
o r 0 zgi+x? 0 2o

which, for the data of Table II column 2 , is2 x10'3. For the
same data, values of gl | CTE (n) |2 are plotted in Table IIX

for various values of ﬁt

2. Results, They consist of various computer outputs of two types:
one obtained from the image method, and the other from the mode
method.

The output gives a plot of the intensity along the x-axis on
the screen. The data is printed on the top of the plots, where
lengths are in millimeters. The intensity is a function of the
separation of the mirrors, the wavelength of the source, its
location and the screen disfaﬁée. Thé-Bﬁfpﬁts éfe éréuped.
to show the infldence of above parameters. From Table IV, one
can easily find the intensity plot correspond to a specified
data. 1In each group of the outputs one parameter varies while
the others remain unchanged. We have considered the variation
of screen distance, in this regard large and small variation of
this dimension is considered. Two central wavelength 2000 A and
4000§ areconsidered, the variation of wavelength around these
central wavelength have been worked out. The separation of
the mirrors was taken to be .1 mm, which is unusually small.

The reason for this choise is the restraint concerning computer

time, involving the modes method. For example, it takes 15

minutes to process one set of data with the above separation of



TABLE III.

3R

Accuracy of Truncated Fourier Series, Using

Bessel's Inequality [Eq. (41)]. With in-
creasing n, the quantity‘;- g ICTE(i)lz
i=1

should approach 2x10'3, Data taken from

Table II, column 2.

n “CTE(n)

n
a
=L

i=1

CTE(n)

2

1 « 18812963 «00088482

3 160390690 «00153209

5 « 09907952 «00177751

7 « 05904210 « 00186466

. 9 « 03907371 «00190283

11 « 02881869 « 00192359

13 « 02289126 «00193669

15 « 01906403 «00194578

17 «01638322 200195249
e 19 001439236 e00195767 i e

21 01285097 « 00196180

- 23 «01161833 « 00196517




TABLE IV. Parameters Used in Calculating Figqures.9-27

Fig. No.

Fig Moo | pn e Ao el A - ]
9a, b .1 2000 150 19a, b 17 s 4000 150 -
10a, b .1 5 2000 170 20a, b .1 5 4000 169
11a, b ‘1 5 2000 169 | 2la, b .1 5 4000 200
12a, b .1 5 2000 200 | 22a, b .1 5 4005 170
13a, b .1 5 2005 170 | 23a, b .1 5 4010 170
l4a, b .1 5 2010 170 " 24a, b 1 5 3995 170
15a, b -1 5 1990 170 25a, b 1 5, 3990 170
16a, b .1 5 1995 170 . 26a, b -1 4 4000 . 170
17a, b .1 4 2000 170 27 .5 5 4000 170
18 .5 5 2000 170

Le
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F%gé. 9-27. Plots of Intensity as a
.function of distance from the center of
the screen for the GIMBI interferometer,
Graphs were calculated using the image
method (Figs. 9a-17a, 18, 1%a-26a, 27)
and the mode method (Figs. 9b-17b, 19b-
26b), using sets of parameters listed

in Table IV,
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SOLUTION BY IMAGE MiZ THOD
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NUMBER OF RAYS CONTRIBUTE TO THE INTENSITY ARE NN# 348 166 1761




SOLUTION BY

45

IMAGE METHOD
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NUMBER OF RAYS CONTRIBUTE TO THE INTENSITY ARE NN# 40& 196 20¢1
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SCLUTICN gy vVCOE VMETHCC
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SOLUTION BY IMAGE METHOD
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THE SCALING FACTOR ISeese 0400010

NUMBER OF RAYS CONTRISBUTE TO THE INTENSITY ARE NN# 34& 16¢ 17&1l
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SCLUTICA ay MCDE METHCC
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SOLUTION BY IMAGFE METHQOD
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SCLUTICN BY MCCE VETHEC
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BY IMAGE METHOD
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SOLUTICN By IMAGE METHOD
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NUMBER OF RAYS CONTRIBUTE TO THE INTENSITY ARE NN# 34§ 166 17&1
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SCLUTICN BY VCCE METHCC
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METHOD
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SCLUTICN gy MCDE METHCC
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SOLUT ION BY IMAGE METHOD
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ME THOD

155,000
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SCLUTICN By MCDE METHCC
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SOLUTION gy IMAGE ME THOD
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THE SCALING FACTUOR ISeee 0.00009

NUMBER OF RAYS CONTRIBUTE TO THE INTENSITY ARE NN#& 346 166 1761
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SCLUTICN BY VCDE METHCC
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SCGLUTION gy IMAGE METHOD
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17e00~eeceseveccccessscscccscscoccssscsoncscssenssovssnassos
18e¢00—cacoevvrosnesccscevsscsosrsvsesssncsscsssosnsce
19¢00~cececetseccssscssosvssossrscrsssecssnssonsese
20600 casesss0resensccssnctossosvscsscsscsssscncssccsectocencsoe
2] 00— c et ovsosescstesnctoscsssscsccsacvorsoce
22 e00—cesoesesnsssosneocsessnncnoacsetesvencessese
23400~ s eacseessesecosccssscssos
284 400—ceseoseecosossncsocscccnan
25 e00=cesssre0ssssssscscsscsessrcososcsonssss
26e0C—cesee0seescrronserscessccancsscnscsscsnsssce
27 s00 =0 060 0606 0600000600080 060000080608000000060006000630600609 303063
28¢00= 0 s0senss0ev 0000000 onrneecescscessssnessscsvsecsasnonse
29a00" s 0000606000t e6060s0 0000008000000 0000000000000060000000OCISGIEGOIIEOITDS
30600~ 6eosesecccssnsssocstscscsssssscvsctassosccsoacsacs e
31 000 0 00000 00006 e¢voe0000080e60008009°20000600es0sc00600ce 0 essscsssascssoe
32000 —aesecvensrecencsoesnesencttosssoccsssssvsstenssencons
33000 ceseescsvscssveccsscnscssssnssececcccsnccacsoncs
34 eC0—0ceosvsecscssossssssevercsnccsose
35.00‘.0....'!.0.....l...
36600~ s secevcscccncs
37e00— v svesecsscesnsce
38.00‘..000‘0!.'.
394CO0—0 0o
40400~

—....8.' ..f’....g. ...&....Fl....&...lf'....&...Qa....&....&....&.

Fig. 2la
THE SCALING FACTOR ISees 0.00002

NUMBER OF RAYS CONTRIBUTE TO THE INTENSITY ARE NN# 406 19& 2061
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SCLUTICN BY VIDE VETHCC

FCLLCWINGS ARE MIRR,SEF,ySCURPCE LCCeyWAVELENGTE ANC SCREEN LOC.yNCL.CELL ANC
C.100 teCCC 4COCLCCO 2CC.000 40,000 250.000 24 .000

c.C00 0.301
% %

--...8....8....8....6....8....8....8-.-,8....8..-.8....8....8.
l.CC-..I.......'.I..‘..........0..................'..'............
2e00=cenessteocaccacsceccossnsssancetcscsersanssacsssose
BQCC-I.‘..‘........'....C'..I..'......l.....‘...'
4.00—'.'.........I......I‘.l‘......‘.'....‘....'.....
S.CG-......l..'l"..'...."......C.l‘....'.'
6.CC‘.."..'..I..I.C.....O..........‘.......O....
7.c‘3—...'.'....‘..'..'.'..I..............
S.CC_..'..ﬁioaﬂa3333990....Q..Ql.l....l.......
g.cc—.'....‘...."........'.".........‘.......'......'

JOeO0mceeensetoacssccnsssevacseeccsrscosssossnssssccsccssscsncncsssens
1l elC—0eeeennoosceconcesacscscsacacescsosossontessosssssncssccecscneas
12.00_...................l...Q........-..‘.....0..........'....
13000=ceeceacnsoscoccssasaneseacssssnsssasossssonsoscoscsasc
IQ.CC-....II......'......l..l....."‘..l................
15.00-0'..l.I.....'..l..‘..'.I.I.'..‘......-...'...
lé.cc-;.....'..O.'.'...l.'.".'.‘.l.'.“l'........
17.00-...|".....‘.0......’.Q....."....'..

18 e00) =0 vaectesonaceossecsacsssscscscsosnanenese
13e00=ceecosncesccccscavssssscescssnscsosncssascs
20000‘.0--.o-oo.-o-.o--ooooooaooolo-ooo

21 00— eeeeessascotoacscccsccccscnccns

22 eCC ceesoseonessscsscsscscssscasces
23eCC~crenevacsasscsccsssccssscacns
24.00—00000..l'.t...‘..‘..l.‘!l"....
ZScCC’onoooooo-ooo.oooo.-ooooonno-o.
'26.CC_.OOOOOl.'..'.....0.0.l..“"c'..l..‘.

27 e0 0 aaeossacnsccesosoarssosssseestssnstosetitacesssssenstsvsccsssescsas
284CC ceeeessacncccsosssocsassnsssssscsscncsaasacse

29 e00=ceevecscecsvocsnssocososossesesssssrsssessssesssascs
BOCCC'“.-;'-..-:..;.;;;:::':‘: 5555 8 8 008 00N 0008 S S0 000 SSG SRS 00
BICCC—..I...'...........‘..........‘..‘........'.0.....‘..‘
32.00-0....'..l........‘l........l....l......

23 elC—cesoccesssosovssescoscssseasasossssnsscsscssos

34 qCC~ceevettosoassasoescstscecsossssssssssnase

35400~ ceeectsvsasccscssvcscsocscossoe

360cc—t.‘l..‘.l....l...'.llll.'

37.00"..0-.1.000..00
3840C~0cseos
39.CC--.-

40 .00~

-.CQOCQCCOSCCOOGI.O.&l‘..s.l..&....i.‘..8.‘..8...Og.OIOGOC.'EQ

Fig. 21b
THE SCALING FACTCR ISe.. C.23C02

NQO.
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SOLUTION a8y IMAGE METHOD

FOLLOWINGS ARE MIRR«SEP«sSOURCE LOCe s WAVELENGTH AND SCREEN LOC.

0.100 54000 40054000 175,000 40.000 17.000 16000
0.000 0.0006
* *

—0e0sbesesbosssbossnbseeslacsesloncsbococboneslinecelocecboenets
1 000" 0 e 0000000 000000000006 000000800 0000000600000 0000000000000 000008000
2¢00— 0 c0e0s0tossssessssvsccccscctcccnsoscssevsscsccecsssesssnos
3e00~cosvec00acesesvoccssceccesosccccncinoccsssavoccscsossssecnsse
4600 ceesssesncscroesscccscsssncsccosoescocscnnsosascevconensoon
S el 0~ 0ereeveeosnveso0essest 0060006000 e0r00ssossntscncsonccsvoacssssosce
Ge00~eesseosss0vsansosscsncecnssscsccsoncsssnosnossscscannce
{ TeCO0~cesossoencceccsssscnssostocssosnscsvssnsosncsacacsse
BeD0—eveeeavsoscsoooncoascsonsooososemnesscsacace
Ge00~eeecesecensscssncscscsscsccne
(, 10600~ 6 eeococesecscscsccosscnse
11-00—..........
. 12.00-...-0000
( 13¢600~¢s0e
14000
) 15.00~.
‘m 16600~
1700~,
18¢00~4s
. 19.00~,
20000-.
) 21¢00-«a
C 22.00~4.
23e00-v a0
) 24e00—4s 0
(. 25.00~. 00
26 400-0 o
- 27000"‘.0
- 28400~eeee
29 +00~¢
2C.C00~.
L 31.0C-.
32 .00~
. 33.00-,
(, 34.00-.
35.00—.
36,00
37 « 00—
38000‘0
39,00~
b 40 « 00—

_....80. ..5....8.‘..8.'..6....&‘...&....&....8. ...e‘...&..'.&.

o~

Fig. 22a

THE SCALING FACTOR ISeee 0400010

NUMBER OF RAYS CONTRIBUTE TO THE INTENSITY ARE NN# 34& 166 1761
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SCLUTICN pY MCDE METHCC

FCLLCWINGS 2RE MIRR,SFF.ySCURCE LCCoyWAVELENCTH ANLC SCREEN LUC. NC.CELL AND
€. 109 £.CCC  4Cc5.CCC 17C.0C0 4C.000 2504000 24.000

€.C00 0.006
% #

-....8....8....8....8.-..8-...8....8....8....8....8....8.--.6.
1.00-001001oooo.oo-oo.oloco.t.o‘.oo.ooo.on.t...oooco.oc...‘lc.
2.00~.‘...'...'..0..............'....'..........0....."..'...
2ol =cevn oo ssnsvesoesstossssssascecocsesccsocsoscssososssosssssssnsssnnse
4600~ ceaeteterovceerasassssrnssceasosssscccscsnsesnsessnsosse
S5e0C—0oeesosesocncsoscssasscsetsoscsssecsccscsrscscssnsnsossscs
600C~.00..0............'..'....’.‘....QI........

T eOC—ceacsrsacansssesosssscsosesscscscnsse
8-00'0..-..-ooo.oono--aoocooo-
goCC'oou.n.-ooo.ooon.oooo

ID;OC“oocooo-oo-ooco--oco-
lloOC-..-.....-.

lZ.CC*..-....
13-00'....
14.CO‘0.
15.CC-.
16.00‘0
17.00-0
18.CC-.
19000‘05
ZOCCC—QO
21.CC---.-
22.00—000
23.00—000
24OCC—0.¢¢
.25000’000
26.CC~.==.
27.CC"QQ
28.00‘0
25.CC-.,
BCQCC“OQ
31-00—0

..8....8...‘8.-.I&ﬁ’O.C....8.‘..£...l&....&....a‘...s‘...a.

Fig. 22b
THE SCALING FACTCR IS... C.CUCLC

hC.
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SCLUTICA gy MCDE METHCC

FCLLCWINGS ARE MIRRGSEF.ySCURCE LCCoyWAVELENCTE ANC SCREEN LOC.yNO.CELL AND NO,
Cel0 £.0C0 4C10.CU0 17C.0CU 40,000 2504300 24 .000

C.C0D 0.006
% %*
-..008..l.&..0.8.0..8'...8....8....8...‘8..0!8....8....8.0.08.
IOOO—OQOOCIt‘...0....0.....0.0...0...0..'..‘l......l..ll...
chc—touoccln-o.cco.oo.oooocontcoo'oooc.noooooooooooc‘oooocco
3.Cc_l¢~oootoaoo-co-o-oo..-a-ocoo.o.oo0oooQoooo.ooooco.oooo.ooolco
4000‘.0.-.0-.0....0..'o.o;.ooo..o'oo-o-ooooc.oooooc..c-cnoocco
SQOC’occooooo'n-.c'o-0000.noclucoca-coto.cvocavtoouoo
6-CC‘o-oo-occnoooccoooaccocoooocv-oo‘to-..ooo
7«00'00000-0..-.-....oono.o.c.noc-.
8000"00.-.0.0..0-...0...
9.00—......0......-...

10.00”.0.00--0-00..0...

11000'00.-...0.
IZQCC—OOOOO
13.00“...0.0
14.,C0-.
15-00‘-

16.00'.

17.CC-0

18.CC‘.
19.00'.0
ZOoCO’ooo
ZloCC"oo.
22.00'.0
23000_0-0
24.CC—.-.-.
25000‘cn
26.0C~..
27.CC-..
28.00—.
2S.CC-,
Z20eCC-0e
31.00".
32.CC-.
33060_0
34.00—0
ESQCC“U
36.CC".
37.00-.
380CC_0
39.CC-.
40.00‘0

-
.

.l&ll..&..I.Gl'..g....&....al...8....8.’..8....8’...8....&.

Fig. 23a
THE SCALING FACTCR IS.e. C.CUCLO
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SOLUTIGN BY IMAGE METHOD

FOLLOWINGS ARE MIRR.SEP .+ SOURCE LOCss WAVELENGTH AND SCREEN LOC.

0100 5000 4010.000 175.000 404000 17.000 16000
0000 0.006
* &

~ensebessebosseloceabavesbiosceebecosfocesboceclsorebocccbocsebo

1 00~ e o e t0c0e0ertctscrectsestnctoeceerossssssassccsntsscosvocncssncsoscncse
2e00—cesosssseesssccssscscccreacsnsscsoscscacesosscssocsveonsssoese
Se00 " e o000 00t 00c000000006060000000000000000 0000090000668 0009000080
4 e00—cesscaonssvccescstscscrocssnercascensccsssscsnecsrsncssocee
S5e¢00—coecto0s0s00esctsocessosvoscenvsossssnscssse
Ge00—0seeco000000c0ccosesesscscsssctoess

TeOO—- e sesscoreccscoscscsnosesscsesscenncse
BeUC—essesesecscectsctosnsssnsnssoscossansce
Ge00—cecerosescseresccnssnocse
10000—eceeoveccsecasocscosssscne

11000‘-00.0.0....

12600~ 0eevssose

13.00‘...0.

1460000«

15¢00—s

16 00—,

17¢00-0¢e

18000-00

194C0—a

20600~

21 «00—0
22 e00-0 s

23e¢00—~0caee

24¢CO0—0ssve

25¢00— 0 s
26'00".0.

27 ¢00— 0
28«00«
29¢00~.

30400,

31 00—,
32400~

3300~
34 «0C~»

35400~

36e0C~,

37 400~

38000“.

39e00~0 e
40400~

—....&..‘.8....8..0 o&ooooao.-o&oooo&ooo.&ooo.&o ...c....&.. ..&C

Fig. 23a

THE SCALING FACTOR TISesee 000010

NUMBER OF RAYS CONTRISBUTE TO THE INTENSITY ARE NN# 34& 166 17¢1
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SOLUTION BY IMAGE METHOD

FOLLOWINGS ARE MIRReSEP«»SIOURCE LOCe s NAVELENGTH AND SCREEN LOC.

0.100 S¢000 3995.000 175.000 404000 17.000 16000
0.000 0.007
* *

—eeveboeessboosesloecctosecsloscsbloncelboccslosceloceclbocscboncetre

] 600~ a0 000060 0000c006000600060606e¢00060060000 0060000060000 0000000000000 00S0
2eC0—0evesnoevcecscscsccecscesscorsesoescsosscnscetonssesnscesosn
Je00—eesavovssvsceccctvsccsscsccvvsceconsesssonecescce
4 e00—ceovocscsssrcscscscsssscossacccscscescscctnocce
S5¢C0—eveeecscecsscccscacsasoescscsacscscsocosse
65000~ eceovecsccncsccecccensccsscscsssoase
7eC0O0—eeeeo0csescsecscccsavcescncocsoscsosnsos
BeOO—eo0eveevecsocsscccentovrcnsense
9e00—0ecveeestscccscssscere
10e00~cseo0cs00csccscces

11 e0O0—ecoeceoce

12000”0-.-00

13¢00-0cee

14.00-.

15400~

16.00=

17¢00-

18-00”0

19C0~e

2000~ e

21 «00—0o

22¢00~00s

23000‘-0..0

24 «0C—~ 0o

25000-0.

26e00—6 s

27 «0C— e e

284¢00—e0e

29‘00‘.

30e600-

3100~

32.C0~%

33400~

344C0~—o

35400~

36400~

37eCO~0ee

38.00-0

3900~

40.00’.

~ectoeboscelonselonnsloeceebosenlovsoeloncebocselbocecblonccblineonsbn

Fig. 24a
THE SCALING FACTOR ISees 0400011

NUMBER OF RAYS CONTRIBUTE TO THE INTENSITY ARE NN# 346 16& 1761
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SCLUTICAN gy MCDE METHCC

FCLLCWINGS ARE NMIPR,SEP4ySTURCE LCC.yWAVELENGTH ANC SCREEN t0C. s NC.CELL AND
C.l00 5.0C0 3695.,4U0 170,009 40.000 25C.0C0 24.000

t.CCC 0.00¢
% %
--...8....&....8....8....8....8....Eo.-.8....8....8....8....8.
1e0Cmeeescooescscosossescosossossascsossssescscnesscsscsscscnoscosces
2600~ cecssnttsecsnoccsoescsassacssssssscsesscseccsesssssscstsossessons
3.CC-og.1..-........--...........o..o-o......o.oo...-.-o..o.....-.
4 aCCmeeeeesteosssosnsessosssscsccsonsnsssscesscscscssocsvansse
S5 eUC~essostacacscscsosssscesassceoscssesscscsssscsssococscscsacos
6.(c-..ﬂ.'.......'..'..'...Cl'......'l‘l...’.
7.'30-....II...........I.......l......'...’.
BeOO—coecateseccesssosncsossscennce
QOCC_IOOOOIOOOl'.....l'.’l..

10.00“00.00'o.oocosonococ.

11000“0-0--0....
lZQCO'oooocou
13.00-10000
14.00“0.
15.CC-.

16 .CC~

..8'...8....8...OSODOIG....G..'.E....8.."8....8....8....8.

Fig. 24b
THE SCALINC FACIOR IS,.. C.COC1C

4 Mmemai A s ¥ WP T P raIcC Y T

NC.
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SOLUTION By IMAGE METHOD

FOLLOWINGS ARE MIRReSEPe+SUOURCE LOC. s WAVELENGTH AND SCREEN LUC,

0.100

0.000
%*

5,000 39904000 175000 40,000

—..‘.&.O.'a..O.fl.‘..&.".8....&‘...8...'6‘...8.

1e00~0so0e
2¢00=0 0o
3¢00-06ee
4 e00—00e
540000
6e00—0 e
7400-s 0
B8e00=-0 e
Ge00—0 e
10e0C—0s0 e
11 .OO—...
12400—0 e
13¢00-02 00
1400-0 e
15¢00—0 0o
1660C—»
17.00—0
18¢00—0 o
19.00~0
20 400-e
21 «00=0e e
22¢00=0 e
23¢00—00ae
24 ¢00—e e
254000 e
26 :00—0o
27e00=0 o
28 e00=0 e
29 .OO—.
30¢00—0ee
31 .00~
32400~
33.00-.
34000~
35¢00—e
30600~
3700~
38.C0=—e
39400—¢
40400~

O G0 00 00 0000 W OE O OP P SON GO 00 S O OON SOEBOOE BSOS O

® 8 0 90 660 @008 00 8 OB N IO QOO0 E S SO0 0 EN OSSO OCESBSEEEDS

® 08 608 0060008 00 S8 S0 P COE HEPE S OSSO SO0 NNE S0

00 0 00 00 58 0 6 G0 0000 OOCOE 00O SN POS VS

O 85 0 00 006002 006 00 00D 900

4 8 00 0 0 68 0 2 8 9O OO O N SO

S 0 20 0% 20 0 PO 90 B0 a e

® 9 26066 00900 08 0SCe o

@ @ 0500 ¢ 8 800 00

17,000 16000

0006
%
.l.&....&'...&.
® @ 08 0 06060 06000000
9 0 & S0
e o8

".Q..&.’!’&.OOCE’.0.0&...080‘..5..0'500..8'0.0&‘ l..&l.'.a'...a.

Fig. 25a

THE SCALING FACTOR ISeee 0400010

NUMBER OF

RAYS CONTRIBUTE TO THE INTENSITY ARE NN#

348 168 1781
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SCLUTICA gy MCCE METHCLC

FCLLCWINGS ARE MIRR,SEP,ySCLRCE LCCe WAVELENCTF ANC SCREEN LOC.,NC.CELL AMNC
CelI0 £.300 3G9).000 17C.0C0 40.000 25C.CLC 24.CC0

C.Cu C.CC¢

* %
-....8'.'.8.0018....E....s....8....8...’8’...8....G...'G..‘.a.

1.0")-..‘......'..l..’.l"‘......Il.-.l..............‘.......

2.CC-.0..‘I...I.l.....l‘l....l.....‘...C...Q.."‘....'.‘.'

300~ coeeootecsoorssssesccecssssceasetotoscsosnesosncsosssssosscsoctsscsesnsons

4.CC~..-.....-............o..-............o.-...

S'CC......"."’.l..l....'.'l....’..'........‘...

6.C'\)_°"‘I.lll....C..'Q.'....l‘.......l......

7.CC‘A..0¢=|¢50.0...10oolooo--.-.o-ooc

8.CC-......-.........-......--...

9.00*0-.-.0----oo-oo--o-oo

IC.CC-.-.........-...

11.CC”---¢..1-0

12.00“..0----

130CC“---.0

14.CC".0

21000‘00000
22.0C-.
23-CC‘0-000
24.00‘...00
25.CC—...
26-00-0000
27|CC’00
28.CC-.
29.00'0
30.00-.
31.CC-.
32.00-.
33.00-.
34.(C—.
35000‘00
3606C“o
37.CC-.
38000‘.
39.00’0
40.CC—.

”.‘..8’.‘.8..0.&.'..8.0..&..'.?‘....i....8....&....8.‘..6....8.

Fig. 25b
ThE SCALINC FLCTOR IS..e 0a00C10

NCe
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SOLUTION BY IMAGE

72

METHOD

FOLLOWINGS ARE MIRReSEPe9SOURCE LOC. ¢« AAVELENGTH AND SCREEN LOC,

0.100 4.000 40C0.000

0.000
*
—s00ebesssblocesbocesbancel
l1aCO~ e evecocssceccsscconseccssccce
2.00_0000.0o‘..o..ooo-ooooo.-
Je00—esssescececvcsoosscscccscos
4 o00=00cesocs0csescrssoccvoncsscne
Se00—eeeevsssescsccesovcscsvnscece
6000”00.0.-oooo.ooa..o.o..o.n
TeQO0—ceecooecesssceccssseascsces
Be00—0eveoscsecesscccncssccscace
9eC0—~vecsecocecsscsce
10600—ecececossse
ll.CO—o...
12.00-.
13.00—0
14 400~0eo®
15¢00-0 o
16e00~0 e
17.00—00.....
18¢00—0ese
13¢CO0~0aeee
20400—0ss0sse
21 eCO0=csoveso e
22.C0-ooo.‘
23.00-00001.
24 eC0—0vees
25¢00—0
26 ¢C0—a o
27eG0—0
28 400-a
29 ¢00=0 e
3Ce0C~0ws
31000'0‘.
32e¢00—0esses
33e00=¢ssee
34¢00~0eee
35400000
36600~ 0se
37 «eCO0—0 0o
38400~
39.00-.
40600-.

174,000 40,000

00..&....5..,.&....&‘
® 5 066 80080 000 ¢ 000000
® 0 009 & 00 ¢80 S 0PSO EeEN SPS
® 606 00 0 00O 0000 00008 S O
® 606060605000 0800 04809090000
® @000 08000060 B 00

9 8600060600000 0480000000

22.000 21000

0.007
™
...8....&0...&.
® 00 9 0602 G000 08
e e " 900
S 9 60 0 00QC 600 0 0O

_..00600C.&...C&.C.'&.O..&....80.00500'.5..0‘5.00080000&‘...&.

THE SCALING FACTOR ISeeoe 0400012

Fig. 26a

NUMBER OF RAYS CONTRIBUTE TO THE INTENSITY ARE NN# 448 218 2261
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SCLUTICN BY VCDE METHCC

FOLLCWINGS ARE MIRR,SEP.,SCURCE LCCeyhAVELENGTH ANC SCREEN LOC.sNC.CELL ANC AC
Q4100 4,000 430)3.000 17C.0CC 4C0.0CV 25C.0CC 24.C00

€.C00 c.0C8

% *

—OOC‘ECI.OSOOODSOQl.s....8!...E...'EC'0.8.0.'8....8'.008.0..&.
1000“.....on-.coocooccooooo.co.oooo.o.n-uoooo.o.au-o-c
Z.CO—......-...........-......-........o....-..-........--..o..-
3-00‘0000:.000.0..0..---ocl.ocno.oononocoo.onuoono.--ao.loocooooco
4.CC‘.1--...oo..o--.......o..-.o...............-.-.o--o-...
Socc‘o.co-ccoonooouqnoocooococo.o-o.ooc.o..ooo *
6000-0000ouc.sooocaon--o.nooooooo.'
T.CC—o....o................
BQCC’-ncouolutoototc-..o

QcOO'oooououoco..o-

IOQCC"ooonco
11.CC-....
12¢OC‘0000
l3.CC~...
14.CC-..
15000-0030
lé-CC-o.--.
17.CC—....
18.00'.--.
lgoCC'-oo-oo
20.00‘..00'0.
21000‘0000.-
22.CC--..
23000‘0..0.
24.CC—0000
25.0C-.

31.CC--.
32.00‘...0
33000'000o
34.CC".00.
35.00'..00
36.00-..
BYOCC-D
38.00-.
35,CC-ee
QO.CC’.

—OIOQCCCCDCDQCOSCCCQGCO..E..Q.€.0..£....8'l..GQ...&....G..I.&.

Fig. 26b
THE SCALING FACTCR 1S.se CeJOC14
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SOLUYION BY IMAGE METHQOD
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mirrors. For a separation of 2 millimeter there is a need for
a computer time of around 5 hours and in our facility a
straight run of this duration is not obtainable.

One set of data, with a mirror separation of .5 mm, was
obtained using the image method only. The results obtained

resemble actual experimental results from GIMBI.
3. Conclusions

In our calculations, we assumed that the mirrors are per-
fect conductors. In the Appendix the effect of the conductivity
of the mirrors are calculated and it is shown that for optical
frequencies and for silver mirrors having vacuum between them,
no correction must be made in our results.

‘The study of computer outputs for different sets of data
indicates that both the image and mode methods employed to
solve GIMBI are in agreement. The image method involves much
less computer time, so it is best suited for GIMBI. The mode
method gives easier variation of source-to-screen distances,

Also an examination of intensity patterns for different

sets of data, especially variation of wavelength around a

central frequency, shows the high sensivity of GIMBI for the
use in spectral analysis. This high sensitivity of GIMBI, to
other parameters determining the intensity, could be taken

advantage in other areas of technology such as communication.
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APPENDIX |

Attenuation:

1) Attenuation in image method.
It was shown that the intensity of light on a screen, in this
method, is due to the effect of direct and reflected rays of
light from the source and mirrors. The rays'of light will have
losses in each reflection. This loss depends on the angle of
incident light and the material property of the mirrors and of

the filling between them. The formula for reflectivity is: [11]

2. 2
L ) L. Q2 g - wyog cos B5) 4w p2 (A1)
Rd = pl. and pd = (UZ q + B10p COS 60)2+u% pZ
: 61 2 U1H20p P CoOs 8o
an 8= =
p2a,Z cosZ 64- uy2(q 2+p2) (A2)
where
p = n(B; cos y + 03 siny) (A3)
q = nlay cos y ~ By sin¥) (Ad4)
n2 cos 2y = 1 - (a2 - b2) sm? 8o (AS)
n¢ sm 2y = 2 ab sm? 0o (A6)
_ o201 a18]
g = —5——p b= A7
ST 012481 (A7)
A 172 4O
aq = {ony (22462 7 cos (tan™ —b) (A8)
1/2 we
81 = lun, (el + D)2 sin (ban™* %1 ) (A9)
1 M1 17 % =
0.2 = Wy 82112 (A].O)

For typical values: silver mirrors with vaccume between them

the material properties are:

77
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1) vacuum

€, = A 5107 Farad/meter

36w

;i2 b x 1077 'Hem'y/meter

11) silver with A 5893 A°

€ = - 11}95 X 107 Farad/meter
L R
0, = 6.14 x lO'7 mhos/meter

€ 1s obtained from:

e = n° a1 - K2) [12]
where « is the attenuation index and n is refractive index of silver
fora=5893 4°, n= . 2 and nx = 3.4 [13)
with the above data relations (A8), (A9) and (A10)

give:

o = 0.92 x 10t!
By = 0 (A1)
¢y = 1,03 x 107
The insertion of values found in (All) in relations (A7) one obtains:
6

«=-1.2%x10 " andb=0
The magnitude of a and h is such small that practically n = 1 and angle
Yy = 0. Finally the values n. Bi, o and Y which were calculated above
are inserted in relations (A3) and (Al) to find:

p=0 (A12)
a= .92 x 10%"

Fram (A1) and (A2) we can write:
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tan 6.I= 0 §=0

Also considering Mo = My for above data P11 will be:

(a2 cos 6 -a. Q) 2
2 _ 1 0 2 (A1
pll—(2 + ) @ ¥
oy cos Bo a2 q

2 C e .
-pll for grazing incidence is equal to zero. To show this we set the

numerator of (Al3) to zero and calculate 8,
2 _
ay coseo-azY = 0 (a14)
substituting (A1l) and (Al12) in (Al4) we find:
“5 1.3 10!

cos 6 = = X
(o} oy .92 1015

which indicates 60 is around 90 degrees.

These results for the value of reflectivity implies that in the
calculation of the intensity on a screen one needs to consider the perpen-
dicular polarization with reflectivity equal one which means no losses
and ignore the other component of polarization.

2) Attenuation in mode method.

There are two kinds of attenuation in the solution of the problem
by mode method. (a) Attenuation due to the number of modes and (b) atten-
vation due to the resistivity of the mirrors. The attenuation factor con-

tains above two kinds and has for the TE modes the formula:

Y - 2n'2 n2 Yywum/ 20 m

4]

TE  wy a3 Vu® ye - (gg_)2
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In the optical frequency the ohmic attenuation is almost zero.
Therefore, its effect is not considered in the calculation. It can,.
also, be seen from above formula TE modes as an attenuation proportional.
to the square of the number of modés. This implies that in the calcu~

lation of the intensity few lower modes have to be considered.




