Portland State University

PDXScholar

Dissertations and Theses Dissertations and Theses
2-11-1994

Laser Resonators Using Tiered Fresnel Mirrors

Bruce Dale Ulrich
Portland State University

Follow this and additional works at: https://pdxscholar.library.pdx.edu/open_access_etds

b Part of the Electrical and Computer Engineering Commons

Let us know how access to this document benefits you.

Recommended Citation

Ulrich, Bruce Dale, "Laser Resonators Using Tiered Fresnel Mirrors" (1994). Dissertations and Theses.
Paper 4878.

https://doi.org/10.15760/etd.6754

This Thesis is brought to you for free and open access. It has been accepted for inclusion in Dissertations and
Theses by an authorized administrator of PDXScholar. Please contact us if we can make this document more
accessible: pdxscholar@pdx.edu.


https://pdxscholar.library.pdx.edu/
https://pdxscholar.library.pdx.edu/open_access_etds
https://pdxscholar.library.pdx.edu/etds
https://pdxscholar.library.pdx.edu/open_access_etds?utm_source=pdxscholar.library.pdx.edu%2Fopen_access_etds%2F4878&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/266?utm_source=pdxscholar.library.pdx.edu%2Fopen_access_etds%2F4878&utm_medium=PDF&utm_campaign=PDFCoverPages
http://library.pdx.edu/services/pdxscholar-services/pdxscholar-feedback/?ref=https://pdxscholar.library.pdx.edu/open_access_etds/4878
https://doi.org/10.15760/etd.6754
mailto:pdxscholar@pdx.edu

THESIS APPROVAL

The abstract and thesis of Bruce Dale Ulrich for the Master of Science in Electrical
Engineering were presented February 11, 1994 and accepted by the thesis committee and
the department.

commrrrez arvrovars: [T

Lee Casperson, Chair

.

Branimir Pejcinovic

Carl Bachhuber
Representative of the Office of Graduate Studies

Rolf Schaumann, Chair

Department of Electrical Engineering

% %k % X % % % % % % >k % % % % % % * X k X X X X X X k k k* Kk k % ¥ >k k ¢

ACCEPTED FOR PORTLAND STATE UNIVERSITY BY THE LIBRARY

- -




ABSTRACT

An abstract of the thesis of Bruce Dale Ulrich for the Master of Science in Electrical

Engineering presented February 11, 1994.

Title: Laser Resonators Using Tiered Fresnel Mirrors.

A reflective Tiered Fresnel Zone Plate, herein called a Tiered Fresnel Mirror
TFM, with a focal length on the order of a meter is studied for use as the mirror(s) in
a Fabry-Perot interferometer type of laser. The relative phase transition within the
individual zones (ideally smooth from zero to pi ) is stair-stepped or tiered in the
longitudinal direction of the mirror. Within an individual zone the step height is
constrained to a constant whereas the width of the tiers are monotonically decreased
when traversing radially outward so that the overall profile follows the ideal smooth
curve. The effectiveness of the number of tiers per zone, measured by the loss per
pass or round-trip, varies from a Plane Mirror (zero tiers per zone) to a Spherical
Mirror (an infinite number of zones per tier).

The Fox and Li iterative method of determining the E-Field as the beam
propagates back and forth is applied to an empty cavity resonator to determine the
diffraction loss. A computer program is written to investigate the diffraction loss of
various mirror configurations. The performance of the TFM is found to be not as
efficient as the Spherical Mirror (the number of tiers per zone is shown to be a major

variable) but may be tolerable under applications of a moderately high gain laser



medium. The Gaussian Fundamental mode is easier to maintain since the higher
order modes have a higher loss per round trip.

The manufacture of the TFM can be incorporated easily into an IC process
thereby making the cost of the novel mirror relatively cheap when produced in
quantities. A major cost variable is again the number of tiers per zone which is
proportional to the number of processing steps. The TFM's performance with respect
to the etch depth of the steps in the mirror's stair-stepped profile is simulated and

found to be a very doable etch with the current plasma etch technology.
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CHAPTER

INTRODUCTION

The Fresnel Zone Plate is a planar optical element with lens-like properties that
can focus electromagnetic waves[1]. It is a transmission device, the electromagnetic
waves transmit through it, focusing by diffraction and interference rather than by
refraction.

There are various types of Fresnel Zone Plates as illustrated in Figure 1. In
section A of the figure an amplitude type is shown where each alternate concentric ring is
fully opaque (or non-transmitting) while the other rings are fully transmitting. The
efficiency is not very good since close to 50% of the light is lost at the onset in front of
the zone plate. In section B the Planar Lens is shown with two (or more) dielectrics being
used in alternate concentric rings. The ideal is to have a relative phase difference of one-
half of a wavelength between adjacent rings. This is accomplished by the different
dielectric constants of the materials. A proper choice of parameters results in a planar
zone plate of constant thickness. In section C is a Phase-reversing Zone Plate. This is
essentially the same concept as the Planar Lens Zone Plate of section B yet planarity is of
no concern. In section D a Quarter-period Zone Plate is shown. Here each concentric
ring is phase corrected in a stair-stepped or tiered manner. The correction spans from
zero to pi radians of an optical cycle, that is a wavelength, and the zero is at the inner
radius and the pi is at the outer radius of each ring. This particular zone plate is stair-
stepped with four tiers per ring, thus it is called a Quarter-period Zone Plate. In section E
a Fresnel Lens is shown which is similar to the Quarter-period Zone Plate yet it has an

infinite number of tiers within each ring making the profile a smooth transition from the
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inner to the outer part of each ring. This makes the phase perfectly corrected across each

ring. The efficiency is nearly equal to the Simple Lens as is shown in section F of Figure

1.
A C D E F
i
i
Simple Planar Phase-Reversing Quarter-Period Fresnel  Simple
Zone Plate Dielectric Zone Plate Zone Plate Lens Lens
Zone Plate

Figure 1. Various types of Zone Plates and Lenses.

Phase-correcting Fresnel Zone Plates are of particular interest since this principle
is applied to a reflective type of zone plate described herein[2]. Micro-Fresnel Lenses
with small apertures and large numerical apertures are required components in various
optical systems such as pickup lenses in laser-disk players and coupler lenses in optical
elements of optical communication systems. These have been made by laser and electron
beam lithography[3,4]. A Fresnel Lens has been produced in an Integrated Circuits
process on an oxidized silicon substrate using a silicon nitride waveguide[5]. A good

review of reflection zone plates can be found in an article by Garrett and Wiltse[6].



Aspherical mirrors that are used in an optical resonator have been analyzed such that a
large fundamental-mode beam width might be produced with a large transverse-mode
discrimination[7].

The heart of this thesis is the study of a novel mirror called a Tiered Fresnel
Mirror. It is used as the mirror component in an Optical Resonator. Generally, the
mirrors at each end in a common laser system, that being basically a spherical mirror
Fabry-Perot interferometer, are either both Spherical Mirrors or a combination of a
Spherical and a Plane Mirror. Replacement of the Spherical Mirror with the Tiered
Fresnel Mirror will be shown to be viable. Thus comparison of the Spherical Mirror to
the Tiered Fresnel Mirror will be of utmost importance.

There already is the term "Fresnel Mirrors" used to describe two Plane Mirrors
inclined at an angle to each other that produce an interference pattern [8]. No reference
or use of these "Fresnel Mirrors" are contained in this thesis (only the terms "Fresnel
Mirror" and "Tiered Fresnel Mirror" are used to identify another type of mirror). The
Fresnel Mirror and the Tiered Fresnel Mirror will be defined in Chapter III and use of
these terms will pertain to the definition given therein.

We will begin with a background discussion of the theory of Optical Resonators
in Chapter II. This is a backbone chapter required for any study on Optical Resonators.
Ray-Transfer Matrices are developed and the Stable Spherical Resonator is defined.
Some important Symmetric Mirror Resonators are discussed. Finally, TEM Resonator
Modes are defined.

Chapter III defines the Spherical Mirror, the Fresnel Mirror, and the Tiered
Fresnel Mirror. The Fresnel Number N, an important number involved with the mirror
loss due to diffraction, is discussed. Diffraction loss is also discussed and is the Figure of
Merit for the performance of any mirror. Finally, the Fox and Li Method is used to

determine the loss per pass in a Symmetric Resonator or the loss per round-trip in a Non-



4

Symmetric Resonator. This method uses the Huygens-Fresnel Diffraction Integral via an
iterated means to an end, namely the Diffraction Loss.

A computer program was written to perform the Fox and Li Method for many
different resonator configurations. These computer simulations are contained in Chapter
IV. In this chapter the comparison of the performance is made between the Spherical
Mirror and : 1) the Fresnel Mirror; and 2) the Tiered Fresnel Mirror.

Integrated Circuits Processing is the key to the afford ability of the Tiered Fresnel
Mirror. Chapter V is devoted to the discussion of incorporating the Tiered Fresnel Mirror
instead of the Solid State Chip into an Integrated Circuits Process along with its benefits.

Chapter V is the conclusion chapter. The novel Tiered Fresnel Mirror will be
deemed viable and affordable when manufactured with an Integrated Circuits Process.

A listing of the computer program "RESONATE ver 1.0" in included in Appendix
A along with a cross-reference map of all the variables used in Appendix B for those
interested in further work involved in diffraction integrals and/or the Fox and Li Method.

Finally, an appreciation goes to Dr. Lee Casperson for some helpful discussions,

and his kindness and patience was warmly appreciated.



CHAPTER I

OPTICAL RESONATOR THEORY

MATRIX OPTICS

Ray optics or geometrical optics is the simplest model of light propagation. This
model applies when an optical system's components are much larger than the wavelength
of light.

A ray can be thought of as the path that light takes at the center of a slowly
diverging electromagnetic beam of small lateral extent compared to the optical
components in an optical system. A ray that travels in a slight inclination to the optical
axis is called a paraxial ray.

Ray optics deals with the location and direction of light rays and the redirection by
an optical component. It is well known that, in an optical system, paraxial ray
propagation can be characterized by a 2 x 2 matrix called the ray-transfer matrix[9,10,11].

Matrix optics is a formal method of applying the ray-transfer matrix to
characterize a paraxial optical system. Each component of this system has its own ray-
transfer matrix. When tracing the ray through this system, the ray-transfer matrix of the
system is the product of the individual component's matrix. The output ray's location and
direction can be found with relative ease, even in complex optical systems, in the paraxial

approximation.

Development of the Ray-Transfer Matrix, T.



We will develop ray-transfer matrices for only three special optical components:
the Homogeneous Dielectric; the "Thin" Lens; and the Spherical Mirror. The first and
last elements are specifically used in the simple Spherical Mirror Resonator.

We begin by considering only paraxial rays in an optical system where the slope
of the ray r' equals the angle measured with respect to the optical axis.

Homogeneous Dielectric Ray Propagation. Figure 2 shows the initial position rj;

and slope r';, and the output position r,,, and slope r'y of a ray passing through a

Homogeneous Dielectric.

in out
|
r r
out’ " out
r r' H
in’“in st
-—%"‘""""——’ Optic Axis
d -

Figure 2. Ray propagation through a Homogeneous Dielectric of length d.

The output and input rays are related by:

rout=1-rin+d-r'in=A-rin+B~r'in (1)
=01, +1:r', =C-1r;p + D1y (2)
or

L ]
= . 3
r'out 01 r} . ®

mn

The homogeneous dielectric ray-transfer matrix Typ is



. l:ldJ {AB} )
A~ 101l Lcp) . @

Note that Typ is unimodular, i.e. AD - BC = 1.
"Thin" I ens Ray Propagation. Figure 3 shows two cardinal rays r, and ry, passing

through a "thin" Lens whose thickness is negligible.

in out
rin,:‘l’ rlin,a rout,a’ r:)ut, a
}-u
] h -
Yout, b Yout, Optic
Tinbhs r.in,b a Axis
<— f \/ f

Figure 3. Ray propagation through a "Thin" Lens.

The output position equals the input position regardless of input direction, thus
Tout = Tin = A Tjn + B - Ty . ©)
Therefore A=1and B=0.
According to geometrical optics a ray parallel to the optic axis will pass through
the back focal point f as indicated by ray a in Figure 3. Here r'j, , = 0 and
T'out,a = “Tin,a /f so that
Touta = Tina/f=C Tina+D i a=C-rjpa+D-0 orC=-1/f. (6)
Ray b passes through the front focal point f and exits parallel to the optic axis. Here
'out,b = 0 so that
Toub=0=-Uf-tinp+D - rinp and rjpp=rinb/f. (7

Therefore D = 1 and the ray-transfer matrix of a "Thin" Lens Ty is



. [10} [AB] .
=161 ] lebpl. ®

Note that Ty is unimodular.

Spherical Mirror Ray Propagation. Figure 4 shows an incident and reflected ray

upon a Spherical Mirror with radius of curvature R.

Figure 4. A Ray being reflected on a Spherical Mirror.

The input and output positions are the same so thatryy =1, =A - 1;,+B - 1, .

Therefore A =1 and B = 0. For the input and output slopes we have

r'iy=-tan(0) =0 and sin(Q)=r;,/R=¢ ©
and

oyt = -tan(2@ + 0) = -(2¢ + 0), or (10)

r'out=C'rin+D'I"in='2/R'rin+1'r'in . (1D

Here C =-2/R and D = 1 so that the spherical mirror ray-transfer matrix Tgys becomes

. [10} [AB}
- - 12
SM™ 1 oRr 1 CDJ. (12

Again note that Tg) is unimodular.
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It is readily seen from the ray-transfer matrices Ty and Tg), that reflection from
a Spherical Mirror with radius of curvature R is equivalent, except the folding of the ray's
path, to passage through a "Thin" Lens of focal length f = R/2.
Figure 5 shows an important use of the ray-transfer matrix: that of cascading

optical elements together into a single optical component of ray-transfer matrix, Tgys.

DL h> e 33Ty

Toyg = Tyee e T, T,

Figure 5. The cascading of Ray-Transfer Matrices.

The order of the above matrix multiplication is such that the incident ray's transfer
matrix is placed to the right. This is analogous to the use of the "S" parameters in

Microwave Circuit Theory.

THE STABLE SPHERICAL MIRROR RESONATOR

We will now develop the simple Spherical Mirror Resonator using the
Homogeneous Dielectric and "Thin" Lens ray-transfer matrices; ultimately defining the
Stability Diagram of Figure 7. The confinement condition of light rays within this
resonator will be derived from two perspectives; the unbounded lens waveguide method

and the self-consistent method.

The Unbounded Lens Waveguide Method
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In this method we transform the spherical mirror system into a lens waveguide

and analyze the light rays' paths as they traverse the periodic sequence. Figure 6 shows

an empty laser cavity with its equivalent lens waveguide comprised of an unbounded

st+2
Jfl\ Dptilc

Axis

- —— unit cell ————

Figure 6. An empty laser cavity with its equivalent biperiodic lens sequence.

biperiodic lens sequence. We begin by making use of the ray-transfer matrices previously

derived.
The ray-transfer of the unit cell is comprised of

Tunitcen =T1L,1* Tup * Tt 2 * THD

or

. { 1 0“1 d“ 1 0][1 d]
: ll = o ] °
omteet = Ly 1010 1)L, 1100 1

(13)

(14)
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or finally
1-d/f, d(2 - d/fy)
Tunitcenn = (15)
(d/ffq - Dy - 1Ey (1-d/f) - d/ify) - dify .

Consider the planes denoted by s, s + 1, s + 2, - - - in Figure 6. Ray propagation

from one plane to the next can be written as

Is4+1 Ig
|: , :' = Tunit cell ‘[ \ :| (16)
I's+1 I'g

or
rgp1 =A-1g+B-1ry = ri=(g-A 1,)/B (17)
and
g 1=0g-A15,)/B=C-r;+D- 1. (18)
Substituting r's we obtain
(rge2-A- 15, )/B=C-1,+(rg41-A-1)-D/B . (19)

Combining terms and using AD - BC = 1 yields
Iy -(A+D) 15 +1,=0 (20)
or
Tgyp - 2brg, +13=0 , where b= (A + D)2 = (1 - d/f, - d/fy + d2/(2f,f5)) . (21)
This last equation is in equivalent form to the differential equation r" + kr = 0
which has solutions r(z) = p exp[ii(k)l/Zz]. We are thus led to try a solution in the form
of rg = peis® that when substituted into the last equation yields
€29 _2bei® +1=0. (22)
Thus ¢® =b + i(1 - b2)l/2 so that b2 < 1 and cos(8) = b. The general solution is a
linear combination of the form

r,=peis® + p*eisd or ro=r,. sinGsO+ o). (23)
S p S max



12

The condition for ray confinement is such that 6 be a real number so that the ray
radius rg oscillates as a function of the cell number s between ;4 and -r,,,,,. This means
that b2 < 1. A confined ray leads to a stable laser cavity.

There can also be the case when b2 > 1. This has solutions in the form of
rg =ces® + des9, where ex® = b + (b2 - 1)2. Since the magnitude of either e+9 or ¢
exceeds unity, the ray radius will increase as a function of (distance) s. The ray is
unconfined which leads to an unstable laser cavity.

In terms of system parameters, b2 < 1 or Ibl < 1 can be written as

-1<(1-dffy - dify +d2/{26,6,}) < 1 (24)
or
0<(1-d/2f) (1-d/I2fp) < 1. (25)

When substituting f; = R/2 and f, = R, /2 we obtain the confinement condition

for simple spherical mirror resonators,
0<(1-d/Ry)(1-d/Ry<1. (26)

Figure 7 shows a graphic representation of the confinement condition given in the
above equation [12]. The shaded areas represent high diffraction loss where b2 > 1. Here
the beam is not well confined and spills over the mirror's edge. Whereas in the confined
areas the beam satisfies b2 < 1 and a low loss condition occurs for optical resonance.

Note that when the mirror curvatures are equal (R; = R») the system is
symmetrical and lies along the diagonal line depicted by the progression of 1 to 6 in

Figure 7. These various configurations are shown in Figure 8.



Figure 7. The Beam Confinement (or Stability) Diagram for optical resonators.

i)

Conl'iguration Conf iquration #4
Conf iguration #2 Conf iguration #5

(T

Conf iquration #3 Conf igquration #6

Figure 8. A progressive selection of Symmetric Mirror curvatures taken from Figure 7.
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The Gaussian Beam. The Gaussian beam wavefronts, shown in each

configuration of Figure 7, all have the same curvature as that of the radius of curvature of
their respective mirrors. The beam is reflected back on itself and will retrace its path
back and forth within the resonator. The beam then can exist self-consistently within the
cavity satisfying the Helmboltz equation (V2E + k2(r)E = 0) as well as the boundary
conditions imposed by the mirrors. The Gaussian beam is a mode of the spherical-mirror
resonator provided that its phase also retraces itself.

The Fundamental Gaussian beam is given by

e Yo . k2
E(x,y,z) =E, [W(Z)] expl- W2(Z) -i{kz + 2R(z) " n@)}], (27)

where E(x,y,z)= the Electric Field,

E, the initial amplitude,

w, = the waist radius. The waist radius w,, is called the spot size,

w(z) = the radial distance r at which the field amplitude is down by a factor of
1/e compared to its value on the z axis,
r = (x2+y2)"2 the radial distance,

i = (-1)"2 the imaginary number,

N(z) = the Guoy phase shift = the phase retardation relative to a plane wave,
k = 2m/(nA); the wavenumber and n = the index of refraction, and

R(z) = the radius of curvature of the wavefronts.

Some of these parameters are defined as

w2(z) = W[l + (A2/(mw2n))2] = wo2[1 + (2/2,)?] (28)
R(z) = z[1+ (nw,20/(A2))2] = z[1 + (z,/2)2] (29)
N(z) = tan"l[Az/(nw,2n)] = tan-1(z/z,) (30)

z, = Twy2n/A (31)

where z, =the confocal parameter having the following properties at the z = z,, plane:
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a) the intensity on the beam axis is ¥2 the z = 0 peak value;

b) the beam radius is (2)”2 larger than w,,_(the beam area is doubled vs. at z=0);
c) the phase on the beam axis is retarded by 90 degrees to that of a plane wave;

and
d) the radius of curvature is at its smallest value, Ry, = 2z,,.
The confocal parameter, sometimes known as the depth of focus, is a convenient
measure of the divergence of an output beam. It is also an estimate of where Fresnel

diffraction ends (z < z,) and where Fraunhofer diffraction begins (z > z,).

The Self Consistent Method

In this method of determining the confinement condition we will make use of the
complex beam radius q(z) which enables one to determine the beam radius w(z) and its

radius of curvature R at any z plane. It is defined as

11 i
qz) “R@) “mmwl(z)°

(32)

The ABCD Law. The usefulness of the q parameter is found when applying the

ABCD law where

Ag;, +B
Qout = E?;:ﬁ = The ABCD Law. (33)

A, B, C and D are the elements of the transfer matrix T and the output and input
Gaussian beams are characterized by q,,, and q;,, respectively. Full characterization
requires additional knowledge of the beam axis and intensity.

Gaussian beam propagation through a complex arbitrary paraxial optical system
can be determined if one knows either q;, or q,,,; and the system's transfer matrix Tgyg.
The beam radius of curvature R(z) and waist w(z) at any z plane can then be recovered

according to the above two equations.
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We will now apply the ABCD law to a generalized resonator by what is called the
self consistent method. A stable resonant eigenmode is one which reproduces itself after
one round trip. An arbitrary reference plane is selected and the ABCD elements for one
complete round trip are then used in the ABCD law. At the reference plane the complex
beam parameter q = q;, = Qg if the beam is to reproduce itself. We require that
q = (Aq + B)/(Cq + D). Solving for 1/q using AD - BC =1 yields
1/q = [(D - A) +i(4 - (D + A)2)¥2]/2B. (34)
Since 1/q must be complex, due to the waist being finite size, we have
4-(D+ A)2>0o0rl(A+D)2I<1. This is the confinement condition earlier denoted as
Ibl < 1. The radius of curvature R and the waist w at the reference plane are
R=2B/(D-A) and (35)
w = (M) 2 IBIY2/[1 - (D + A)/2)2]% . (36)

The Paraxial Wave Equation

The paraxial wave equation is an approximation to the scalar wave equation
which is derived from Maxwell's equations in free space. We begin with the scalar wave
equation in the form

[VZ + k2]E(x,y,2) =0, 37
where E(x,y,z) is the phasor amplitude of a field distribution that is sinusoidal in time.
The flow of energy is predominantly along a single direction, the z axis. The primary
spatial dependence of E(x,y,z) will be an exp(-ikz) variation which has a spatial period of
one wavelength A in the z direction. The transverse variations due to diffraction and
propagation are usually slow compared one optical cycle as in the plane-wave exp(-ikz)
variation. To get better resolution of the transverse dependence we write E(x,y,z) in the

form

E(x,y,z) = W(x,y,z)e- k2 | (38)
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where Y(x,y,z) = a complex scalar wave amplitude which describes the transverse profile
of the beam. Substituting this into the scalar wave equation yields, in Cartesian

coordinates, the reduced equation

dly d%y am
2x Tyt 32 - 2k 39)
The z dependence in the transverse direction is assumed slow enough that
o2y Qy
152, ! « 12k 9% l. (40)

This is the slowly varying envelop approximation or paraxial approximation. By
dropping the second partial derivative in z, the exact scalar wave equation becomes the

paraxial wave equation

2y 9?2 .
3—2%+a—2‘5-21k%1g=0. 41)
More generally this equation becomes
V2y(s,z) - 2ik Q%%Zl =0, (42)

where s denotes either the X,y or r,0 coordinates in rectangular or cylindrical coordinates
respectively and V2, is the laplacian operator operating on these coordinates in the

transverse plane.

OPTICAL RESONATOR ALGEBRA

We now will determine the Gaussian beam whose curvature matches the mirror
curvatures R and R, at the location of the mirrors M and M, respectively. We will find
the confocal parameter z and the waist w(, from the system's parameters (d, R; and R,).
Once z( and w(, are known the Gaussian beam is thus defined except for the initial
amplitude E. The beam direction is taken along the z axis. The location of w, is where

z=0. The locations of M; and M, are where z=z; and z=z, respectively.
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To determine the waist radii at the mirrors of given R; and R, we first find z.
Then the waist w) is found. Finally we calculate the waist radii w; and w,. We begin
with the equations
R; = zi[1+(z¢/z)?] => z;=Ry2 = (R{? - 42(2)/2;i=1,2 (43)
and
d=z, - z; . (44)
Through-out this section on resonator algebra, the mirror curvature Ry or R, is positive if
the center of curvature is to the left of the mirror and negative otherwise. Solving for z
we have
20=[-dR; + Ry - Ry - Ry - dV/(Ry - Ry - 2d)2]%%. (45)
The waist is given by
wo = (Azo/mn)”2 . (46)
The waist radii at the mirrors M| and M, are given by
wi = wo [1 + (zi/29)21%2.; i=1,2 . (47)
The following discussion will involve the Symmetrical Mirror Resonator
(Ri=R,). Three special cases will be investigated: the Confocal Resonator; the

Concentric Resonator; and the Plane-Parallel Resonator.

The Symmetric Mirror Resonator

This family of resonators lie along the diagonal line depicted in the Stability
Diagram of Figure 7 by the linear progression from 1 to 6. This is where both mirrors are
identical both being concave (R=R{=R, >0).

We must remember to redefine the radius of mirror curvature R or R, as positive
if the center of curvature is to the left of the mirror and negative otherwise. Therefore we
put R=-R{=R; in the above equation for z to yield

zo=[d(2R - d)]"2/2 . (48)
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The waist is given by
wo = (Azog/mn)"2 = (Mrn)2[(Rd - d2/2)/2]% . (49)
The waist radii at the mirrors are given by
w; = wo [1 + (zj/20)2]"2. = (\d/2nn)2[2R2(d(R - d/2))]% ; i=1,2 (50)
where z; =-d/2 and z, = d/2.
The Confocal Resonator. This is a special symmetrical resonator where the radii
of curvature of both concave mirrors equals the cavity length d. Figure 9 depicts this type

of resonator.

<1

Figure 9. The Confocal Resonator where R;=R,=d.

Here we put R = d into the above equation for z( and obtain
2o = [A2R - d)]¥212 => (zg)gonf = 4/2 . (51)

The waist at z=0 becomes
(Wo)cont = (MZ0)eonf/T™0)"2 = (Ad/2mn)"2 . (52)

The waist at the mirrors becomes

(Wiont = (Wodeon [1 + (Zi/(Z0)cont)21"2 = (*2(Wo)cont = (Md/mn) 23 i=1,2 (53)
where z = -z and z, = z,

In the Confocal Resonator the waist radii (Wj 9)cons 18 at the minimum value.

The Concentric Resonator. This is another special symmetrical resonator where

the center of curvature of each concave mirror coincides. Figure 10 illustrates this

resonator.
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We put R=d/2 into the equation for z; and obtain
20 = [dQ2R - )]"22 => (zg)eonc =0 - (54)
The waist at z=0 becomes

(Wo)cone = (MZp)conc / nn)l/z =0. (55)

Figure 10. The Concentric Resonator where R{=R,=d/2.

The waist at the mirrors becomes
(Widcone = (Wo)eonc [1+ (2/(Zo)eonc) 212 = o= 3 i=1,2 (56)
where z; =-d/2 and z, = d/2.

In the Concentric Resonator the waist radii (Wj 7)conc is at the maximum value
and with (Wg)conc = 0 implying a maximum beam divergence. This is analogous to a
spherical wave. The Concentric Resonator is on the border line of the confined and
unconfined regions of the Confinement Diagram.

The Plane-Parallel Resonator. This is another special symmetrical resonator
where the radii of curvature of both plane mirrors equal infinity. Figure 11 illustrates this
type of resonator.

We put R=co into the equation for z; and obtain

29 = [dQ2R - )22 => (zg)plane = - (57)
The waist at z=0 becomes

(Wo)plane = O‘(ZO)plane /N2 = oo, (58)
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Figure 11. The Plane-Parallel Resonator where R{=Rjp=co.

The waist at the mirrors becomes
(Wplane = (Wo)plane [1 + (Z/(Zg)plane)?]? = oo 5 i=1,2 (59)
where z; <0 and z) >0

In the Plane-Parallel Resonator the waist radii (Wy )pjane 18 also at the maximum
value and with the waist (Wg)pjane = °° implying a minimum beam divergence. This is
analogous to a plane wave. The Plane-Parallel Resonator is on the border of the confined
and unconfined regions of the Confinement Diagram.

It is helpful to plot (rw2/Ad)"2 vs. d/R to get a feel for the way the waist at the
mirrors vary with d/R by keeping the mirror curvatures constant while changing the
mirror spacing. A plot of this function is shown in Figure 12.

The Half-Symmetric Resonator. In this resonator one of the mirrors is plane
(R = o0) and the other is concave (R =R;). The allowed value for d/R, must be between
0 and 1 as can be seen in the Confinement Diagram of Figure 6. This resonator can be
transformed into a symmetric resonator by substituting a mirror identical to the concave
one for the plane mirror. The cavity length must then be doubled, i.e. d => 2d.

The beam waist is located on the plane mirror, say mirror M. In this case the
expression for the waist radius at the plane and concave mirrors is given by

wo = wy = (Ad/mn)2[(1-d/R,)/(d/R )] % (60)
and

wy = (Ad/mn) [ 1/((1-d/R)(d/R))1% . (61)
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2(w2/dh)” -

d/R

Figure 12. The (n/kd)l/2 scaled beam radius at the waist, w and at the
mirrors, Wi=w,, for a stable Symmetric Resonator as a function of d/R.

Again we plot (nw2/Ad)”2 vs. d/R; and see how the beam waist varies as one
keeps the mirror curvature constant while changing the mirror distance. This is shown in

Figure 13.

HIGHER-ORDER TRANSVERSE MODES

Modes of a resonator are different intensity distributions that retrace themselves
when reflected between the resonator mirrors. Each mode's wave front matches the
curvature of the mirrors at the mirrors.

We will discuss the Hermite-Gaussian beam which is used in rectangular

geometry and the Laguerre-Gaussian beam which is used in cylindrical geometry.

Hermite-Gaussian Modes
These modes are the most widely used for the complete solution set to the paraxial

wave equation since most lasers exhibit x,y astigmatism. Siegman shows that by solving
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2(ew2/dA)” -
(ew2/dA)? 4
0 j
0 % 1
d/R

Figure 13. The (n/Ad)"2 scaled beam radius at the waist, wy = wy at the
Plane Mirror and at the Concave Mirror, w,, for a stable Half Symmetric
Resonator as a function of d/R.

the paraxial wave equation in Cartesian coordinates one obtains the Hermit-Gaussian

modes [13]. The result is

gzz‘/zx

w 5221/2)(
_.Q_] Hn [ W(Z)

w(z) w(z) 1Hp [

E(x,y,2)nm = Eom [ ]

2 2 2 2
xexpl- "2y - ilke + K[ SRes] - (04 m+ @], (62)

where the integers n,m > 0 are the X,y modal indices respectively and the functions H;,
and H,,, are the Hermite polynomials of order n,m respectively. All other variables are as
previously defined. These modes exhibit x,y symmetry about the x,y modal axes
respectively.

Resonance Frequencies of the Hermite-Gaussian Modes. The phase of the (n,m)

mode on the beam axis is the imaginary component of the E-Field. From the above
equation we have

¢(x=0,y=0,z) =kz - (n + m+ 1)n(z) . (63)
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The phase delay of a beam in a complete round trip in a resonator of length d must
be set to a multiple of 27 in order that the beam retrace itself [14]. Thus
2kd - 2(n + m + 1)An =2nq , (64)
where k = the wave number,
d = the cavity length,
n,m = the x,y modal indices,
An =n(zp) - N(zy),
Zy, 21 = My, M| mirror positions,
n(z) =tan1(z/zg),
zo = the confocal parameter and,
q = the axial mode index =0, £1, £2, ---.
This leads to resonance frequencies of the Hermite-Gaussian modes defined by
Vnm,q = ¢/(2d)[q + (n + m + DAn/z] . (65)
Modes of different q, but the same (n,m), have identical intensity distributions.
They are called longitudinal or axial modes. The (n,m) modes refer to the transverse x,y
dimensions and are called transverse modes.
These resonance frequencies satisfy the following properties:
a) Longitudinal modes corresponding to the transverse mode (n,m) have a
resonance frequency spacing of ¢/(2d) =V i q+1 “Vo,m,g>
b) All transverse modes, for which the sum of the indices n+m is the same,
have the same resonance frequencies; and
¢) Two transverse modes (n,m) and (n',m’) corresponding to the same
longitudinal mode q have resonance frequencies spaced by
Vnmg - Vo'm',q = ¢/(2d)[(n + m) - (n' + m')]JAn/r.
This expression determines the frequency shift between the sets of

longitudinal modes of indices (n,m) and (n',m’").
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Laguerre-Gaussian Modes

Siegman also gives an equally valid set of complete solutions to the paraxial wave

equation in cylindrical coordinates [15]. These Laguerre-Gaussian solutions have the

form
£221/2 212
E(r.0.2)p,m = (Eo)pm [ V:"Ez) I w(z)r I LpT wzr(z) ]
r2 r2
xexpl- [ a5 1 - ilkz + k[ 3p 5y 1- @p+m+ Dn(2) + mo}], (66)

where the integer p > 0 is the radial index and the integer m = 0, %1, 2, --- is the
azimuthal mode index; the L,™ functions are the Laguerre polynomials; and all other
quantities are as previously defined.

These modes exhibit cylindrical symmetry, with modes having circles of constant
intensity in the radial direction and an ¢im8 variation in the azimuthal direction.
Alternately, linear combinations of the +m terms can be formed to give cos(m@) and/or
sin(m@) variations, leading to 2m nodal lines running radial outward from the mode axis.

Resonance Frequencies of the Laguerre-Gaussian Modes. Again, we proceed as

in the Hermite-Gaussian case. The phase of the (p,m) mode on the beam axis is the
imaginary component of the E-Field. Thus
¢(r=0,0,z) =kz- 2p+m+ 1)1(z) - mO . (67)
The phase delay of a beam in a complete round trip in a resonator of length d must
be set to a multiple of 21 in order that the beam retrace itself. Thus
2kd - 2(2p + m + 1)An -2m0 = 2nq , (68)
This leads to resonance frequencies of the Laguerre-Gaussian modes defined by
Vpmq = c/(2d)[q + 2p + m + 1)An/n + mO/x] . (69)
Modes of different q, but the same (p,m), have identical intensity distributions.
They are called longitudinal or axial modes. The (p,m) modes refer to the transverse r,0

dimensions and are called transverse modes.
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These resonance frequencies satisfy the following properties:
a) Longitudinal modes corresponding to the transverse mode (p,m) have a
resonance frequency spacing of ¢/(2d) = Vp m q+1 -Vp,m,g5
b) All transverse modes, for which the sum of the indices p+m is the same,
have the same resonance frequencies; and
¢) Two transverse modes (p,m) and (p',m’) corresponding to the same
longitudinal mode q have resonance frequencies spaced by
Vpmq - Vpmig = c/2A)[[(2p + m) - (2p' + m")]An/% + (m-m")O/x].
This expression determines the frequency shift between the sets of
longitudinal modes of indices (p,m) and (p',m’).

Since either solution set (Hermite-Gaussian or Laguerre-Gaussian) can be used,
we must be able to expand the Hermite solutions in terms of Laguerre functions and vice
versa.

Most laser systems incorporate rectangular geometry, such as Brewster's mirrors
or tilted components, such that the beam elects to oscillate in near-Hermite-Gaussian
modes. The work in this thesis solely has cylindrical symmetry with the azimuthal index

m = 0. Therefore the beam elects to oscillate in Laguerre-Gaussian L, modes only.



CHAPTER III

RESONATOR MIRRORS

In this chapter we will discuss the design of the following three types of resonator
mirrors: 1) the Spherical Mirror, a well known type used in most laser systems; 2) the
Fresnel Mirror, not used in laser systems probably due to it's manufacturability; and 3) the
Tiered Fresnel Mirror, a novel type that can be efficiently manufactured using segments
of the Integrated Circuits Process. These mirrors are shown in Figure 14.

Also discussed is diffraction losses in an optical resonator system. This is
important because it is a figure of merit to compare the novel Tiered Fresnel Mirror to the

Spherical Mirror.

THE SPHERICAL MIRROR

The design of the Spherical Mirror is simple. It has a constant radius of curvature
R, where R equals the distance that is normal to the mirror's surface at the center of the
mirror to it's center of curvature. This is shown in Figure 15. Also shown is the mirror's
radial dimension r, where r equals the distance that is tangent to the mirror's surface at it's
center to the edge.

Different mirrors, r and/or R being different, will naturally yield a different
performance in a laser system. The mirror performance or diffraction loss associated with
a resonator mirror is a function proportional to the resonator Fresnel number N, where

N =r2/(Ad) . (70)
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Figure 14. A 3d cross-sectional view of: a) the Spherical Mirror, b) the
Fresnel Mirror, and c) the Tiered(5) Fresnel Mirror having 5 tiers per zone.
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R SPHERICAL

MIRROR
.

Figure 15. Critical points of the Spherical Mirror.

Here r is the mirror radius, d is the mirror separation or cavity length and A is the

wavelength of the laser light.

THE FRESNEL MIRROR

The Fresnel Mirror is essentially sections of a Spherical Mirror that are set side by
side in a semi-planar manner as shown in Figure 16. Imagine drawing some concentric
circles spaced A/2 apart. Then draw a line tangent to one of the circles. The intersection
of the line with the circles defines the planar direction of the mirror. Next we draw two
parallel dashed lines a quarter of a wavelength above and below the solid line. Then the
mirror is defined by tracing each circle between the dashed lines as shown in Figure 16
(The scale of Figures 13-15 is greatly skewed. In practice, the mirror curvature R is on
the order of one meter whereas the mirror radius r is on the order of ten millimeters).

In actuality, the transition between circles is almost a vertical transition. Note that
the transition distance is purposely selected to be a half a wavelength. Two reflected
waves, one on each side of the transition, will have a phase difference equal to 27, i.e. a
wavelength. This is because one of the waves travels a half wavelength farther before

being reflected as well as a half wavelength farther after the reflection. Thus this wave
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Figure 16. A cross-section of a Fresnel Mirror.

will lag the other in phase by 2r. Figure 17 shows the critical points in the design of the

Fresnel Mirror.

The Fresnel Number N

The Fresnel number is an important number in the discussion of resonator mirrors
with circular symmetry. It accounts for the mirror size which affects the diffraction loss
or beam spill over at the edge and also the number of TEM modes allowed to oscillate
without being quenched by diffraction losses. It is derived as follows [16].

Assume a plane wave is originated from a circular aperture as shown in Figure 18.
The wave front is divided into a number of annular regions called Fresnel zones such that
the boundaries are increments of A/2. The Fresnel zone radii are defined from the figure
as

N2 =(d+NM2)2-d2 or 2 =NdA + (NA/2)2, (71)
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THE
FRESNEL
— R;=R+314 MIRROR
R4=R+ 1,
~

r, = sqr{R2- R?}= sqr{RnA /2 + (nA /4)%}, wheren=0,1.2, - - -

Figure 17. Ciritical points of the Fresnel Mirror. Shown is a radial plot
of a Fresnel Mirror whose size spans the first three Fresnel zones.

With d>>A and N not being extremely large, we can neglect the second term. Thus
2 =NAd => N=rn%Ad. (72)
Here N is an integer yet in general N is a positive number.
We now ask the question, how many Fresnel zones are encompassed by the
circular aperture? From the right triangle indicated by AOP in Figure 18, we have
N=rNZ/Ad, (73)

where N = the number of Fresnel zones within the aperture as seen from point P.
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Figure 18. A circular aperture with a transmitted plane wave divided into
annular rings. Each ring is a Fresnel zone with N equalling the Fresnel
number.

The intensity at point P will rise periodically from zero to a maximum and back
again to a minimum as the number of Fresnel zones within the aperture is increased from
zero. This is because successive Fresnel zones tend to cancel each other. The resultant
phase angle when radially traversing any Fresnel zone is equal to 1t radians.

For each additional Fresnel zone the vibration curve rotates one-half turn and a
phase angle of & as it spirals inward. Thus when traversing any two adjacent zones, the
resultant phase angle equals zero radians yet the resultant amplitude does not quite equal
zero due to the obliquity factor.

If we replace the circular aperture with a reflective mirror, one can change the
phase difference between odd and even zones so that both sets are in phase with each
other as seen at the point P. This is accomplished by having a step height difference

between the odd and even zones equal to A/4. Note that the phase is not constant
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throughout any zone due to the planar structure. Ideally the phase should not change as in

the case of the Spherical Mirror[17].

THE TIERED FRESNEL MIRROR

The Tiered Fresnel Mirror is an approximated version of the Fresnel Mirror. The
degree of approximation is directly proportional to the number of tiers per zone, where a
tier is of constant step height and a zone is a group of tiers. The first zone covers the first
half of the first Fresnel zone. The second zone covers the second half of the first Fresnel
zone to the first half of the next Fresnel zone and all succeeding zones follow the pattern
of the second zone. This is indicated in Figure 19. Also shown are the tier radii r,.
These are phase matched such that each tier covers the same phasor angle in the vibration

curve equal to /(tiers_per_zone) radians.

DIFFRACTION LOSSES

As the mirror radius increases, more higher order transverse modes begin to
oscillate since the peak of the outermost ripple of each mode extends outward in the
radial direction. To illustrate this Figure 20 shows the first three Laguerre-Gaussian
TEMp, transverse modes.

The mode half-width Xp 1s defined as the peak of the outermost ripple of the
Laguerre-Gaussian pattern [18]. This half-width or spread is proportional to the radial
index p in approximately the form

Xp = (p)"2w . (74)
The number of transverse modes that will fit within the mirror radius r is given by the

radial index p so that

pST or (75)
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THE TIERED (tiers_per_zone)
FRESNEL MIRROR

R -A/{4*tiers_per_zone)

R+A/{(4*tiers_per_zone)
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where z = # of tiers.

r,=sqr{ R*(2*i- 1)* X /(2 *tiers_per_zone)}
Step height = L/(2*tiers_per zone)

Shown above: tiers_per_zone =15

Figure 19. Ciritical points of the Tiered Fresnel Mirror. The dotted lines
are the edge boundaries of the tiers. Each tier spans an equal phase.

wp)2<r => p<riw2. (76)
For the symmetric confocal resonator w2 = Ad/nt and using the Fresnel Number N we

have
p<r¥w2 => p<nN. (77)
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Figure 20. The first three Laguerre-Gaussian TEM,y modes vs. the waist
radius. The modes extend more radially with increasing mode index p.

For example, if the mirror radius equals the waist at the mirror then both TEMy,
and TEM modes will fit within the mirror and higher modes will spill over the mirror's
edge and will quickly die out due to diffraction. Figure 20 indicates, that when r equals

w, the TEM o mode is going to be attenuated much more rapidly than the TEM, mode
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since a major portion of the TEM; mode's spatial extent is truncated by the mirror's
edge.

As the mirror radius increases, more TEM modes will oscillate in a low loss
condition. Notice that the TEM(; mode at any mirror radius has the least loss per transit
or pass of any of the TEM modes. Thus the term dominant or fundamental mode is
commonly referred to the TEM(, mode. The term transit refers to the beam's traverse

from one mirror to the other.

The Fox and Li Method

In 1961, when the laser was in its infancy, A.G. Fox and Tingye Li wrote a
classical paper investigating diffraction effects in symmetric laser resonators[19]. They
introduced a method to determine the steady state Electric Field or E-Field from an
initially launched wave within the resonator. The method they used is still valid and used
today. The Fox and Li method is used to study the diffraction loss in a variety of different
mirrors such as a hole in the center or a mirror consisting of annular rings. Any arbitrary
mirror shape can be analyzed as long as the physical dimensions of the mirrors are
accurately known. This includes sensitivity studies where the effects of mirror
imperfections can be modeled.

The method used is as follows: 1) an initial arbitrary wave is launched from one
mirror, say My, towards the other mirror M;; 2) the E-Field distribution at M; is
computed by use of the Huygens-Fresnel diffraction integral evaluated at M,; 3) the wave
is then reflected from M and the new E-Field at M, is re-computed in similar manner
from the calculated E-Field at M;; and 4) the computation of the E-Field distribution is
repeated over and over again for subsequent successive transits of the transformed wave

until a steady state is reached.



37

This iterative method is analogous to the physical process involved in the
resonator when the laser beam is first initiated by noise or the spontaneous emission of
the laser medium.

Symmetric Resonators. We now will apply the Fox and Li method to determine
the steady state E-Field distribution in a symmetric resonator.

If the mirror radius is large compared to the wavelength, the E-Field is very nearly
transverse in spatial extent, and the E-Field is uniformly polarized in one dimension then
the scalar form of the Huygens-Fresnel diffraction integral can be used [20]. The E-Field

due to the illuminated aperture A is given by

Egpm = bV E(q—l)me (1 + cos(8)) dS, (78)
A

where k is the propagation constant of the medium; D is the distance from a point on the
aperture to the point of observation; 0 is the angle that D makes with the unit normal to
the aperture; q is the number of transits that the beam makes; Egpp, is the initial wave
launched from the aperture My; the aperture A is either My if q is even or M, when q is
odd; and pm are the radial and azimuthal Laguerre-Gaussian TEM mode indices.

After many q transits the initial E-Field will eventually reach a steady state. This
is when the E-Fields at each mirror differ only by a complex constant. Thus we can write

Egpm = (¥sT)pm ™9 Vpm = €XP[-q In(YsT)pm] Vpm » (79)
where vy, is a constant distribution function, (Yst)pm is @ complex constant independent
of position coordinates and the ST denotes a single transit.

The logarithm of (Ys1)pm Is the single transit propagation constant associated with
the normal mode corresponding to a steady-state solution and specifies the attenuation
and phase shift that the wave suffers during each transit.

When we substitute (YsT)pm™ Vpm for Eqpm and (Ysp)pm @D vy, for Eqg.1)pm in

the diffraction integral we obtain the integral equation
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Vpm = (¥ST)pm f Vpm Ka dS4 , (30)
A

where K = (i/2AD)(1 + cos(0))e*kD = the kernel of the integral equation, and ('YST)pm is
the eigenvalue to the eigensolution vy, of the integral equation. The distribution function
Vpm» Which satisfies the integral equation, is the normal mode of the symmetric resonator
defined at the mirror surface.

The ratio of E (g, 1)pm t0 Eqpm is less than one due to spill over of the beam at the

mirror edge caused by diffraction. This is given by

E_(q_—_&-_]_),pm _ (YQT)pm-(q+1) me
Eqpm - ('YST)pm_q Vpm

= (YsDpm ! - @81)

The fractional power loss at the mirrors is given in Table I.

TABLEI

FRACTIONAL POWER LOSS IN A SYMMETRIC RESONATOR

Single Transit (ST) Round-Trip (RT)
E(q+1)pm = (}'ST)pm—1 Eqpm E(q+2)pm = ('YRT)pm—1 Eqpm
Fractional power loss: Fractional power loss:

1- I'YSTlpm-2 ('YST)pm2 =(WRDpm - 'YRTIpm-2

Non-Symmetric Resonators. We will now apply the Fox and Li method to a non-
symmetric resonator. A round-trip must be studied since no eigenvalues of the integral
equation exist for the single pass. This is because the different mirrors cause the E-Fields
at each mirror to be different in spatial extent during the steady state condition. We will

end up with a double integral equation since integration is performed over each mirror.
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This round-trip analysis can be considered as general since a symmetric resonator can be
analyzed by using this technique.
We begin with the diffraction integral with an initial wave Eq,, propagating one

transit from mirror M, in the form
i e-ikDy
Eipm = 27L Eopm "D D, (1 +cos(8;)) dS, . (82)
M,

After a reflection at My, the beam completes a round-trip by making another transit and

we obtain

i e-ikD
Egpm = 2x Elme‘L(l+cos(61)) ds; . (83)

M
By substitution of E; into the equation for E, we have

Eppm= | [ Eopm K1 KpdS,dSy, (84)
MM,

where K; = (i/ZXDj)(] + cos(Bj))e‘iij ; (j = 1,2) is the kernel of the double integral
equation.

After many t round-trips a steady state evolves. The rate of convergence is a
function of: 1) the form of the input wave Eqp,p,; and 2) the Fresnel number N. Again we
describe the E-Field after t round-trips as

Eipm = (fRDpm™ Ypm (85)
where the subscript RT denotes a round-trip and again vy, is a constant distribution
function and (YRT)pm 1S @ complex constant independent of position coordinates. The
logarithm of (YR)pm 18 the round-trip propagation constant associated with the normal
mode and specifies the attenuation and phase shift that the wave suffers during each
round-trip.

When we substitute (YRT)pm™ Ypm for Expm and (YR )pm D v, for Eqpp, in the

diffraction integral, we obtain the double integral equation
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Vom=RDpm J J Vpm K1 Ko dS;dS; . (86)
MM,

The ratio of the E-Fields at each mirror within a round-trip is meaningless since
each has different spatial extents, while E, 1),y to Eypy, specifies the attenuated field
given by

E ) -(t+1) y

= = -1 . 87
Etpm (YRT)pm_t Vpm (YRT)pm 87)

The fractional power loss per round-trip is given in Table II.

TABLE I

FRACTIONAL POWER LOSS IN A NON-SYMMETRIC RESONATOR

Single Transit (ST) Round-Trip (RT)

E(s8)pm # (lRT)pm ™2 Epm Ei1)pm = RDpm ™! Epm

Fractional power loss: Fractional power loss:

undefined (YsT)pm is undefined 1 - lypplym™

To be thorough when discussing the losses in a resonator we must include all
Laguerre-Gaussian TEM modes. Any transverse wave can be decomposed into a
complete set of modes.

For example, the input wave specified by E is actually a composite of Laguerre-
Gaussian modes, that by superposition, comprise Eg as

Eo(r,9) = Z Cpm Epm(raq)) . (88)
pm

Each transverse mode in the integral equation has its own eigenvalue: (YsT)pr, for a

symmetrical resonator; and (YRT)pm for a non-symmetric resonator.
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In a symmetrical resonator, when a steady state is achieved after q transits, the E-

Field at the mirror can be written as

Eldi(r Q) = Z Cpm ('YST)pm—q Epm(r »9) . (39)
pm

The relative amplitude of each transverse mode after q transits will in general be
different and will be exponentially attenuated by lystlp,d. The TEMgy mode will have
the largest eigenvalue or lowest loss per transit. All other modes have smaller
eigenvalues and thus will die out quicker at different rates depending on the value of their
particular eigenvalue.

To regress, we rewrite the integral equations for a symmetric and a non-symmetric

resonator as

Vpm = (¥sT)pm f Vom Ka dSp (90)
A
and
Vpm = ('YRT)pm f f Vpm K4 Kz d82 d81 C2))
MM,

respectively.



CHAPTER IV

COMPUTER SIMULATIONS

For the study of Tiered Fresnel Mirrors, we will use only circular symmetric

mirrors and a Laguerre-Gaussian beam where the azimuthal index m equals zero. We

will work in cylindrical coordinates with the set-up shown in Figure 21

xl x2
0 z
r q)l d]) r2
Elé r‘l 1
: d =) 5
= ¥ K]\
A
e’
M,
s D \
ﬁ——~—~———~r"_”_"7§
r 1
2r
d
¥ \
D=(+ 12+ 12 - 2rrycos(p )
P,=0; 05‘!’152112; Osrl s ST

Figure 21. Geometry of a Symmetric Resonator.
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The Fox and Li method is used where, at the observation mirror, a radial line at
¢ = 0 is taken and the E-Field is determined at equal incremented points from the mirror
center to its edge along this radial line. Since cylindrical symmetry exists, the field along
this radial line can be rotated from O to 27 in equal increments, and duplicated to fill the
observation mirror with the observed E-Field distribution.

This process is replicated at the other mirror due to the beam's reflection and
iterated back and forth until the E-Field varies negligibly in three consecutive transits.

We begin with the Huygens-Fresnel diffraction integral where once again stated is

Egom = 5% JE(q-l)pm o (1+cos(8))dS, 92)
A

This integral can be separated into two integrals since both Egpy, and Eg_1)py, have real
and imaginary components.

We can set cos(8) = d; /D since the mirror sizes are small compared to the spacing
d (dy is shown in Figure 21). We will also replace the following: Eq,m by (Eqpm)r +
i(Bgpm)1s Eq-1)pm bY (B(g-1)pm)R + i(E(q- 1)pm)1; € kP by [cos(kD) -isin(kD)J; and dS by

pdpdo. After some manipulation we obtain the real and imaginary parts of the E-Field as

2 1
1 1+d; /D .

Eapmr= | 23 | B g pm)i 05D) - (B )t SinkD)] pipdey (99

0 0

and
7 F(14dy D
(1+d, /D) .

(Eqpm)I = JE‘X D [(E(q—l)pm)R sm(kD) + (E(q-l)pm)l COS(kD)] pdpd(p . (94)

0 0

These two equations are iterated with each transit that the beam makes until a

steady state solution of the E-Field distribution is found.
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A computer program was written to determine the loss per pass (or performance)
of various resonator types and in particular to compare the performance of the novel
Tiered Fresnel Mirror to that of the common Spherical Mirror. The program is listed in
Appendix A along with a cross reference mapping of all the variables used which is found
in Appendix B.

An example output of a short computer run having only five round-trips is shown
in Figure 22. Notice that the input wave is a plane wave and already it has been
drastically transformed from a horizontal line equal to 1 for the normalized amplitude to

that of the solid curve in sections U and V in Figure 22.

— ———

(<-—-J)RT=__ 5 of
Incr= 20: Inct= 20
U=Wavelength=10.6 u
Depthi=U/10
M1=TIERED(S)

A |Prgm=RESONATE ver. 1. GE1,2=1:d=1
B [Norm Pouwer=+3.67e+01 JH WN1,2-2.40
I tiers1=13

Input Wave=PLANE

++++ +

3 § + R b o
L+++++++ S (EEEEEEER] EEE R RN ¥ )}
BRAREESEEIE L++++#t++$-L++++$t++ L+ ++ L+
T S O T T W B - S S Y SO T T T B . 4i|;4_14_1r»;_|

pNurm Amp vs R

0
Mi|Norm fAmp vs R | Norm Amp,phase vs R

165Ecag/ﬁ?:+1.08+1 2P.L./Fass/ﬂirror 16Decag/ﬁTf+1.§E;0
L—"1 L
-45 0 LI 1gg
0 2.5 5 0 S 10] o 2.5 5

M1 P.L.:+1.12e+1 % Final P.L.:+1.21e+0 » M2 P.L.:+1.21e+0 »

Figure 22. An example output of a computer simulation of a Tiered(5)
Fresnel Mirror paired with a Spherical Mirror.
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Each section of the figure is labeled with a letter A-Z and A. The explanation of each

section is as follows:

A) The arrow indicates the direction the beam travels. "RT" stands for round-

B)

©
D)

E)

F)
G)
H)

trips.

"Incr" is the number of radial increments and "Inct" is the number of
azimuthal increments used in the integration of the mirror.

"W=Wavelength" is the wavelength of the oscillating beam.

"Depth1,2" indicates the etch depth or step height of the tier on mirrors M;
and M,. Displayed only for Tiered Fresnel Mirrors.

"M1" is the mirror on the left. The available mirror types for M; and M,
are Spherical, Parabolic, Plane, Tiered and Fresnel. For the Spherical type
one can use either positive or negative mirror curvatures. For the Tiered
Fresnel Mirror one can use any odd number of tiers per zone. This number
is denoted within the parentheses.

"M1 Radius" is the radial dimension of mirror M.

"Prgm = RESONATE ver 1.0" is the program name and current version.
"Norm Power" is the current power illuminated on the proper mirror relative
to the power of the input beam. This value decreases with each reflection of
the beam due to beam spill over at the mirror's edge.

"Dev Amp" is the deviation or change in area under the amplitude curve
relative to the last calculated area of the particular mirror. In other words
the value 1 - (dev_ampg / dev_ampg 1), where q is the transit number. This
value is evaluated at M if q is even or at M, if q is odd. If three consecutive
round-trips of the beam all yield dev_amp values of less than 7e-4 % then the

program terminates and it is assumed that a steady state has been reached.



NOTE: The program actually plots the square root of the intensity yielding

)
K)
L)

curves in the positive domain. Hereafter use of the term amplitude
pertaining to the program will actually be the square root of the
intensity.
"End" indicates the time that the program stops.
"Str" indicates the time that the program starts.
"CONFOCAL" is the special resonator type. The types displayed are
dependent upon the system parameters. The available resonator types are
Plane-Parallel, Half Confocal, Half Concentric, Confocal, Concentric, and

for non-special resonators; Confined Beam or Unconfined Beam.

M) "R1,2" indicates the radius of mirror curvature of mirrors M; and M,. This

N)

0)

P)

Q

R)

S)
T)

value is variable for the Spherical Mirror and fixed at one meter for both
Tiered and Fresnel Mirrors. If the mirror is Parabolic the value displayed is
PARAB or if the mirror is Plane then PLANE is displayed. "d" is the cavity
length or mirror separation.

"N1,2" is the Fresnel number of mirrors M; and M,. This is the number of
Fresnel zones that span a mirror as seen from the center of the other mirror.
"tiers1,2" is the total number of tiers of mirrors My and M,. Displayed
only for Tiered Fresnel Mirrors.

"Input Wave" is the form of the initial wave. A plane or Gaussian wave are
the available choices.

"M2" is the mirror type shown on the right side.

"M2 Radius" is the radial dimension of mirror M.

This is an illustration of mirror M.

This graph is a history of mirror M{'s normalized amplitude vs. the mirror

radius. Every 10th round-trip the E-Field distribution is plotted, i.e. 1,

46
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11,21,31, - round-trips are plotted. In this section (as well as sections U,
V, and W) the following pertains: 1) the horizontal axis is the mirror radius
where the center (r = 0) is located at the left and the mirror's edge (r = 15, ) is
on the right; 2) the vertical axis is the normalized amplitude with the value of
one at the top and zero at the bottom; 3) a dashed Gaussian curve is the
theoretical E-Field distribution of the Laguerre-Gaussian TEM; mode
independent of the mirror radius; and 4) an asterisk on the dotted Gaussian
curve that indicates the 1/e point which is the waist radius at the mirror.

U) This graph is mirror M's final E-Field distribution (the solid curve) and a
plot of the phase of the final E-Field both vs. the mirror radius. In this section
(as well as in section V) the following pertains: 1) the value of the phase at the
top is +71 whereas at the bottom the phase value is -47; and 2) the phase curve
(the dashed curve other than the dashed Gaussian curve) is relative to the
maximum value of the normalized amplitude of the E-Field distribution where
at this point the phase is defined as zero radians. A positive phase value
indicates a leading value of the phase of the wave front and a negative phase
value indicates a lag in phase with respect to the phase of the maximum value
of the normalized amplitude.

V) This graph applies to mirror M,. Refer to section U's explanation.

W) This graph applies to mirror M,. The explanation of this section is similar
to section T.

X) This is an illustration of mirror M,.

Y) This graph is mirror M;'s convergence of decay per round-trip vs. round-
trip. The decay/RT, the vertical axis, is a linear scale. The graph is a
measure of the change in M;'s area under the E-Field distribution relative to

the last area's value. The horizontal line in the graph show the zero level.
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When the decay/RT is plotted at the zero level, no change in the area under
the normalized amplitude curve has occurred in two consecutive round-trips
at mirror M. At the bottom of the section is M{'s power loss relative to
the energy reflected from mirror M.

Z) This is a graph of the percent power loss P.L. per pass per mirror vs. pass
or transit. The P.L./Pass/Mirror, the vertical axis, is a log to the base 10
scale. For example: A value of two, the maximum attainable value,
represents a 100% power loss and a value of zero represents a 1% power
loss per pass. Three curves are plotted, one is a zigzag and the others are
envelopes. One of the envelope curves begins at the first transit, this is the
power loss due to mirror M;. The other envelope curve begins at the second
transit and is My's power loss curve. The zigzag curve just connects the two
envelope curves and indicates sequential power loss of the system of two
mirrors. At the bottom of the section is the either M;'s or M,'s power loss
relative to the energy reflected from the other mirror depending upon which
transit the beam is on.

A) This is M,'s graph of the decay/RT vs. round-trip. The explanation of this

section is similar to section Y.

We begin the computer simulations by investigating the effect of mirror radius
with respect to the theoretical waist at the mirrors of a symmetric confocal resonator. The
theory described in Chapter II does not take the mirror radius into account.

First, let us determine the power in a transverse infinite plane that is carried by the
fundamental mode of a Gaussian beam. Then, find the power contained in a transverse
circular plane of finite radius equalling the mirror radius.

The power P is defined as
P= fI(x,y,z) da, (95)
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where I(x,y,z) = IE(x,y,z)I? = the optical intensity and da is an incremental area. This can

be rewritten as
P= f1p.0) da= [l [P expl- 5] da 6)

where Iy = IEql2 and p2 = x2 +y2.
The power carried by the beam of infinite extent in the transverse direction is

[e o]

292 2T
Pp—oo = I0 [W(Z)] fexp[‘ W2(Z)] pdp {dQ ) (97)
0
which reduces to
szoo =] (nwoz) . (98)

Thus the power is Y2 the peak intensity times the beam area.
Now we will determine the power contained within the finite circular area of

radius equal to the mirror radius r. We have

Por=Ip [w( )] f exp[- —2%] pdp f do, 99)
which reduces to
212
Pp = Y2 Io (twg?)[ 1 - expl- ;,'zr(—z)]] . (100)

The percent of the total power Py carried within a circle of radius r is given by

2r2
%PT —;)—Lx 100% = [1 - exp[- @r(_zin x 100% . (101)

For example, the power contained inside a circle of radius r=w(z) is about 86% of
the total power. In other words, about 16% of the total power spills over the mirror's edge
and is lost in the open unwalled resonator.

The beam radius at the mirrors of a Symmetric Confocal Resonator is
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w = (Ad/m)*2. Since the Fresnel number N equals r2/Ad, we can say N = r2/nw2. The loss
in the Symmetric Confocal Resonator is governed by this Fresnel number N; a higher
value of N means a smaller loss.

Figure 23 shows a plot of the difference between the theoretical and simulated
power that spills over the mirror's edge in a Symmetric Confocal Resonator (d/R = 1) as
well as a Symmetric Resonator where d/R = 1.5. The percent theoretical power loss is
%P as is defined above (the value of the mirror radius r is found from a given N value
where r = (NAd)”2 and the value of the waist at the mirrors wy 5 in a Symmetric Resonator

is given by w1 5 = (Ad/21tn)"2[2R2(d(R - d/2))]"#). The simulated power loss is obtained
Yy W12 p
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Figure 23. The difference between the theoretical and simulated values of
loss per transit vs. the Fresnel number of a Symmetric Confocal Resonator
(d/R=1) and another Symmetric Resonator where d/R=1.5.
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from a computer run for a particular value of N. The Percent Deviation axis in the figure
is defined as the difference between the simulated and theoretical power losses. The
figure indicates that as N increases the simulated loss per transit approaches the
theoretical value. This is because the theory assumes an effective mirror radius equal to
infinity.

A trend-plot of four computer runs of a Symmetric Confocal Resonator where the
mirror radius is varied from r=w to r=2w is shown in Figures 24 and 25. Notice the quick
convergence of the E-Field to the theoretical dotted Gaussian profile in the number of
round-trips. In the bottom of Figure 25 convergence to this Gaussian profile is not even
close. The higher transverse modes are still in competition for oscillation even though
300 round-trips have transpired. In this instance 500 to 600 round-trips may be required
such that the steady state profile is reasonably close to the theoretical Gaussian profile.

Another trend-plot of the percent completion of a Symmetric Resonator where
d/R=1.5 is shown in Figures 26 and 27. The percent completion is varied from 25% to
100%. Actually the steady state has not quite been reached as indicated in the bottom of
Figure 27 by the dev_amp value of -1.85e-01% as well as the decay graphs not quite
reaching zero percent. This is close enough though for comparison purposes to call this
100% complete after 200 round-trips where 250 round-trips may be required for full
convergence. The important issue of this trend plot is the profile of the beam that is
shown in the middle graphs (sections U and V) of the four computer simulations.

A comparison between four Symmetric Confocal Resonators is shown in Figures
28 and 29 where the mirror type is varied. Figure 28 shows there is no difference in the
loss per transit between Spherical and Fresnel Mirror types. Figure 29 shows that as the
number of tiers per zone of the Tiered Fresnel Mirror is increased the loss per transit is
decreased. Remember, as the limit of the number of tiers per zone approaches infinity the

Tiered Fresnel Mirror becomes the Fresnel Mirror.
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Figure 24. The mirror radius varies in a Symmetric Confocal Resonator
in Figures 24 and 25. The top has r = w and the bottom has r = 1.2w.
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Another comparison between these four mirror types is shown in Figures 30 and
31 where a symmetric resonator of d/R=1.5 is used. Notice that for a given Fresnel
number both the waist at the mirrors and the loss per transit are larger than for the
symmetric confocal resonator. The diffraction loss can be readily seen from Figure 32.

Figure 32 is a paramount figure because it describes the feasibility of the tiered
mirror's performance. It is shown that a Fresnel Mirror having more tiers per zone will
have a better performance. This is because, when going from a more planar structure to
that of a more curved one, better confinement of the beam occurs. Note also that the
Fresnel Mirror and the Spherical Mirror has virtually identical loss profiles. This is due
to both of the mirror's surfaces are constant phase surfaces. Also note that the leveling off
of the power loss for the Tiered Fresnel Mirrors as the Fresnel Number increases is a
possible artifact of the the resolution of the integration performed over the mirror
surfaces. It is conjectured that as the number of increments is increased a more of a
gradual leveling would occur.

A designer of a laser resonator system has to know the diffraction loss of the
mirrors (found from Figure 32) as well as the gain of the laser medium. A high loss
mirror teamed with a low gain laser medium is not a good match but rather just the
opposite. For example, a tiered(5) Fresnel mirror (a tiered mirror with five zones per tier)
in a d/R=1.5 symmetric resonator has a diffraction loss per transit of approximately 14%
for a Fresnel number of one (see bottom of Figure 32). When teamed with a HeNe lasing
medium of approximately 2% gain per transit it will not operate because amplification of
the light is impossible due to a higher loss than gain. However, when a tiered(15) Fresnel
mirror in a symmetric resonator of d/R=1.5 is teamed with a CO, laser medium,
operation is now possible. This is because the diffraction loss per transit is approximately

1.5% while the CO, laser medium is approximately 10% gain per transit.
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CHAPTER V

INTEGRATED CIRCUITS PROCESSING

Tiered Fresnel Mirrors can be made efficiently in quantity by using segments of
the Integrated Circuits Process. These segments consist of : 1) Photolithography; 2)
Plasma Etching and 3) Metal Deposition. Also Low Pressure Chemical Vapor
Deposition, LPCVD, oxide and LPCVD nitride may be used.

Two types of Tiered Fresnel Mirrors can be manufactured. One type is a simpler
reflective mirror whereas the other type is a more involved transmittant mirror. The
reflective type may be best used with a plane mirror. This configuration is the Half-
Symmetric Resonator. The reflective mirror is made by sequential patterning and etching
to form the tiers. Then a metal deposition is performed to form the fully reflective
surface of the mirror. This mirror configuration is shown in Figure 33.

The other transmittant mirror type can be made by multiple depositions of
LPCVD oxide and LPCVD nitride, patterning, etching and a metal deposition for the
partially transmittant mirror surface. A cross-sectional view is shown in Figure 34. A
zoom of this mirror is shown in Figure 35. The wavefront of the beam is concave curved
when arriving at the mirror surface. What transmits through the metallic film exits
through the mirror with a wavefront that is parallel to the back side of the mirror surface.
This can be seen by observing that the sinusoidal curves, representing the E-Field
distribution of the beam, are all in the same phase at the back side of the mirror. The
amplitude of the sinusoidal curves is the same to illustrate the phase retardation when
travelling through the mirror whereas the amplitude is exponentially diminished in the

radial dimension as shown in Figure 34.
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Figure 33. A radial cross-sectional view of a fully reflective Tiered(5)
Fresnel Mirror with a partially transmitting Plane Mirror. Note: This is a
Half-Symmetric Resonator.
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Figure 37 shows a sequence of cross-sections for the formation of the tiers from
start to finish of a "five tiers per zone " reflective type Tiered Fresnel Mirror, i.e. a

reflective type Tiered(5) Fresnel Mirror. A photomask is used to define the photoresist
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Figure 36. A process sequence, from start to finish (top to bottom), of
radial cross-sections of the tier formation. A reflective type Tiered(5)
Fresnel Mirror is shown.

pattern which is used to mask the etching of the substrate or some other layer. A Pattern-
Etch cycle is required to define each tier. Therefore the cost of manufacturing is
proportional to the number of tiers per zone of the Tiered Fresnel Mirror. The more tiers

per zone the better the mirror performance yet the higher the cost to manufacture. The
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cost per performance must be determined prior to production since this defines the design
of the Tiered Fresnel Mirror.

However, the main advantage of IC processing is the low cost per mirror realized
due to batch processing where thousands of Tiered Fresnel Mirrors will be produced
economically. Figure 37 shows a top view of an eight inch wafer having 185 Tiered(15)

Fresnel Mirrors. Figure 38 shows a zoom-in of Figure 36 illustrating the individual tiers.
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Figure 37. An eight inch wafer containing 185 Tiered(15) Fresnel Mirrors.

If a Lot of wafers consists of 20 eight inch wafers and if the yield is 90% one can
obtain 3,330 Tiered(15) Fresnel Mirrors. If 10 Lots were processed one can obtain
33,300 Tiered(15) Fresnel Mirrors. So one can see that the cost per mirror decreases
drastically from one wafer to a Lot of wafers. The price per Lot remains fixed. In other

words, the cost to process one wafer is a little less than to process a whole Lot and the
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Figure 38. A zoom-in of a section of Figure 37. Notice there are 23 tiers
in this three-zone Tiered(15) Fresnel Mirror.

one wafer yields say 166 mirrors whereas the Lot yields say 3,330 mirrors. The cost per

mirror may be 10-20 times cheaper for the Lot compared to the single wafer.

A process simulation was performed where the variable of concern was the tier

step height. A two zone Tiered(15) Fresnel Mirror was used to determine the

performance in the form of a loss per pass value given in percent. A wavelength of 10.6

microns was used which determines the target tier step height at 3533 angstroms. An

etch depth specification of 3533 * 350 angstroms (3 ©) was incorporated into the

simulation. Three separate trial runs were compared to the ideal case where all tier step

heights were equal to 3533 angstroms. Table III shows the data for this simulation. Note

that the loss per pass does not vary much which says that a 350 angstrom tolerance is



satisfactory for the performance of the mirror. A + 350 angstrom tolerance range is a

very doable specification range for a plasma etch process step.

TABLE III

SIMULATED TIER HEIGHTS

WITH ITS AFFECT ON LOSS PER PASS

FOR A SYMMETRIC CONFOCAL RESONATOR
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Thicknesses in Angstroms

IDEAL TRIAL 1 TRIAL 2 TRIAL 3
TIER [ L&R Left Right Left Right Left Right
No. Mirrors Mirror Mirror Mirror Mirror Mirror Mirror
1 3533 3288 3463 3743 3288 3568 3463
2 3533 3463 3778 3498 3463 3638 3463
3 3533 3568 3848 3428 3253 3218 3253
4 3533 3673 3708 3498 3568 3288 3708
5 3533 3568 3288 3568 3638 3778 3463
6 3533 3218 3708 3778 3463 3673 3358
7 3533 3498 3638 3183 3358 3673 3603
8 3533 3498 3848 3288 3183 3498 3498
9 3533 3568 3568 3358 3673 3743 3603
10 3533 3253 3288 3393 3288 3708 3743
11 3533 3638 3708 3428 3253 3708 3603
12 3533 3463 3498 3288 3428 3498 3393
13 3533 3848 3673 3323 3218 3358 3568
14 3533 3708 3498 3568 3498 3463 3463
15 3533 3568 3603 3323 3288 3463 3393
16 3533 3288 3463 3743 3288 3568 3463
17 3533 3463 3778 3498 3463 3638 3463
18 3533 3568 3848 3428 3253 3218 3253
19 3533 3673 3708 3498 3568 3288 3708
20 3533 3568 3288 3568 3638 3778 3463
21 3533 3218 3708 3778 3463 3673 3358
22 3533 3498 3638 3183 3358 3673 3603
23 3533 3498 3848 3288 3183 3498 3498
LPP 1.535% 1.54% 1.56% 1.59%




CHAPTER VI

CONCLUSION

The use of Tiered Fresnel Mirrors in Optical Resonators has been shown to be
feasible. The appealling aspect of the low cost per mirror makes it desireable to produce.
The Integrated Circuits Process has proven to be cost effective with Solid State Chips and
for the same reason the Tiered Fresnel Mirror can be produced at a low cost per mirror.
The performance was shown to be less than the Spherical Mirror yet the cost per
performance ratio can be lower. In many instances one may settle for using a less
efficient laser with the Tiered Fresnel Mirror depending upon the usage.

It was shown that the Fresnel Mirror acts like the Spherical Mirror and that the

Tiered Fresnel Mirror is a modified Fresnel Mirror. The Tiered Fresnel Mirror can be

made to act as a either a Spherical Mirror, a Plane Mirror, or somewhere between the two.

How this is done is in the design, i.e. the number of tiers per zone. To emulate a
Spherical Mirror one would use an infinite number of tiers per zone while on the other
hand using zero tiers per zone emulates the Plane Mirror.

The Tiered Fresnel Mirror will naturally discriminate against higher transverse
modes from oscillating in favor of the fundamental mode to a higher degree than that of
the Spherical Mirror. With this in mind, it is easier to produce and maintain the
fundamental mode and thus the TFM is an inherent mode discriminator.. Laser operation
in the fundamental mode is desirable because it is generally more useful due to the beam's
compact size and shape.

Finally the TFM is an inherent frequency or wavelength filter. The major variable

in the design of the mirror is the wavelength from which the tier widths are determined.
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Any deviance from this wavelength causes the performance to suffer. Thus the half-
width of the Lorentzian lineshape function may be narrowed compared to that of a

conventional spherical mirror system where less discrimination of the wavelength occurs.
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APPENDIX A

LISTING OF COMPUTER PROGRAM
"RESONATE VERSION 1.0"
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1***********************************************************1

! |
! PROGRAM: RESONATE VERSION 1.0 !
! !
! File Name: "RESONATE.U" 28 SEP 93 !
! |

!

t***********************************************************

|

DIM z_1(1),z_2(1),zr1r2_1(1,1),zr1r2_2(1,1),r1r22_1(1,1),r1r22_2(1,1)
DIM r1_lambda_1(1),r2_lambda_2(1)

DIM gre(25),gim(25),gre2(51),gim2(51)

DIM loss1_per_pass(200),loss2_per_pass(200),loss_per_pass(400)
DIM intvarl_per_pass(100),intvar2_per_pass(100)

DIM rel1(51),im1(51),re2(51),im2(51),step_rings(1)

DIM zz1(51),2zz2(51),zzm(51),cos_t(25),phase_delay(1),depth1(1),depth2(1)
DIM rings1(10),rings2(10),rad1(1),rad2(1)

'DIM kr_n(1,1,51,25),h_n(1,1,51,25)

OPTION NOLET

I

1 3k sk ok sk sk sk sk sk ok ok sk ok sk sk sk sk sk sk ok sk sk sk sk sk sk skoskosko skok sk sk sk sk skokoskoskosk sk skoskok skokoskockosk sk sk sk skok sk sk okk |

! FUNCTION INPUT_NUM: Returns a number. !
1***********************************************************1
I

DEF input_num(row,col,default)

| SET CURSOR row,col

| GET KEY key

| IF key=592 OR key=13 then ! dn arrow key or Cr.
| | IF rrow=9 OR rrow=16 then rrow=rrow+2 ELSE rrow=rrow+1

I | input_num=default

| | SET CURSOR row,col-1

| | PRINT default

| | EXIT DEF

| ELSE IF key=584 then ! up arrow key.

| | IF rrow=18 then rrow=rrow-2 ELSE rrow=rrow-1

| I input_num=default

| I SET CURSOR row,col-1

| | PRINT default

| I EXIT DEF

| ELSE IF key=583 then ! home key.

| | rrow=4

| | input_num=default

| | SET CURSOR row,col-1

| | PRINT default

| I EXIT DEF
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ELSE IF key=591 then !'end key.
| rrow=24
| input_num=default
| SET CURSOR row,col-1
| PRINT default
| EXIT DEF
END IF
WHEN ERROR IN
| PRINT CHR$(key);
| CALL input_
| a$=CHR$(key) & a$
| input_num=val(a$)
| IF rrow=9 OR rrow=16 then rrow=rrow+2 ELSE rrow=rrow+1
USE
| IF EXTYPE=4001 then
| | SET COLOR "black/white"
| | SET CURSOR 2,1
| | PRINT "Invalid # format, Cr to continue:";
| | SET COLOR "white/black”
| I CALL input_
I I SET CURSOR 2,1
| 1 PRINT erase_line$
| I input_num=default
| ELSE
| | SET COLOR "black/white"
I | SET CURSOR 2,1
I | PRINT EXTYPE;EXTEXTS$;", Cr to continue:";
| I SET COLOR "white/black"
| I CALL input_
| I SET CURSOR 2,1
| | PRINT erase_line$
| | input_num=default
| END IF
END WHEN
END DEF
|

!***********************************************************|

! FUNCTION INPUT_STRING: Returns a string. !
|***********************************************************!

|

DEF input_string$(row,col,al $,a2$,a3$,a4$,a5$,response$,default$)

| SET CURSOR row,col

I GET KEY key

| IF key=592 OR key=13 then ! dn arrow key or Cr.

I
|
l
|
I
I
I
I
|
I
I
I
|
l
|
I
|
I
I
|
!
!
|
I
I
I
I
I
|
I
I
|
I
!
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rrow=rrow+1
input_string$=default$
PRINT default$
EXIT DEF

ELSE IF key=584 then ! up arrow key.

IF rrow=11 then rrow=rrow-2 ELSE rrow=rrow-1
input_string$=default$

PRINT default$

EXIT DEF

ELSE IF key=583 then ! home key.

rrow=4
input_string$=default$
PRINT default$

EXIT DEF

ELSE IF key=591 then ! end key.

I
I
!
|

rrow=24
input_string$=default$
PRINT default$

EXIT DEF

END IF
WHEN ERROR IN

PRINT CHRS$(key);

CALL input_

a$=CHRS$(key) & a$

a$=UCASE$(a$)

IF a$=al$ OR a$=a2$ OR a$=a3$ OR a$=a4$ OR a$=a5$ then
| input_string$=a$

| rrow=rrow+1

ELSE

| SET COLOR "black/white"

| SET CURSOR 2,1

| PRINT response$;", Cr to continue:";
| SET COLOR "white/black"

| CALL input_

| SET CURSOR 2,1

| PRINT erase_line$

| input_string$=default$

END IF

USE

SET COLOR "black/white"

SET CURSOR 2,1

PRINT EXTYPE;EXTEXTS;", Cr to continue:";
SET COLOR "white/black"

CALL input_



133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176

78
I I SET CURSOR 2,1
| | PRINT erase_line$
I | input_string$=default$
| END WHEN
END DEF
I
!***********************************************************!
! SUBROUTINE INPUTS: Retains current inputs after CNTRL-BRK. !
!***********************************************************!
|
SUB inputs ! If one CNTRL_BRK's the program while running,
| inputs$="Y" ! at the command line, type "CALL INPUTS" to
| CALL main ! re-run the program with the current inputs.
END SUB

13k sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk 3k sk sk sk ste sk sk ko sk sk sk e sk sk sk sk sk sk sk skoske sk sk sk sk sk sk skokoskok skesk sk skesk skok skok kx|

! SUBROUTINE OPEN_VIEWPORTS: Opens screen viewports. !
!***********************************************************!
|

SUB open_viewports

I

| FORi=1to 15

| | CLOSE #i

| NEXT i

| OPEN #1 : SCREEN 0.0500,0.9500,0,1 m
| OPEN #2 : SCREEN 0.0500,0.1100,0.45,0.8 !
| OPEN #3 : SCREEN 0.1100,0.2753,0.45,0.8 !
| OPEN #4 : SCREEN 0.3113,0.4766,0.45,0.8 !
| OPEN #5 : SCREEN 0.4994,0.6647,0.45,0.8 !
| OPEN #6 : SCREEN 0.7247,0.8900,0.45,0.8 !
| OPEN #7 : SCREEN 0.890,0.950,0.45,0.8 ! Screen
| OPEN #8 : SCREEN 0.110,0.338,0.08,0.4 ! viewports.
| OPEN #9 : SCREEN 0.374,0.602,0.08,0.4 !
| OPEN #10: SCREEN 0.662,0.890,0.08,0.4 !
| OPEN #11: SCREEN 0.110,0.338,0.04,0.07 !
| OPEN #12: SCREEN 0.374,0.602,0.04,0.07 !
| OPEN #13: SCREEN 0.662,0.890,0.04,0.07 !
| OPEN #14: SCREEN 0.090,0.935,0.815,0.835 !
| OPEN #15: SCREEN 0.05,0.95,0,0.04 m
END SUB

|

!***********************************************************1

! SUBROUTINE INIT: Initializes the important variables. !
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SUB init

|
I
I
I
I
I
I
I
I
I
I
I
|
|
l
|
I
l
I
|
I
I
I
I
|
|
I
!
I
I
I
I
I
|
|
I
I
I
|
I
|

CALL open_viewports
! Mirror types: SPHERICAL, PARABOLIC, PLANE, FRESNEL, or TIERED.

m1$="SPHERICAL" ! Mirror1 type.
m2$="SPHERICAL" ! Mirror2 type.
radius1,radius2=1 ! Radii of curvature for M1,M2.
zones1,zones2=3 ! # of complete Fresnel zones.
tpz1,tpz2=15 ! # of tiers per zone. Must be ODD.
outer_tiers1=0 ! # of outer-zone tiers, counting from the
outer_tiers2=0 ! center of the last zone.
cavity_length=1 ! The resonator length (mirror separation).
lambda=10.6e-6 ! The wavelength of the laser light.
max_rt=200 ! Total transits (2 transits=1 round trip).
incr=50 ! Radial increments. MUST BE EVEN for SUB Simpsons_Rule.
inct=40 ! Theta increments. MUST BE EVEN for SUB Simpsons_Rule.

input_wave$="PLANE" ! "PLANE" (or "GAUSSIAN"): Input wave.
IF MOD(tpz1,2)=0 then tpzl=tpz1+1 ! Odd # of tiers per zone only.
IF zones1=0 then

| tiersl=outer_tiersl

ELSE

| tiersl=tpz1*(zones1-0.5)+0.5+outer_tiers1 ! Total # of tiers.
END IF

max_radius 1=SQR(radius1*(2*tiers1-2)*lambda/2/tpz1+((2*tiers1-2)

| *lambda/2/tpz1)"2)

IF MOD(tpz2,2)=0 then tpz2=tpz2+1
IF zones2=0 then

| tiers2=outer_tiers2

ELSE

| tiers2=tpz2*(zones2-0.5)+0.5+outer_tiers2 ! Total # of tiers.
END IF

max_radius2=SQR(radius2*(2*tiers2-2)*lambda/2/tpz2+((2*tiers2-2)

| *lambda/2/tpz2)"2)

! Odd # of tiers per zone only.

similate$="N" ' Y/N: Similates a processing of the step heights.
RANDOMIZE ! Used for process similation.

alternate$="Y" ! Step mirrors: M1=(recessed,raised) M2=vice versa.
step_switch$="N" ! Step mirrors: Recessed->raised;raised->recessed.
step_tiers=5 ! Step mirrors only. Total # of rings.

n=0 ! Used to maximize RAM usage.

show$="Y"

dev=Te-4 ! Stops program when the amplitude fluxuations are minimal.
auto_scale$="Y" ' Y/N: Auto-scales the log plot of power loss.

erase_line$=REPEATS$(" ",77)

END SUB
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PROGRAM STARTS HERE: Begin the program. !
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inputs$="N"
CALL main

Pksksk sk ok ok sk ok ok otk sk sk ok sk sk skl kol okl skl skt sk ok kok okt kskokokskokokok sk o )

SUBROUTINE MAIN: The main subroutine. !
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!

SUB main
| IF inputs$="N" then CALL init
| DO

I
!
I
I
I
I
|
I
I
I
I
I
I
I
I
I
I
|
I
I
I
I
I
I
I
I
I
|
I

CALL open_viewports

WINDOW #1

CLEAR

SET COLOR "white"

CALL variable_change

IF MOD(tpz1,2)=0 then tpz1=tpz1+1
tiers1=tpz1*zones1

IF zones1=0 then

| tiersl=outer_tiersl

ELSE

| tiersl=tiers1-(tpz1-1)/2+outer_tiers1
END IF

IF MOD(tpz2,2)=0 then tpz2=tpz2+1
tiers2=tpz2*zones2

IF zones2=0 then

| tiers2=outer_tiers2

ELSE

| tiers2=tiers2-(tpz2-1)/2+outer_tiers2
END IF

max_transits=2*max_rt

MAT REDIM z_1(incr+1),z_2(incr+1)

! Number of tiers.

! Total tiers=tiers+
! outer_tiers.

! Number of tiers.
! Total tiers=tiers+

! outer_tiers.

! Total transits or passes.

MAT REDIM zr1r2_1(incr+1,incr+1),zr1r2_2(incr+1,incr+1)
MAT REDIM rl_lambda_1(incr+1),r2_lambda_2(incr+1)
MAT REDIM r1r22_1(incr+1,incr+1),r1r22_2(incr+1,incr+1)

MAT REDIM radl(zones1+1),rad2(zones2+1)
MAT REDIM rings1(tiers1),rings2(tiers2)

MAT REDIM phase_delay(incr+1),depth1(tpz1),depth2(tpz2)
MAT REDIM gre(inct+1),gim(inct+1),gre2(incr+1),gim2(incr+1)
MAT REDIM rel(incr+1),im1(incr+1),re2(incr+1),im2(incr+1)
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MAT REDIM zz1(incr+1),zz2(incr+1),zzm(incr+1),cos_t(inct+1)
MAT REDIM loss1_per_pass(max_rt),loss2_per_pass(max_rt)
MAT REDIM step_rings(step_tiers+1),loss_per_pass(max_transits)
MAT REDIM intvarl_per_pass(max_rt),intvar2_per_pass(max_rt)
'MAT REDIM kr_n(2,n+1,incr+1,inct+1),h_n(2,n+1,incr+1,inct+1)
input_wave$=UCASES$(input_wave$)
m1$=UCASE$(m1$)
m2$=UCASE$(m2$)
alternate$=UCASE$(alternate$)
step_switch$=UCASE$(step_switch$)
auto_scale$=UCASE$(auto_scale$)
show=0.845/incr
k=2*pi/lambda
IF m1$="STEP" then
| etch_depth=lambda/4
| etch_depth$="LAMBDA/4"
I FOR i=1 to step_tiers ! Find the odd lambda/4
Il j=2%i-1 ! phase incremented radii.
I'1 step_rings(i)=SQR(fzt_focus*j*lambda/2+(j*lambda/4)"2)
| NEXT 1
| step_max_radius=step_rings(step_tiers)
| drl,dr2=step_max_radius/incr
ELSEIF m1$="TIERED" OR m1$="FRESNEL" then
FOR i=1 to tiers1 ! Find odd lambda/(2*tpz1) radii.
| IF i=tiers1 then

! Max mirror radius.
! Incremental radii.

Il j=2%i-2 ! The outside edge of the outermost tier.
| ELSE

I j=2%i-1

| END IF

L1 1j=2%i-1 ! The center of the outermost tier.

(
I
I
I
I
I
I
I | rings1(i)=SQR(radius1*j*lambda/2/tpz1+(j*lambda/2/tpz1)"2)

| NEXT i

| max_radius1=rings1(tiers1) ! Max Mirror1 radius.

I FOR i=1 to zonesl ! For F, T mirrors: Radii of Fresnel zones.
I 1 rad1(1))=SQR((2*i-1)*lambda*radius1/2+((2*i-1)*lambda/4)"2)
| NEXT i
| rad1(i)=max_radiusl
| etch_depthl=lambda/(2*tpz1)
| etch_depth1$="W/" & STR$(2*tpz1)
I

I

I

I

I

tol=700e-10 ! Tolerance of etch_depthl = +/- 700 Angstroms.
sim1=tol/10 ! Used to divide the tolerance range into 20 parts.
sim$="" ! A=-tol, B=-0.9tol..., J=-0.1tol, K=+0.1tol..., T=+tol.
scale=1.5 ! Used to convert a uniform into a normal distribution.

FOR i=1 to tpz1
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| IF similate$="N" then
| | depthl(i)=etch_depth1*MOD((tpz1-3)/2+i,tpz1)
| ELSE
| I random=10*rnd
| | IF random < 5 then
I | I sim=tol/scale*(scale-LOG(1+random*(EXP(scale)-1)/5))
| I'l sim=-simI*INT(1+sim/sim1) ! - deviance from
[ 11 s$=CHRS$(75+INT(sim/sim1)) ! mean (thinner).
I 1 ELSE
| I I random=10-random
| 1| sim=tol/scale*(scale-LOG(1+random*(EXP(scale)-1)/5))
I Il sim=sim1*INT(1+sim/sim1) ! + deviance from
I 11 s$=CHR$(74+INT(sim/sim1)) ! mean (thicker).
I I ENDIF
| | sim$=sim$ & s$
| 1 depthl(i)=etch_depth1*MOD((tpz1-3)/2+i,tpz1)+sim
| END IF
| NEXT i
END IF
dr1=max_radiusl/incr
|
IF m2$="STEP" then
| etch_depth=lambda/4
| etch_depth$="LAMBDA/4"
| FOR i=1 to step_tiers ! Find the odd lambda/4
Il j=2%i-1 ! phase incremented radii.
| 1 step_rings(i)=SQR(fzt_focus*j*lambda/2+(j*lambda/4)"2)
| NEXT i
| step_max_radius=step_rings(step_tiers) ! Max mirror radius.
| drl,dr2=step_max_radius/incr ! Incremental radii.
ELSEIF m2$="TIERED" OR m2$="FRESNEL" then

FOR i=1 to tiers2 ! Find odd lambda/(2*tpz2) radii.

| IF i=tiers2 then

! Incremental radius: drl for Mirrorl.

[ j=2%i-2 ! The outer edge of the outermost tier.
I ELSE

b1 j=2%i-1

I END IF

I rings2(i)=SQR(radius2*j*lambda/2/tpz2+(j*lambda/2/tpz2)"2)
NEXT i
max_radius2=rings2(tiers2) ! Max Mirror1 radius.
FOR i=1 to zones2 ! For F,T mirrors: Radii of Fresnel zones.
I rad2(i)=SQR((2*i-1)*lambda*radius2/2+((2*i-1)*lambda/4)"2)
| NEXT i

I
I
I
I
I
I
111 j=2%i-1 ! The center of the outermost tier.
I
I
I
I
[
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rad2(i)=max_radius2
etch_depth2=lambda/(2*tpz2)
etch_depth2$="W/" & STR$(2*tpz2)

tol=700e-10 ! Tolerance of etch_depth2 = +/- 700 Angstroms.
siml=tol/10 ! Used to divide the tolerance range into 20 parts.
sim$="" ! A=-tol, B=-0.9tol..., J=-0.1tol, K=+0.1tol..., T=+tol.
scale=1.5 ! Used to convert a uniform into a semi-normal
FOR i=1 to tpz2 ! distribution.

| IF similate$="N" then
| | depth2(i)=etch_depth2*MOD((tpz2-3)/2+1,tpz2)
ELSE
| random=10*rnd
| IF random < 5 then
| | sim=tol/scale*(scale-LOG(1+random*(EXP(scale)-1)/5))

| | sim=-simI*INT(1+sim/sim1) ! - deviance from
| | s$=CHR$(75+INT(sim/sim1)) ! mean (thinner).

| 1 random=10-random
| | sim=tol/scale*(scale-LOG(1+random*(EXP(scale)-1)/5))

I | sim=sim1*INT(1+sim/sim1) ! + deviance from
| | s$=CHR$(74+INT(sim/sim1)) ! mean (thicker).
| END IF

I
|
|
I
I
I
| | ELSE
I
|
|
|
I
l

| sim$=sim$ & s$
| 1 depth2(i)=etch_depth2*MOD((tpz2-3)/2+i,tpz2)+sim
| END IF

I
I
I
I
|
|
I
|
I
|
I
|
|
I
I
l
I
|
|
|
|
I
I
I
|
| NEXT 1

END IF

dr2=max_radius2/incr ! Incremental radius: dr2 for Mirror2.

|
dt=pi/inct ! Incremental theta.
FOR i=0 to inct

| cos_t(i+1)=cos(i*dt)

NEXT i
[
WINDOW #2 ! Plot mirrorl.

IF max_radius1 => max_radius2 then
| bot_top=incr

ELSE

| bot_top=max_radius2/max_radius1*incr

END IF

IF radius1 > O then

| left=-0.15

| right=0.05

| flood_cent=-0.125
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ELSE
| left=-0.05
| right=0.15
| flood_cent=0
END IF
SET WINDOW left,right,-bot_top,bot_top
SET COLOR 10 ! "intensified green"
IF m1$="STEP" then
| FOR i=0 to incr ! zz1 = Distance from refer.plane to mirrorl.
| j=i*drl
| FOR a=1 to step_tiers STEP 2
I | IF j<=step_rings(a) then
[ 1| IF step_switch$="Y" then zz1(i+1)=0 ELSE zz1(i+1)=etch_depth
I 11 EXIT FOR
| | ELSEIF j<=step_rings(a+1) then
[ 1| IF step_switch$="Y" then zz1(i+1)=etch_depth ELSE zz1(i+1)=0
[ 11 EXIT FOR
I I ENDIF
| NEXT a
NEXT i
FOR i=-incr to incr STEP incr/1000 ! Plot zz1.
| j=i*drl
| FOR a=1 to step_tiers STEP 2
IF ABS(j)<=step_rings(a) then
IF step_switch$="Y" then
| 1 PLOT -0.1,i;
| | IF i=-incr then
I 11 PLOT -0.15,i;-0.15,-i;
I 11 PLOT -0.1,-
| 1'1 PLOT -0.1,i;
| I ENDIF
| ELSE
| 1 PLOT -0.05,i;
I
I
I
I
I
|
I

| IF i=-incr then

| I PLOT -0.15,i;-0.15,-i;

| I PLOT -0.05,-1

I I PLOT -0.05,i;

| END IF

END IF

EXIT FOR
ELSEIF ABS(j)<=step_rings(a+1) then
| IF step_switch$="Y" then
| I PLOT -0.05,i;

I
|
|
|
I
|
I
I
|
|
|
|
[
I
|
|
|
|
|
|
|
|
|
|
|
|
I
I
[
|
|
|
|
I
I | | IF i=-incr then

Il
P
I
Il
Il
I
Il
Il
Il
[
I
I
[ 1
Il
I
Il
Il
[
Il
[l
I
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| I I PLOT -0.15,1;-0.15,-1;
| I | PLOT -0.05,-1
| 1 | PLOT -0.05,i;
1 1 ENDIF
| ELSE
| | PLOT -0.1,i;
| 1 IF i=-incr then
| 11 PLOT -0.15,1;-0.15,-1;
| I 1 PLOT -0.1,-i
| 11 PLOT -0.1,i;
| | ENDIF
| END IF
| EXIT FOR
| END IF
| NEXT a
NEXT i

Il
Il
[l
I
Il
I
I 1
[
I 1
(I
[
I
I
|

ELSEIF m1$="PLANE" then

MAT zz1=0
PLOT -0.05,incr;-0.05,-incr;-0.15,-incr;-0.15,incr;-0.05, incr

ELSEIF m1$="TIERED" then

FOR i=0 to incr

| j=i*drl

| FOR a=1 to tiers1

| 1 IF j<=rings1(a) then

I I I CALL DIVIDE(a,tpz1,q,q1)
[ 11 IF q1=0 then ql=tpzl

I 1 1 zz1(i+1)=depthl(ql)

I I I EXIT FOR

| | ENDIF

| NEXT a

NEXT i

FOR i=-incr to incr STEP incr/1000
| j=i*drl

| FOR a=1 to tiersl

| IF ABS(j)<=rings1(a) then ! gl=remainder of a/tpz1.
| I CALL DIVIDE(a,tpz1,q,q1)
| | IF q1=0 then ql=tpzl

| 1 PLOT -0.1*(1-depth1(q1)/depth1((tpz1+1)/2)),i;

| | IF i=-incr then

I 1 | PLOT -0.15,i;-0.15,-1;

| 11 PLOT -0.1*(1-depth1(q1)/depth1((tpz1+1)/2)),-i

[ 11 PLOT -0.1*(1-depth1(q1)/depth1((tpz1+1)/2)),i;

| I ENDIF

I

I
|
|
I
I
I
!
|
!
I 11 EXIT FOR
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| I END IF
| NEXT a
NEXT i

ELSEIF m1$="SPHERICAL" OR m1$="PARABOLIC" then

I
|
|
|
|
|
I
|
I
I
I
I
I
|
|
I
I
I
I
I
|
|
I
I
|
I
I
I
I
I

daf=(incr*dr1)"2

p2=2*(radius1/2+SQR((radius1/2)"2+daf))

FOR i=0 to incr

| j=i*drl

| IF m1$="SPHERICAL" then

| | zz1(i+1)=radius] - SGN(radius1)*SQR((radius1)"2-j*2)

| ELSE

I 1 zz1(i+1)=(daf-j*2)/p2 ! Parabolic.
| END IF

NEXT i

FOR i=-incr to incr STEP incr/1000

| j=i*drl

| IF m1$="SPHERICAL" then

| 1 PLOT -0.1/zz1(incr+1)*((SQR((radius1)"2-j22)-SQR((radius 1)*2
| || -daf))),i;

| | IF i=-incr then

| I I PLOT -0.15,i;-0.15,-i;

| | 1 PLOT -0.1/zz1(incr+1)*((SQR((radius1)"2-j*2)

I 111 -SQR((radius1)*2-daf))),-i

I 1 1 PLOT -0.1/zz1(incr+1)*((SQR((radius 1)2-j*2)-SQR((radius 1)*2
[ |11 -daf))),i;

| | ENDIF

| ELSE ! Parabolic mirror.
| 1 PLOT -0.1/zz1(1)*((daf-j*2)/p2),i;

| | IF i=-incr then

I I I PLOT -0.15,i;-0.15,-i;

I 1 | PLOT -0.1/zz1(1)*((daf-j*2)/p2),-i

| 1 1 PLOT -0.1/zz1(1)*((daf-j*2)/p2),i;

| | ENDIF

| END IF

NEXT i

ELSEIF m1$="FRESNEL" then

FOR i=0 to incr

| j=i*drl

| FOR a=1 to zones1+1

| | IF j<=rad1(a)+1le-7 then
I 11 zz1(i+1)=radius1-SQR(((a-1)*lambda/2+radius1)*2-j*2)
I 1 I EXIT FOR
| I ENDIF
| NEXT a
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NEXT i
z1=100
z11=-100
FOR i=1 to incr+1
| z1=min(z1,zz1(i))
| z11=max(z11,zz1(i))
NEXT i
MAT zzm=(-z1)*con(incr+1)
MAT zzl=zzm+zz1
z1=100
z11=-100
FOR i=0 to incr STEP incr/1000
| j=i*drl
| FOR a=1 to zones1+1
| | IF j<=radl(a)+1e-7 then
| 11 ii=radius1-SQR(((a-1)*lambda/2+radius1)"2-jA2)
| z1=min(z1,ii)
| z11=max(z11,ii)
| EXIT FOR
END IF
NEXT a
NEXT i
FOR i=-incr to incr STEP incr/1000
| j=i*drl
I FOR a=1 to zones1+1
| IF ABS(j)<=radi(a)+1e-7 then
PLOT -0.1*(1-(radius1 - (SQR(((a-1)*lambda/2+radius1)"2-j*2)
| )-zD/(z11-z1)),i;
IF i=-incr then
| PLOT -0.15,i;-0.15,-1;
| PLOT -0.1*(1-(radius1 - (SQR(((a-1)*lambda/2+radius1)"2
[ 1 -j22))-z1)/(z11-21)),-i
| PLOT -0.1*(1-(radius1 - (SQR(((a-1)*lambda/2+radius1)"2
1 -jA2))-z1)/(z11-21)),i;
END IF
EXIT FOR
| END IF
| | NEXT a
| NEXT i
END IF
FLOOD flood_cent,0
PLOT
|

I
I
I
!
I
I
|
I
I
I
I
|
|
I
|
I
!
I
I
I
I
l
|
I
I
|
i
1
I
L1
P
P
P
1
11
1
I

I
I
I
l
|
|
I
|
I
I
|
I

WINDOW #7 ! Plot mirror2.
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IF max_radius2 => max_radius1 then

| bot_top=incr

ELSE

| bot_top=max_radius1/max_radius2*incr
END IF

IF radius2 > 0 then

| 1eft=0.05

| right=-0.15

| flood_cent=-0.125

ELSE

| left=0.15

| right=-0.05

| flood_cent=0

END IF

SET WINDOW left,right,-bot_top,bot_top

SET COLOR 11

! "intensified cyan"

IF m2$="STEP" then

I
|
l
I
I
|
!
|
I
I
l
!
I
|
!
|
I
I
I
!
I
I
I
|
I
|

FOR i=0 to incr

| j=i*dr2

|
|
|
I
|
I
I
l
I
I

FOR a=1 to step_tiers STEP 2

| IF j<=step_rings(a) then

| | IF (step_switch$="Y" and alternate$="Y") OR (step_switch$="N"
| I | and alternate$="N") then zz2(i+1)=etch_depth ELSE zz2(i+1)=0
| 1 EXIT FOR

I ELSEIF j<=step_rings(a+1) then

| | IF (step_switch$="Y" and alternate$="Y") OR (step_switch$="N"
| 1 1 and alternate$="N") then zz2(i+1)=0 ELSE zz2(i+1)=etch_depth
| I EXIT FOR

| END IF

NEXT a

NEXT i
FOR i=-incr to incr STEP incr/1000 ! Plot zz2.
| j=i*dr2

I
I
I
I
!
|
|
|
I
I

FOR a=1 to step_tiers STEP 2

| IF ABS(j)<=step_rings(a) then

| IF (step_switch$="Y" and alternate$="Y") OR (step_switch$="N"
| | and alternate$="N") then

I 1 PLOT -0.05,i;

| 1 IF i=-incr then

I 11 PLOT -0.15,i;-0.15,-i;
I 11 PLOT -0.05,-i

I 1'1 PLOT -0.05,i;

I I ENDIF

I

I
I
I
I
!
|
I
I
I I ELSE
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! zz2 = Distance from refer. plane to mirror2.
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PLOT -0.1,i;
IF i=-incr then
| PLOT -0.15,i;-0.15,-i;

| PLOT -0.1,-i

| PLOT -0.1,i;

END IF

END IF

| EXIT FOR

ELSEIF ABS(j)<=step_rings(a+1) then

Il
I 1
Il
Il
Il
Il
|

|

| | and alternate$="N") then
| | PLOT -0.1,i;

| | IF i=-incr then

| 11 PLOT -0.15,i;-0.15,-1;
| 11 PLOT -0.1,-1

| 11 PLOT -0.1,i;

| | ENDIF

| ELSE

| I PLOT -0.05,i;

| | IF i=-incr then

| 11 PLOT -0.15,i;-0.15,-i;
| 11 PLOT -0.05,-i

| 11 PLOT -0.05,1;

| | ENDIF

| ENDIF

| I EXIT FOR

| END IF

NEXT a

NEXT i

ELSEIF m2$="PLANE" then

| MAT zz2=0

(N
[
[
I
[
[ 11
I
11
1
P
L1
[
I 1
L1
(I
[
I
11
[
P
P
P
L1
[ 11
P
Il
Il
I
|
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IF (step_switch$="Y" and alternate$="Y") OR (step_switch$="N"

| PLOT -0.05,incr;-0.05,-incr;-0.15,-incr;-0.15,incr;-0.05,incr

ELSEIF m2$="TIERED" then
FOR i=0 to incr

| j=i*dr2

I FOR a=1 to tiers2

| IF j<=rings2(a) then

| I CALL DIVIDE(a,tpz2,q,q1)
I I IF q1=0 then ql=tpz2
['1 zz2(i+1)=depth2(ql)

| | EXIT FOR

| END IF

| NEXT a

| NEXT i

! ql=remainder of a/tpz2.
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FOR i=-incr to incr STEP inct/1000
| j=i*dr2

| FOR a=1 to tiers2

| IF ABS(j)<=rings2(a) then
| | CALL DIVIDE(a,tpz2,q,q1)
| 1 IF q1=0 then ql=tpz2

| | PLOT -0.1*(1-depth2(q1)/depth2((tpz2+1)/2)),i;

| | IF i=-incr then

I I 1 PLOT -0.15,i;-0.15,-i;

I 1 1 PLOT -0.1*(1-depth2(q1)/depth2((tpz2+1)/2)),-i

| 1 | PLOT -0.1*(1-depth2(q1)/depth2((tpz2+1)/2)),1;

| | ENDIF

| | EXIT FOR

| END IF

NEXT a

NEXT i

ELSEIF m2$="SPHERICAL" OR m2$="PARABOLIC" then
daf=(incr*dr2)"2
p2=2*(radius2/2+SQR((radius2/2)*2+daf))

FOR i=0 to incr

| j=i*dr2

| IF m2$="SPHERICAL" then

| | zz2(i+1)=radius2 - SGN(radius2)*SQR((radius2)"2-j*2)

['1 zz2(i+1)=(daf-j*2)/p2

| ENDIF

NEXT i

FOR i=-incr to incr STEP incr/1000

| j=i*dr2

| IF m2$="SPHERICAL" then

| PLOT -0.1/zz2(incr+1)*((SQR((radius2)"2-j*2)-SQR((radius2)"2
I | -daf))),i;

| IF i=-incr then

I | PLOT -0.15,i;-0.15,-1;

I 1 PLOT -0.1/zz2(incr+1)*((SQR((radius2)*2-j22)-SQR((radius2)*2
I

|

[

|

I PLOT -0.1/zz1(1)*((daf-j*2)/p2),i;
| IF i=-incr then
| | PLOT -0.15,i;-0.15,-1;

I
I
I
I
I
I
|
!
|
|
|
|
|
I
|
I
I
I
I
[
|
|
|
!
l
I
I 111 PLOT -0.1/zz1(1)*((daf-j*2)/p2),-i

| ELSE ! Parabolic.

| | -daf))),-i
I PLOT -0.1/zz2(incr+1)*((SQR((radius2)*2-j*2)-SQR((radius2)*2
| | -daf))),i;
END IF
ELSE ! Parabolic.
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[ 1 | PLOT -0.1/zz1(1)*((daf-j*2)/p2),i;
| | ENDIF
| END IF

NEXT i

ELSEIF m2$="FRESNEL" then

FOR i=0 to incr

| j=i*dr2

| FOR a=1 to zones2+1

| | IF j<=rad2(a)+1e-7 then
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I 11 zz2(i+1)=radius2 - SQR(((a-1)*lambda/2+radius2)"2-j*2)

| I | EXIT FOR

| | ENDIF

| NEXT a

NEXT i

z2=100

z22=-100

FOR i=1 to incr+1

| z2=min(z2,zz2(i))

| z22=max(z22,2z2(i))
NEXT i

MAT zzm=(-z2)*con(incr+1)
MAT zz2=zzm+zz2
z1=100

z11=-100

| j=i*dr2
| FOR a=1 to zones2+1
| IF j<=rad2(a)+le-7 then

| | ii=radius2 - SQR(((a-1)*lambda/2+radius2)"2-j"2)

I
I
I I 1 zl=min(z1,ii)

| 1| z11=max(z11,ii)

| I I EXIT FOR

I | ENDIF

| NEXT a

NEXT i

FOR i=-incr to incr STEP incr/1000
| j=i*dr2

| FOR a=1 to zones2+1

| IF ABS(j)<=rad2(a)+1e-7 then

[ 11 -z)/(z11-z1)),i;
| IF i=-incr then

|

|

|

|

|

|

|

|

I

I

I

|

[

I

|

|

|

|

|

| FOR i=0 to incr STEP incr/1000
[

I

I

!

|

I

|

|

|

|

I

|

I

|

I

I

I 1
I 1111 PLOT-0.15,i;-0.15,-1;
[ 11

| 1 PLOT -0.1*(1-(radius2 - (SQR(((a-1)*lambda/2+radius2)"2-j"2))

I 1 PLOT -0.1*(1-(radius2 - (SQR(((a-1)*lambda/2+radius2)*2-j*2))
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1 -zD)/(z11-21)),1

PLOT -0.1*(1-(radius2 - (SQR(((a-1)*lambda/2+radius2)2-j*2))
I -z1)/(z11-z1)),i;
END IF

EXIT FOR

END IF

EXT a

Il
Il
I
I
I

Z

END IF

FLOOD flood_cent,0

|

WINDOW #3

SET WINDOW 0,incr,0,1

SET COLOR 7

i1i=0.05

FOR i=0 to incr STEP incr/10 m
| FOR j=-iii/2 to 14iii/2 STEP 2*iii !
I | PLOT i,j;i,j+iii !

| NEXT j !

NEXT i ! Make
iii=incr/20 ! grid
FOR i=0to 1.1 STEP 0.1 ! graphs.

| FOR j=-iii/2 to incr+iii/2 STEP 2*iii !
I 1 PLOT j,i;j+iii,i
I NEXT j

NEXT i

SET COLOR 15
PLOT 0,0;incr,0;incr,1;0,1;0,0 m
SET TEXT JUSTIFY "center","half"

I

- s= e s—=
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I ! For determining the mirror waists of the symmetrical resonator.

I

IF confined$="Y" then

| IF m1$="PLANE" OR m2$="PLANE" OR radiusl=radius2 then
| IF radiusl=radius2 then

| cav_length=cavity_length/2

| waist=SQR(lambda*cav_length/pi)*(2*radius1*2/(cavity_length
| | *(radiusl-cav_length)))*0.25

I z0=SQR((2*radius1-cavity_length)*cavity_length/4)

| wO=waist/SQR(1+(cav_length/z0)"2)

| wi=0

END IF

IF m1$="PLANE" and m2$="PLANE" then

I
I
|
|
|
|
I
I
|
11 EXITIF
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IF m2$="STEP" then

| TF m1$="PLANE" then

| cavity_length=cavity_length*2
| cav_length=cavity_length/2

| waist=SQR(lambda*cav_length/pi)*(8*fzt_focus*2/(cavity_length
| 1 *(2*fzt_focus-cav_length)))*0.25

| z0=SQR((4*fzt_focus-cavity_length)*cavity_length/4)

I

I

! wl=wO0 ELSE wl=waist

wO=waist/SQR(1+(cav_length/z0)"2)
wl=w0
| cavity_length=cavity_length/2
| ELSE
I 1 wl=waist
| END IF
| j=wl/step_max_radius
| IF j<1 then PLOT TEXT, AT incr*j,EXP(-1):"*"
ELSE
| IF m2$="PLANE" then
| cavity_length=cavity_length*2
| cav_length=cavity_length/2
| waist=SQR(lambda*cav_length/pi)*(2*radius1°2/(cavity_length
| | *(radiusl-cav_length)))*0.25
|
|

I wl=waist ELSE wl=w0

I

I

I

I

I 1 z0=SQR((2*radius1-cavity_length)*cavity_length/4)
I I wO=waist/SQR(1+(cav_length/z0)"2)
| | cavity_length=cavity_length/2

I | wl=waist

| ELSE

I wi=w0

| END IF

| IF m1$="PLANE" then ! wl=wO0 ELSE wl=waist
| | cavity_length=cavity_length*2

| | cav_length=cavity_length/2

I 1 waist=SQR(lambda*cav_length/pi)*(2*radius2~2/(cavity_length

I 1 1 *(radius2-cav_length)))*0.25

I 1 z0=SQR((2*radius2-cavity_length)*cavity_length/4)

| I wO=waist/SQR(1+(cav_length/z0)"2)

I I cavity_length=cavity_length/2

Il wl=wO0

| ELSE

I 1 wl=waist

| END IF

| j=wl/max_radius1

| IF j<1 then PLOT TEXT, AT incr*j,EXP(-1):"*"

END IF
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!1! Plot gaussian E-Field
! (For symmetrical and
!' half symmetrical

Z
sl
”
~

!l mirrors only).
| PLOT
| END IF
ELSE ! For non-symmetrical resonators.

cavity_length_temp=cavity_length-1e-10
z0_sqrd=cavity_length_temp*(radius1-cavity_length_temp)
z0_sqrd=z0_sqrd*(radius2-cavity_length_temp)
z0_sqrd=z0_sqrd*(radius1+radius2-cavity_length_temp)
z0_sqrd=z0_sqrd/(radius2+radius1-2*cavity_length_temp)"2
z0=SQR(z0_sqrd)

w0=SQR(lambda*z0/pi)

z_m1=-0.5*radius1-0.5*SQR(radius 1°2-4*z0_sqrd)

z_m2= 0.5*radius2+0.5*SQR (radius2”2-4*z0_sqrd)
w1=w0*SQR(1+(z_m1/z0)"2)

w2=w0*SQR(1+(z_m2/z0)"2)

I

j=w1/max_radius]

IF j<1 then PLOT TEXT, AT incr*j, EXP(-1):"*"

FOR i=0 to incr STEP 2 "

| PLOT i, EXP(-(i*dr1/w1)*2); ! Plot gaussian E-Field
| PLOT i+1,EXP(-((i+1)*dr1/w1)*2) ! (For non-symmetrical
NEXT i ! mirrors only).

PLOT

| END IF

END IF

SET WINDOW 0,1,0,1

BOX CLEAR 0.6,1,0.9,1

BOX LINES 0.6,1,0.9,1

BOX CLEAR 0.7,0.9,0.8,0.9

BOX LINES 0.7,0.9,0.8,0.9

PLOT TEXT, AT 0.8,0.95:"FINAL"
SET WINDOW 0,incr1,0,1

BOX KEEP 0,incr,0,1 IN grid_graph1$

WINDOW #6

SET WINDOW 0,incr,0,1

SET COLOR 7

iii=0.05

FOR i=0 to incr STEP incr/10 m
| FOR j=-iii/2 to 1+iii/2 STEP 2*iii !
| | PLOT i,j;i,j+iii !
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| NEXT j !
NEXT i ! Make
iii=incr/20 ! grid
FOR i=0to 1.1 STEP 0.1 ! graphs.
| FOR j=-iii/2 to incr+iii/2 STEP 2*iii !
| I PLOT j,i;j+iii,i !
| NEXT j !
NEXT i !
SET COLOR 15 !
PLOT 0,0;incr,0;incr,1;0,1;0,0 m
SET TEXT JUSTIFY "center","half"
I
I ! For determining the mirror waists of the symmetrical resonator.
I
IF confined$="Y" then
| IF m1$="PLANE" OR m2$="PLANE" OR radiusl=radius2 then
| IF radiusl=radius2 then
| I cav_length=cavity_length/2
| waist=SQR(lambda*cav_length/pi)*(2*radius1”2/(cavity_length
I 1 *(radiusl-cav_length)))*0.25
| z0=SQR((2*radius1-cavity_length)*cavity_length/4)
| wO=waist/SQR(1+(cav_length/z0)"2)
| w2=0
END IF
IF m1$="PLANE" and m2$="PLANE" then
| EXIT IF
ELSE
IF m1$="STEP" then
| IF m2$="PLANE" then
[ | cavity_length=cavity_length*2
| cav_length=cavity_length/2
| waist=SQR(lambda*cav_length/pi)*(8*fzt_focus*2/(cavity_length
I 1 *(2*fzt_focus-cav_length)))*0.25
| z0=SQR((4*fzt_focus-cavity_length)*cavity_length/4)
| wO=waist/SQR(1+(cav_length/z0)"2)
| w2=w0
| cavity_length=cavity_length/2
ELSE
| | w2=waist
| END IF
I j=w2/step_max_radius
I IF j<1 then PLOT TEXT, AT incr*j,EXP(-1):"*"
ELSE
| IF m1$="PLANE" then

! w2=w( ELSE w2=waist

I
I
I
!
I
I
I
I
|
|
|
I
|
I
I I
I I
I |
I I
I I
| I
| I
I |
I

I

I

I

[

I

|
I
|
I
I
I
I
I
I
|
I
I
I
I
I
I
|

! w2=waist ELSE w2=w0
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I | cavity_length=cavity_length*2
| | cav_length=cavity_length/2
I | waist=SQR(lambda*cav_length/pi)*(2*radius2”*2/(cavity_length
| | | *(radius2-cav_length)))"0.25
I 1 z0=SQR((2*radius2-cavity_length)*cavity_length/4)
I 1 wO=waist/SQR(1+(cav_length/z0)"2)
I | cavity_length=cavity_length/2
I | w2=waist
| ELSE
|1 w2=w0
| END IF
| IF m2$="PLANE" then ! w2=w0 ELSE w2=waist
| I cavity_length=cavity_length*2
I | cav_length=cavity_length/2
| | waist=SQR(lambda*cav_length/pi)*(2*radius1/2/(cavity_length
I 1 | *(radius1-cav_length)))*0.25
I 1 z0=SQR((2*radius1-cavity_length)*cavity_length/4)
I 1 wO=waist/SQR(1+(cav_length/z0)*2)
I | cavity_length=cavity_length/2
I w2=w0
| ELSE
| | w2=waist
| END IF
| j=w2/max_radius2
| IF j<1 then PLOT TEXT, AT incr*j,EXP(-1):"*"
END IF
FOR i=0 to incr STEP 2
| PLOT i, EXP(-(i*dr2/w2)*2);

!!! Plot gaussian E-Field

I
I
I
|
I
I
I
I
I
I
I
|
I
I
I
I
I
I
I
[
I
I
|
I
I
I
I
I ! (for symmetrical and
I

I
I
I
!
|
I
|
I
|
I
I
I
I
I
I
l
I
|
I
|
I
[
I
I
I
|
|
I
|
|
I

| PLOT i+1,EXP(-((i+1)*dr2/w2)"2) ! half symmetrical
| NEXT i ! mirrors only).
| PLOT
I END IF
ELSE ! For non-symmetrical resonators.

| j=w2/max_radius2

| IF j<1 then PLOT TEXT, AT incr*j,EXP(-1):"*"

| FOR i=0 to incr STEP 2 i

| | PLOT i, EXP(-(i*dr2/w2)"2); ! Plot gaussian E-Field
| | PLOT i+1,EXP(-((1i+1)*dr2/w2)"2) ! (For non-symmetrical
| NEXT i !! mirrors only).

| PLOT

END IF

END IF

I SET WINDOW 0,1,0,1



943 | | BOX CLEAR 0.6,1,0.9,1
944 | | BOX LINES 0.6,1,0.9,1
945 | | BOX CLEAR 0.7,0.9,0.8,0.9
946 | | BOX LINES 0.7,0.9,0.8,0.9
947 | | PLOT TEXT, AT 0.8,0.95:"FINAL"
948 | | SET WINDOW 0,incr,0,1
949 | | BOX KEEP 0,incr,0,1 IN grid_graph2$
950 || FOR i=3to 6 STEP 3
951 |11 WINDOW #
952 ||| SET WINDOW 0,1,0,1
953 |11 SETCOLOR 15
954 ||| SET TEXT JUSTIFY "center","half"
955 |11 BOX CLEAR 04,1,09,1
956 ||| BOXLINES 0.4,1,09,1
957 || | PLOT TEXT, AT 0.7,0.95:"HISTORY"
958 |11 BOX CLEAR 0.3,1,0.8,0.9
959 |11 BOXLINES 0.3,1,0.8,0.9
960 ||| PLOT TEXT, AT 0.65,0.85:"EVERY 10"
961 | 1| IF i<5 then SET WINDOW 0,max_radius1,0,1 ELSE SET WINDOW
I 111 0,max_radius2,0,1
962 || NEXTi
963 |11
964 | | CALL labels
965 | | WINDOW #1
966 | | SET WINDOW 0.05,0.95,0,1
967 || SETCOLOR 15
968 | | SET TEXT JUSTIFY "left","half"
969 | | PLOT TEXT, AT 0.05,0.425:" M1"
970 | | SET TEXT JUSTIFY "right","half"
971 | | PLOT TEXT, AT 0.95,0.425:"M2 "
972 | | SET TEXT JUSTIFY "center","half"
973 | | PLOT TEXT, AT 0.1927,0.425:"Norm Amp vs R"
974 | | PLOT TEXT, AT 0.4880,0.425:"Norm Amp,phase vs R"
975 | | PLOT TEXT, AT 0.8074,0.425:"Norm Amp vs R"
976 | | PLOT TEXT, AT 0.2933,0.80:"1"
977 | | PLOT TEXT, AT 0.2933,0.45:"0"
978 I | PLOT TEXT, AT 0.6947,0.80:"+pi "
979 | | PLOT TEXT, AT 0.6947,0.45+0.035*8:" 0 "
980 | | PLOT TEXT, AT 0.6947,0.45+0.035*6:"-pi "
981 | | PLOT TEXT, AT 0.6947,0.45+0.035%4:"-2pi"
982 | | PLOT TEXT, AT 0.6947,0.45+0.035*2:"-3pi"
983 | | PLOT TEXT, AT 0.6947,0.45:"-4pi"
984 |11
I

985 SET CURSOR 2,1 ! Header section.
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PRINT USING "Incr=###; Inct=###":incr,inct
{
SET CURSOR 5,1
IF m1$="TIERED" then
| PRINT "M1=";m18$;"(";STRS$(tpz1);")"

ELSE

| PRINT "M1=";m1$
END IF

I

SET CURSOR 5,51

IF m2$="TIERED" then

| PRINT "M2=";m2$;"(";STRS$(tpz2);")"
ELSE

| PRINT "M2=";m2$

END IF

IF m1$="STEP" and m2$="STEP" then

| SET CURSOR 5,51

| PRINT "M2=STEP; ALTERNATE=";alternate$
END IF

|

SET CURSOR 1,51

PRINT "R1=";

IF m1$="PLANE" OR m1$="PARABOLIC" then
| PRINT m1$[1:5];"; R2=";

ELSE

| IF radius1>0 and radius1<1 then

| | PRINT "0";STR$(radius1);"; R2=";

| ELSEIF radius1>-1 and radius1<0 then
| I PRINT "-0";STR$(-radius1);"; R2=";
| ELSE

| | PRINT STR$(radiusl);"; R2=";

| END IF

END IF

|

IF m2$="PLANE" OR m2$="PARABOLIC" then
| PRINT m2$[1:5]

ELSE

| IF radius2>0 and radius2<1 then

| | PRINT "0";STR$(radius2)

| ELSEIF radius2>-1 and radius2<0 then
| | PRINT "-0";STR$(-radius2)

| ELSE

| 1 PRINT STR$(radius2)

| END IF
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END IF

|

SET CURSOR 2,51

PRINT "N1=";
n_number1=max_radius142/cavity_length/lambda
IF n_numberl<] then

| PRINT "0";STRS$(n_numberl)[1:4];"; N2=";
ELSE

| PRINT STR$(n_number1)[1:5];"; N2=";

END IF

I

n_number2=max_radius2*2/cavity_length/lambda
IF n_number2<1 then

| PRINT "0";STR$(n_number2)[1:4]

ELSE

| PRINT STR$(n_number2)[1:5]

END IF

|

SET CURSOR 3,1

PRINT "W=Wavelength=";STR$(lambda/1e-6);" um"
!

SET CURSOR 4,51

PRINT "Input Wave=";input_wave$[1:5]

I

IF m1$="STEP" then

| n_number=step_max_radius"2/cavity_length/lambda
| SET CURSOR 4,1

| PRINT "Etch Depth=";etch_depth$

| SET CURSOR 3,51

| PRINT "# of Zones=";STRS$(step_tiers);"; N=";
| IF n_number<]1 then

| I PRINT "0";STR$(n_number)[1:4]

| ELSE

| I PRINT STR$(n_number)[1:5]

| END IF

ELSEIF m1$="TIERED" and m2$="TIERED" then
| SET CURSOR 4,1

| PRINT "Etch Depth1,2=W/(";STR$(2*tpz1);",";STR$(2*tpz2);")"

ELSEIF m1$="TIERED" then

| SET CURSOR 4,1

| PRINT "Etch Depth1=";etch_depth1$
ELSEIF m2$="TIERED" then

| SET CURSOR 4,1

| PRINT "Etch Depth2=";etch_depth2$
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END IF
I
SET CURSOR 3,51
IF m1$="TIERED" and m2$="TIERED" then
| PRINT "tiers1,2=";STR$(tiers1);",";STR$(tiers2);"; d=";
ELSEIF m1$="TIERED" then
| PRINT "tiers1=";STRS$(tiers1);"; d=";
ELSEIF m2$="TIERED" then
| PRINT "tiers2=";STR$(tiers2);"; d=";
ELSE
| PRINT "d=";
END IF
IF cavity_length<1 then PRINT "0";
PRINT STR$(cavity_length)
|
SET CURSOR 5,24
PRINT USING "Begin:###HHHHE #/##H#H" &
& time$,date$[5:6],date$[7:8],date$[3:4]
SET CURSOR 1,24
PRINT "Prgm = RESONATE ver. 1.0"
SET CURSOR 4,1
IF similate$="Y" then PRINT sim$;";";tol*1e10
I
| ! Define the input wave.
|
IF input_wave$="PLANE" then

| MAT re2=1 ! Initialize all the elements of re2 & im2.
| MAT im2=0 ! (re = Real part & im = Imaginary part)
ELSE

| cav_length=cavity_length/2

| IF m1$<>"PLANE" then

I 1 z0=SQR((2*radius1-cavity_length)*cavity_length/4)
| ELSE

| 1 IF m2$<>"PLANE" then z0=SQR((2*radius2-cavity_length)
I 11 *cavity_length/4)

| ENDIF

I wO=waist/SQR(1+(cav_length/z0)*2)

| eta=ATN(cav_length/z0)

| Rz=cav_length*(1+(z0/cav_length)"2)

|

I

I

|

FOR i=0 to incr ! Gaussian input wave.
I re2(i+1)=2*wO0/waist*EXP(-(i*dr1/waist)*2)*cos(eta-k*(cav_length

I 1 +(i*dr1)72/2/Rz)) ! Real part.

NEXT i

| FOR i=0 to incr ! Imaginary part.
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I 1 im2(i+1)=2*w0/waist* EXP(-(i*dr1/waist)*2)*sin(eta-k*(cav_length

I 11 +(*dr1)72/2/Rz)) ! Real part.

| NEXT i

END IF

|

max_amp=-1 m

FOR i=1 to incr+1 !

| amp=SQR(re2(i)"2+im2(i)"2) ! Find the total
| zzm(i)= amp ! initial

| max_amp=max(max_amp,amp) ! amplitude
NEXT i ! distribution
MAT zzm=(1/max_amp)*zzm ! incident on
CALL Simpsons_Rulel(zzm,1,incr+1,initial_int1_amp) ! Mirrorl.
initial_int1_amp=initial_int1_amp/incr !

last_intl_amp=initial_intl_amp m
I

FOR i=1 to incr+1 m

I j=(i-1)*drl ! Find the total
I zzm(i)=(re2(i)"2+im2(1)"2)*j ! initial power
NEXT i ! incident on

CALL Simpsons_Rule1(zzm,dr1,incr+1,initial_power1) ! mirrorl.
initial_power1=initial_power1*2*pi !
last_powerl=initial_powerl !
last_power=initial_powerl m

|

WINDOW #15

SET WINDOW 0.05,0.95,0,1

color=8

phase=1 ! 1=Reference plane or O=mirror surface.
rt=0 ! Initialize the round trip count.

I

I ! The main body of the prgm begins here.
I

FOR transits=1 to max_transits ! Number of transits or passes.
MAT rel=re2 ! (2 transits = 1 round trip).
MAT im1=im2

mirror=1+MOD(transits,2) ! Mirror tracker.

WINDOW #1

SET CURSOR 1,1

PRINT " "

SET CURSOR 1,1

SET COLOR 15

IF mirror=1 then

l
|
I
|
|
I
I
|
|
I 1 PRINT "(";
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| SET COLOR 11
| PRINT "<-";
| SET COLOR 10
| PRINT "--";
| SET COLOR 15
| PRINT USING ") RT= ### of <####".rt, STR$(max_rt)
| WINDOW #14
| SET WINDOW 0,incr+3,0,2
| SET TEXT JUSTIFY "center","half"
| CLEAR
| SET COLOR 11
| MAT phase_delay=(phase*k)*zz1
ELSEIF mirror=2 then
I rt=rt+1 ! Round trip count. The initial
I PRINT "("; ! wave originates from Mirror2.
| SET COLOR 11
| PRINT "--";
| SET COLOR 10
| PRINT "->";
I SET COLOR 15
| PRINT USING ") RT= ### of <##HH#".rt-1,STR$(max_rt)
| WINDOW #14
| SET WINDOW 0,incr+3,0,2
| SET TEXT JUSTIFY "center","half"
| CLEAR
| SET COLOR 10
| MAT phase_delay=(phase*k)*zz2
END IF
IF MOD(transits-1,10)=0 then color=color+1
IF MOD(color,16)=0 then color=9
I
IF transits<3 then
| TF transits=1 then ! mirror=2
| I FOR n2=1 to incr+1 ! Find the resultant E field
I | r2=(n2-1)*dr2 ! on Mirror2 due to Mirrorl.
[ 1 r2r2=r2*r2
z2=cavity_length-zz2(n2)

! MOD=remainder.

IF show$="Y" then PLOT TEXT, AT n2,1.">"

! Integrate over Mirrorl.
z,z_1(n1)=z2-zz1(n1)
rl=(n1-1)*drl

I
I
I
|
I
I
I
I
I
| zr1r2,zr1r2_1(n2,n1)=z*z + r1*rl + r2r2

!
|1
Il
|1
| | FOR nl1=2 to incr+1
F1
I
I
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| r1r22,r1122_1(n2,n1)=r1*r2*2
| r1_lambda,rl_lambda_1(n1)=r1/lambda
| rel_nl=rel(nl)
| im1_nl=im1(n1)
| FOR t1=1 to inct+1
| | r=SQR(zr1r2 - r1r22*cos_t(t1))
| | kr=k*r
I 1 h=(1+z/r)*r1_lambda/r
I | sin_kr=sin(kr)
| I cos_kr=cos(kr)
I 1 gre(tl)=h*(re1_n1*sin_kr - im1_n1*cos_kr)
|1 gim(t1)=h*(rel_n1*cos_kr + im1_n1*sin_kr)
| NEXT t1
| CALL Simpsons_Rule2(gre,gim,dt,inct+1,gre2(n1),gim2(n1))
NEXT nl
CALL Simpsons_Rule2(gre2,gim2,dr1,incr+1,re2(n2),im2(n2))
| NEXT n2
ELSEIF transits=2 then ! Mirror=1
FOR nl=1 to incr+1 ! Find the resultant E field
I rl1=(n1-1)*drl ! on Mirrorl due to Mirror2.
| rirl=rl*rl
| zl=cavity_length-zz1(nl)
I
| IF show$="Y" then PLOT TEXT, AT incr+2-n1,1:"<"
I
FOR n2=2 to incr+1
| z,z_2(n2)=z1-zz2(n2)
| 12=(n2-1)*dr2
| zrlr2,zrir2_2(n1,n2)=z*z + r2*r2 + rirl
| r1r22,r1r22_2(n1,n2)=r1*r2*2
| r2_lambda,r2_lambda_2(n2)=r2/lambda
| rel_n2=rel(n2)
| im1_n2=im1(n2)
| FOR t2=1 to inct+1
| | r=SQR(zr1r2 - r1r22*cos_t(t2))
I
I
|
I
|
I
I

Il
I
Il
Pl
Il
I
Il
Il
Il
Il
bl
Il
I
Il
Il
Il

! Integrate over Mirror?2.

| kr=k*r
| h=(1+z/r)*r2_lambda/r
| sin_kr=sin(kr)
| cos_kr=cos(kr)
| gre(t2)=h*(rel_n2*sin_kr - im1_n2*cos_kr)
| gim(t2)=h*(rel_n2*cos_kr + im1_n2%*sin_kr)
NEXT t2
| CALL Simpsons_Rule2(gre,gim,dt,inct+1,gre2(n2),gim2(n2))

I
|
!
I
I
I
I
I
I
l
I
I
!
I
|
l
I
I
I
I
l
I
I
I
I
I 1 NEXT n2

|
I
I
|
I
I
I
I
I
I
|
|
I
I
I
I
I
I
I
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|
I
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I
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I
I
I
I
I
I
I
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I
I
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I
I
I
I
|
I
I
|
I
!
I
|
I
I
|

I
I
!
I
I
|
!
!
|
|
|
I
I
I
I
|
I
I
I
I
|
|
|
l
I
I
I
|
I
|
I
|
|
|
I
|
|
|
|
I
|
I
I
!

I
I
I
I
I
|
|
|
I
|
I
I
|
I
I
|
I
I
I
|
I
I
I
|
I
I
I
I
I
I
I
I
I
I
|
!
|
|
I
|
I
|
I
I

|
|
I
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| I CALL Simpsons_Rule2(gre2,gim2,dr2,incr+1,re2(n1),im2(n1))
| NEXT nl
END IF

ELSE

I
I
I
I
|
I
I
I
|
I
|
I
I
I
|
I
I
!
I
I
I
I
|
I
|
|
!
|
I
!
I
|
!
|
I
|
I
|
|
I

IF mirror=2 then
| FOR n2=1 to incr+1 ! Find the resultant E field
I ! on Mirror2 due to Mirrorl.
I
| IF show$="Y" then PLOT TEXT, AT n2,1:">"
!
FOR n1=2 to incr+1
| zrir2=zr1r2_1(n2,n1)
| r1r22=r1r22_1(n2,n1)
| z=z_1(n1)
| r1_lambda=r1_lambda_1(n1)
| rel_nl=rel(nl)
| im1_nl=iml(nl)
| FOR t1=1 to inct+1
I | r=SQR(zr1r2 - r1r22*cos_t(t1))
I
I
|
I
I
|

! Integrate over Mirrorl.

| kr=k*r
| h=(1+z/r)*r1_lambda/r
| sin_kr=sin(kr)
| cos_kr=cos(kr)
| gre(tl)=h*(rel_n1*sin_kr - im1_n1*cos_kr)
| gim(t1)=h*(rel_n1*cos_kr + im1_n1*sin_kr)
| NEXT t1
I CALL Simpsons_Rule2(gre,gim,dt,inct+1,gre2(n1),gim2(n1))
| NEXT nl
| I CALL Simpsons_Rule2(gre2,gim2,dr1,incr+1,re2(n2),im2(n2))
| NEXT n2
ELSEIF mirror=1 then
| FOR nl=1 to incr+1

I
I
|
Pl
Il
Il
I
Il
bl
Pl
bl
Il
Pl
Pl
Il
i
Il
Il
Pl
Il
|

! Find the resultant E field
! on Mirrorl due to Mirror2.

IF show$="Y" then PLOT TEXT, AT incr+2-n1,1:"<"

FOR n2=2 to incr+1 ! Integrate over Mirror2.
| zrir2=zr1r2_2(n1,n2)

| r1r22=r1r22_2(n1,n2)

| z=z_2(n2)

| r2_lambda=r2_lambda_2(n2)

| rel_n2=rel(n2)

| im1_n2=im1(n2)

I

|
|
|
I
|
|
|
|
|
|
I
| | FOR t2=1 to inct+1

I
I
I
I
I
I
I
I
I
I
I
I
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|
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I
I
l
|
I
|
I
I
I
I
I
|

I
I
|
I
I
|
|
l
I
I
I
I
I
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| | r=SQR(zr1r2 - r1r22*cos_t(t2))
I | kr=k*r
I | h=(1+2z/r)*r2_lambda/r
I | sin_kr=sin(kr)
I I cos_kr=cos(kr)
I | gre(t2)=h*(rel_n2*sin_kr - im1_n2*cos_kr)
I 1 gim(t2)=h*(re1_n2*cos_kr + im1_n2*sin_kr)
| NEXT t2
| CALL Simpsons_Rule2(gre,gim,dt,inct+1,gre2(n2),gim2(n2))
NEXT n2

| CALL Simpsons_Rule2(gre2,gim2,dr2,incr+1,re2(n1),im2(n1))
| NEXT nl
END IF

Il
I
Il
Il
Il
I
Il
(I
Il
Il
|

END IF

I

WINDOW #1

IF transits=1 then
max_amp=-1
FOR i=1 to incr+1

m
!

| amp=SQR(re2(i)"2+im2(1)"2) !
! Find the

I

|

|

| | zzm(i)= amp

| | max_amp=max(max_amp,amp) ! total initial
| 1 IF max_amp=amp then max_amp_i=i ! distribution
| NEXT i1 ! incident on
| MAT zzm=(1/max_amp)*zzm ! mirror2.

| CALL Simpsons_Rulel(zzm,1,incr+1,initial_int2_amp) !

| initial_int2_amp=initial_int2_amp/incr !

| last_int2_amp=initial_int2_amp m

Il

ELSEIF mirror=1 then

| max_amp=-1 m

| FOR i=1 to incr+1 !

I 1 amp=SQR(re2(i)"2+im2(i)"2) ! Find the

| | zzm(i)=amp ! maximum
| | max_amp=max(max_amp,amp) ! amplitude and
I 1 IF max_amp=amp then max_amp_i=i ! distribution
| NEXT i ! incident on
| MAT zzm=(1/max_amp)*zzm ! mirrorl.

CALL Simpsons_Rule1(zzm,1,incr+1,int1_amp) !
int1_amp=int1_amp/incr n
|

ELSEIF mirror=2 then

max_amp=-1 m
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FOR i=1 to incr+1 !

| amp=SQR(re2(i)"2+im2(i)"2) ! Find the

| zzm(i)= amp ! maximum

| max_amp=max(max_amp,amp) ! amplitude and
| IF max_amp=amp then max_amp_i=i ! distribution
NEXT i ! incident on
MAT zzm=(1/max_amp)*zzm ! mirror2.

CALL Simpsons_Rulel(zzm,1,incr+1,int2_amp) !
int2_amp=int2_amp/incr m

END IF

IF mirror=1 then

I
I
|
I
|
|
I
|
l
l
|
|
I
I
|
I
I
l
l
I
|
|
|
|
I
I
I
|
I
I
|

IF transits>1 then last_last_dev_amp=last_dev_amp
dev_amp=100*(1-(int1_amp+past_int1_amp)/(2*int1_amp))

SET CURSOR 3,24

PRINT " !

SET CURSOR 3,24

PRINT USING "Dev Amp =+##HHH M #":dev_amp," %"
past_intl_amp=intl_amp

last_dev_amp=dev_amp

IF transits>3 and ABS(dev_amp)<dev and ABS(last_dev_amp)<dev and
| ABS(last_last_dev_amp)<dev then

I

Il ! Stop if the last 3 transits are
I ! within dev (the fluxuation factor).
I

| WINDOW #4

| SET WINDOW 0,1,0,1

| SET TEXT JUSTIFY "center","half"

| SET COLOR 15

| BOX CLEAR 0.6,1,0.8,0.9

| BOX LINES 0.6,1,0.8,0.9

| PLOT TEXT, AT 0.8,0.85:"STABLE"
| WINDOW #5

| SET WINDOW 0,1,0,1

| SET TEXT JUSTIFY "center","half"

| SET COLOR 15

| BOX CLEAR 0.6,1,0.8,0.9

| BOX LINES 0.6,1,0.8,0.9

| PLOT TEXT, AT 0.8,0.85:"STABLE"
| WINDOW #14

| SET WINDOW 0,incr+3,0,2

| SET TEXT JUSTIFY "center","half"

| CLEAR
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| 1 STOP
| END IF
END IF
SET CURSOR 4,24
PRINT USING " End:##HHEHHE ##/##HH" &
& time$,date$[5:6],date$[7:8],date$[3:4]
I
I

IF MOD(transits-1,10)=0 then ! Every 10th transit (1,11,21,...).

WINDOW #6 ! mirror=2.
SET COLOR color

FOR i=1 to incr+1 ! Plot the

| PLOT (i-1)*dr2,SQR(re2(i)*2+im2(i)"2)/max_amp; ! relative
NEXT i 1! amplitudes.
PLOT

IF w2<>0 then

I SET COLOR 15

|

I

|

I

I

I

|

I

I 1 SET TEXT JUSTIFY "center","half"

| | IF m1$="STEP" then

11 j=w2/step_max_radius2

| 11 IF j<1 then PLOT TEXT, AT (incr*j)*dr2, EXP(-1):"*"
I | ELSE

11 j=w2/max_radius2

I 11 IF j<1 then PLOT TEXT, AT (incr*j)*dr2,EXP(-1):"*"

| | ENDIF

I 1 FOR i=0 to incr STEP 2 m

I 11 PLOT i*dr2, EXP(-(i*dr2/w2)"2); ! Plot the theoretical
| |1 PLOT (i+1)*dr2, EXP(-((i+1)*dr2/w2)*2) ! gaussian E-Field.
| | NEXT 1 m

I | PLOT

| I SET COLOR color

| END IF

I

IF MOD(transits-2,10)=0 then ! Every 10th transit (2,12,22,...).
| WINDOW #3 ! mirror=1.
| SET COLOR color

| FOR i=1 to incr+1 11! Plot the

| I PLOT (i-1)*dr1,SQR(re2(i)*2+im2(i)"2)/max_amp; ! relative

| NEXT i 1! amplitudes.
| PLOT

| IF w1<>0 then

| I SET COLOR 15

| | SET TEXT JUSTIFY "center","half"




I
I
I
I
I
|
I
I
I
|
|
I
I
I
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| IF m1$="STEP" then
I | j=wl/step_max_radiusl
I 1 IF j<1 then PLOT TEXT, AT (incr*j)*dr1, EXP(-1):"*"
| ELSE
I I j=wl/max_radiusl
| I IF j<1 then PLOT TEXT, AT (incr*j)*dr 1, EXP(-1):"*"
| ENDIF
I FOR i=0 to incr STEP 2 m
I 1 PLOT i*dr1,LEXP(-(i*dr1/w1)"2); ! Plot the theoretical
I 1 PLOT (i+1)*dr1,LEXP(-((i+1)*dr1/w1)*2) ! gaussian E-Field.
I NEXT i m
| PLOT
I SET COLOR color
END IF

END IF

IF mirror=1 then

!
I
I
|
I
I
|
I
I
|
I
I
I
I
I
I
I
I
|
I
I
I
I
|
I
|
I

WINDOW #4

SET WINDOW 0,1,0,1

CLEAR

SET COLOR 15

SET TEXT JUSTIFY "center","half"

BOX SHOW grid_graph1$ AT 0,0 USING "OR"
PLOT TEXT, AT 0.8,0.85:"M1"

SET COLOR 10

SET WINDOW 0,max_radius1,0,1

! intensified "green"

FOR i=1 to incr+1 ! Plot the

| PLOT (i-1)*dr1,SQR(re2(i)*2+im2(i)*2)/max_amp; ! relative
NEXT i I! amplitudes.
PLOT

I

I ! Plot relative phase below.
|

SET WINDOW 0,max_radius1,-4*pi,pi

SET COLOR "yellow"

IF re2(max_amp_i)>0 then

| jj=ATN(im2(max_amp_i)/re2(max_amp_i)+1le-10)
ELSE

| IF im2(max_amp_i)>0 then

| 1 jj=ATN(im2(max_amp_i)/re2(max_amp_i)+1e-10)+pi
| ELSE

| | jj=ATN(im2(max_amp_i)/re2(max_amp_i)+1e-10)-pi
| ENDIF

END IF
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FOR ii=1 to incr-1 STEP 2
FOR i=ii to ii+1
I IF re2(i1)>0 then
|1 j5j=ATN({Im2(i)/re2(i)+1e-10)
| ELSE
| | IF im2(i)>0 then
1 j5j=ATN@{Im2(i)/re2(i)+1e-10)+pi
| ELSE
I'1 jjj=ATN({Im2(i)/re2(i)+1e-10)-pi
| END IF
END IF
j=iij-jj-phase_delay(i)+phase_delay(max_amp_i)
IF i>1 then
DO UNTIL(ABS(last_j-j)<1.5*pi1)
| IF j>last_j then
'l j=j-2*pi
| ELSE
Il j=j+2*pi
| END IF
LOOP
END IF
| last_j=j
| PLOT (i-1)*drl,j;
NEXT i
PLOT
NEXT ii
PLOT
LSEIF mirror=2 then
WINDOW #5
SET WINDOW 0,1,0,1
CLEAR
SET COLOR 15
SET TEXT JUSTIFY "center","half"
BOX SHOW grid_graph2$ AT 0,0 USING "OR"
PLOT TEXT, AT 0.8,0.85:"M2"

I
I
|
I
|
|
I
Il
P
i
Il
Il
Il
Il
I

|
I
I
|
I
|
I
I
I
|
|
I
I
I
|
I
I
I
I
I
|
|
|
I

SET COLOR 11 ! intensified "cyan"
SET WINDOW 0,max_radius2,0,1

FOR i=1 to incr+1 !1 Plot the

| PLOT (i-1)*dr2,SQR(re2(i)*2+im2(i)*2)/max_amp; ! relative

NEXT i I amplitudes.
PLOT

I
|
|
|
I
I
I
|
I
I
I
I
I
I
I
I
I
|
I
I
I
I
|
I
|
I
|
E
I
I
I
I
I
|
|
I
I
|
I
|
I
|
I
I

I
I ! Plot relative phase below.
I
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SET WINDOW 0,max_radius2,-4*pi,pi

SET COLOR "yellow"

IF re2(max_amp_i)>0 then

I jjI=ATN(im2(max_amp_i)/re2(max_amp_i)+1e-10)
ELSE

| IF im2(max_amp_i)>0 then

I | jj=ATN(im2(max_amp_i)/re2(max_amp_i)+1e-10)+pi
| ELSE

I 1 jj=ATN(im2(max_amp_i)/re2(max_amp_i)+1le-10)-pi
| END IF

END IF

FOR ii=1 to incr-1 STEP 2

FOR i=ii to ii+1

| IF re2(i)>0 then

I'1 jjj=ATN(@Im2(i)/re2(i)+1e-10)

| ELSE

| 1 IF im2(i)>0 then

|11 jjj=ATN(@im2(i)/re2(i)+1e-10)+pi

| I ELSE

11 jjj=ATN@Im2(1)/re2(i)+1e-10)-pi

| | ENDIF

| END IF

| j=jjj-li-phase_delay(i)+phase_delay(max_amp_i)
| IF i>1 then

| 1 DO UNTIL(ABS(last_j-j)<1.5*pi)

| 1| IF j>last_j then

[ 111 j=-2%p1

11 ELSE

1] j=j+2%pi

1l ENDIF

| I LOOP

| END IF

| last_j=j

| PLOT (i-1)*dr2,j;

NEXT i

PLOT

NEXT ii

PLOT

I
I
I
I
I
|
|
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
|
I

IF transits=1 then

| FOR i=1 to incr+1 m

[l j=@G-1)*dr2 !

| 1 zzm(i)=(re2(1)"2-+im2(1)2)*] ! Find the

110
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| NEXT 1

! total power

| CALL Simpsons_Rulel(zzm,dr2,incr+1,initial_power2) ! incident

| initial_power2=initial_power2*2*pi
| last_power2=initial_power2

| power,power2=initial_power2

Il

ELSEIF mirror=1 then

| FOR i=1 to incr+1

I 1 j=@-1)*drl

|1 zzm(i)=(re2(1)"2+im2(i)"2)*j

| NEXT 1

| CALL Simpsons_Rulel(zzm,dr1,incr+1,powerl)
| powerl=powerl*2*pi

| power=powerl

I

ELSEIF mirror=2 then

| FOR i=1 to incr+1

I1 j=(G-1)*dr2

'l zzm(i)=(re2(1)"2+im2(i)"2)*j

| NEXT i

| CALL Simpsons_Rulel(zzm,dr2,incr+1,power2)
| power2=power2*2*pi

| power=power2

END IF

I

! on Mirror2.

!
t

m
! Find the
! total power
! incident on
! mirrorl.
!

m

"

! Find the
! total power
! incident on
! Mirror2.
!

"

111

I ! NORmalized POWER is the amount remaining of the initial.

I

WINDOW #1

SET COLOR 15

SET CURSOR 2,24
PRINT " !
SET CURSOR 2,24

PRINT USING "Norm Power=+#.#### " #":100*power/initial_powerl,

I ll%"
I

| ! Plot Power Loss (P.L.) per pass below.

|
IF transits=1 then

| loss_per_pass(1)=1-initial_power2/initial_power1

| last_power=power

| loss2_per_pass(1)=loss_per_pass(1)

| last_power2=power2

| loss_min,loss_min_old,loss_minl=1e10

| loss_max,loss_max_old,loss_max1=-1e10

! Mirror2 info only.
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1597 |11 | IF auto_scale$="Y" then
1598 | 111 | FOR i=ROUND(LOG10(loss2_per_pass(1)))-1to 0
1599 111111 IF loss2_per_pass(1)>10%i then
1600 1111111 EXITIF
1601 111111 ELSE
1602 1111111 loss_max2=10M
1603 1111111 loss_min2=107(-1)
1604 1111111 i=0
1605 111111 ENDIF
1606 11111 NEXTi
1607 1111 ELSE
1608 | 1111 loss_min2=0.00001
1609 1111 loss_max2=1
1610 111 ENDIF
1611 11111
1612 | | | ELSEIF mirror=2 then ! Mirror2 info only.
1613 | 1 1| loss2_per_pass(rt)=1-power2/last_powerl
1614 | 11 | last_power2=power2
1615 | I 1 | loss_per_pass(transits)=1-power/last_power
1616 111 | last_power=power
1617 | I 11 IF auto_scale$="Y" then
1618 11111 FOR i=ROUND(LOG10(loss2_per_pass(rt)))-1to 0
1619 11111 | IF loss2_per_pass(rt)>107i then
1620 111111 EXITIF
1621 111111 ELSE
1622 1111111 loss_max2=10"
1623 1111111 loss_min2=107(i-1)
1624 1111111 i=0
1625 11111 ENDIF
1626 11111 NEXTi
1627 1111 ELSE
1628 |1 1|1 loss_min2=0.00001
1629 11111 loss_max2=1
1630 1111 ENDIF
1631 11111
1632 | | | ELSEIF transits=2 then ! Mirror1 info only.
1633 | | | | lossl_per_pass(1)=1-powerl/last_power2
1634 | | | | last_powerl=powerl
1635 | | | | loss_per_pass(transits)=1-power/last_power
1636 | | I | last_power=power
1637 | | | | IF auto_scale$="Y" then
1638 11111 FOR i=ROUND(LOG10(loss1_per_pass(1)))-1to 0
1639 | 11111 IFlossl_per_pass(1)>10%i then
F1d

1640 111 EXITIF
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I 1 1 ELSE
I 111 loss_max1=10"
I |11 loss_minl=107(i-1)
[111i=0
[ I | ENDIF
| | NEXT i1
| ELSE
I | loss_min1=0.00001
| | loss_max1=1
| END IF
I 1
ELSEIF mirror=1 then
loss1_per_pass(rt)=1-power1/last_power2
last_powerl=powerl
loss_per_pass(transits)=1-power/last_power
last_power=power
IF auto_scale$="Y" then
| FOR i=ROUND(LOG10(loss1_per_pass(rt)))-1 to 0
| | IF loss1_per_pass(rt)>10”i then
| I | EXITIF
ELSE
| loss_max1=10"
| loss_minl1=107(i-1)
| i=0
END IF
| NEXT 1
ELSE
| loss_min1=0.00001
| loss_max1=1
END IF
ND IF

! Mirror1 info only.

I
I
|
|
I
I
|
I
11
I
[
11
11
I
I
I
I
I
E

I

WINDOW #9

SET COLOR 15
loss_min=min(loss_min,loss_min1)
loss_min=min(loss_min,loss_min2)
loss_max=max(loss_max,loss_max1)
loss_max=max(loss_max,loss_max?2)
I

IF mirror=2 then

| IF loss_min<>loss_min_old OR loss_max<>loss_max_old then
| | CLEAR

I | WINDOW #1

| | BOX CLEAR 0.339,0.373,0,0.4
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| CALL labels
| WINDOW #9

SET WINDOW 0,max_transits,LOG10(loss_min),LOG10(loss_max)
| +(LOG10(loss_max)-LLOG10(loss_min))/7

SET COLOR 7

FOR i=0 to max_transits STEP max(1,INT(max_transits/10))

| PLOT i,LOG10(loss_min);i,LOG10(loss_max)

NEXT i

SET TEXT JUSTIFY "right","half"

FOR i=ROUND(LOG10(loss_min)) to ROUND(LOG10(loss_max))
| SET COLOR 7

| PLOT 0,i;max_transits,i

| SET COLOR 15

| PLOT TEXT, AT -max_transits/40,i:STR$(i+2)

NEXT i

SET TEXT JUSTIFY "center","top"

PLOT TEXT, AT max_transits/2,LOG10(loss_max)

| +(LOG10(oss_max)-LOG10(loss_min))/7:"P.L./Pass/Mirror"
SET TEXT JUSTIFY "right","half'

PLOT 0,LOG10(loss_min);0,LOG10(loss_max);

PLOT max_transits, LOG10(loss_max);max_transits,LOG10(loss_min);
PLOT 0,LOG10(loss_min)

IF loss_min<0 and loss_max>0 then PLOT 0,0;max_transits,0
SET COLOR 12

FOR i=1 to transits

I PLOT i,LOG10(loss_per_pass(i));

NEXT i

PLOT

IF transits>1 then

| SET COLOR 10 I M1.

| FOR i=2 to 2*rt-2 STEP 2

| | PLOT i,LOG10(loss1_per_pass(i/2));

| NEXT i

END IF

PLOT

SET COLOR 11 I M2.

FOR i=1 to 2*rt-1 STEP 2

| PLOT i,LOG10(loss2_per_pass((i+1)/2));

NEXT i

PLOT

LSE

SET TEXT JUSTIFY "center","top"
BOX CLEAR 0,max_transits,LOG10(loss_max)+(LOG10(loss_max)
I -LOG10(oss_min))/15,LOG10(loss_max)+(LOG10(loss_max)
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| 1 -LOG10(loss_min))/5
| PLOT TEXT, AT max_transits/2,LOG10(loss_max)
I | +(LOG10(loss_max)-LOG10(loss_min))/7:"P.L./Pass/Mirror"
| SET COLOR 12
| PLOT transits-1,LOG10(loss_per_pass(transits-1));
| PLOT transits,LOG10(loss_per_pass(transits))
| SET COLOR 11
| PLOT 2*rt-3,LOG10(loss2_per_pass(rt-1));
| PLOT 2*rt-1,LOG10(loss2_per_pass(rt))
END IF
WINDOW #15
SET TEXT JUSTIFY "center","half"
BOX CLEAR 0.63,0.95,0,1
SET COLOR 11
PLOT TEXT, AT 0.776,0.5:"M2 !
SET COLOR 15
PLOT TEXT, AT 0.776,0.5:&
&USINGS$(" P.L..+### N #"100*loss2_per_pass(rt),"%")
SET COLOR 15
PLOT TEXT, AT 0.224,0.5:"M1 "
BOX CLEAR 0.35,0.63,0,1
PLOT TEXT, AT 0.488,0.5:&
& USINGS$("Final P.L.:+#.##" #" 100*1oss_per_pass(transits),"%")
I

ELSEIF mirror=1 then

I
|
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

IF loss_min<>loss_min_old OR loss_max<>loss_max_old then
| CLEAR

| WINDOW #1

| BOX CLEAR 0.339,0.373,0,0.4

| CALL labels

| WINDOW #9

| SET WINDOW 0,max_transits,LOG10(loss_min),LOG10(loss_max)
I I +(LOG10(loss_max)-LOG10(loss_min))/7

| SET COLOR 7

| FOR i=0 to max_transits STEP max(1,INT(max_transits/10))

| I PLOT i,LOG10(loss_min);i,LOG10(loss_max)

| NEXT i

| SET TEXT JUSTIFY "right","half"

| FOR i=ROUND(LOG10(loss_min)) to ROUND(LOG10(loss_max))
| | SET COLOR 7

| | PLOT 0,i;max_transits,i

I I SET COLOR 15

| I PLOT TEXT, AT -max_transits/40,i:STR$(i+2)

| NEXT i
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1767 11111 SET TEXT JUSTIFY "center","top"

1768 11111 PLOT TEXT, AT max_transits/2,LOG10(loss_max)
11111 +@LOG10(loss_max)-LOG10(loss_min))/7:"P.L./Pass/Mirror"

1769 1111 | SET TEXT JUSTIFY "right","half"

1770 11111 PLOT 0,LOG10(loss_min);0,LOG10(loss_max);

1771 11111 PLOT max_transits,LOG10(loss_max);max_transits, LOG10(loss_min);

1772 |1 I I | PLOT 0,LOG10(loss_min)

1773 |11 || IF loss_min<0 and loss_max>0 then PLOT 0,0;max_transits,0

1774 11111 SET COLOR 12

1775 11111 FOR i=1 to transits

1776 111111 PLOT i,LOG10(loss_per_pass(i));

1777 11111 NEXTi

1778 11111 PLOT

1779 11111 SETCOLOR 10 M1

1780 11111 FORi=2to 2*rt STEP 2

1781 111111 PLOT i,LOG10(loss1_per_pass(i/2));

1782 11111 NEXTi

1783 11111 PLOT

1784 11111 SETCOLOR 11 M2

1785 11111 FORi=1to 2*rt-1 STEP 2

1786 111111 PLOT i,LOG10(loss2_per_pass((i+1)/2));

1787 11111 NEXTi

1788 11111 PLOT

1789 1111 ELSE

1790 | 1111 SET TEXT JUSTIFY "center","top"

1791 11111 BOX CLEAR 0,max_transits,LOG10(loss_max)+LOG10(loss_max)
[ 1111 -LOG10(oss_min))/15,LOG10(loss_max)+(LOG10(loss_max)
I 11111 -LOG10(loss_min))/5

1792 111 |1 PLOT TEXT, AT max_transits/2,LOG10(loss_max)
P11 T +(LOG10(loss_max)-LOG10(loss_min))/7:"P.L./Pass/Mirror"

1793 11111 SETCOLOR 12

1794 11111 PLOT transits-1,LOG10(loss_per_pass(transits-1));

1795 11111 PLOT transits,LOG10(loss_per_pass(transits))

1796 11111 SET COLOR 10

1797 | 1| | | IF transits=2 then

1798 111111 PLOT 2*rt,LOG10(loss1_per_pass(rt))

1799 11111 ELSE

1800 11111 PLOT 2*rt-2,LOG10(loss1_per_pass(rt-1));

1801 [ 11111 PLOT 2*rt,LOG10(loss1_per_pass(rt))

1802 11111 ENDIF

1803 1111 ENDIF

1804 1111 WINDOW #15

1805 1111 SET TEXT JUSTIFY "center","half"

1806 111 | BOX CLEAR 0,0.35,0,1
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1807 [ 111 SET COLOR 10

1808 | I | | PLOT TEXT, AT 0.224,0.5:"M1 "

1809 [ 111 SET COLOR 15

1810 | 1| | PLOT TEXT, AT 0.224,0.5:&

1811 111 & USINGS$(" P.L..+HE## M #",100*10ss1_per_pass(rt),"%")

1812 1111 SET COLOR 15

1813 | | | | PLOT TEXT, AT 0.776,0.5:"M2 !

1814 1111 BOX CLEAR 0.35,0.63,0,1

1815 || | | PLOT TEXT, AT 0.488,0.5:&

1816 |1 1 | & USING$("Final P.L.:.+### "\ #",100*loss_per_pass(transits),"%")

1817 |1 | ENDIF

1818 | | | loss_min_old=loss_min

1819 | | | loss_max_old=loss_max

1820 |11

1821 111 ! Plot Mirror2's amplitude variation per Round Trip(RT) below.

1822 |11

1823 | | | IF transits=3 then ! Mirror=2.

1824 1| | | intvar2_per_pass(1),intvar2_max,intvar2_min=int2_amp/last_int2_amp-1

1825 11111 ‘

1826 | | | ELSEIF mirror=2 and transits>3 then ! Mirror2 info only.

1827 |11 1 WINDOW #10

1828 |11 1 SET COLOR 15

1829 | 1 || intvar2_per_pass(rt-1)=int2_amp/last_int2_amp-1

1830 | I I | intvar2_min=min(intvar2_min,intvar2_per_pass(rt-1))

1831 | | I | intvar_min= min(intvar_min,intvarl_min)

1832 | | I | intvar_min= min(intvar_min,intvar2_min)

1833 | 1 | | intvar2_max=max(intvar2_max,intvar2_per_pass(rt-1))

1834 | | | | intvar_max= max(intvar_max,intvarl_max)

1835 | | | | intvar_max= max(intvar_max,intvar2_max)

1836 1 I | | IF intvar_min<>intvar2_min_old OR intvar_max<>intvar2_max_old then

1837 1111 CLEAR

1838 11111 WINDOW #1

1839 |1 111 BOXCLEAR 0.603,0.661,0,0.4

1840 11111 CALL labels

1841 [ 1111 WINDOW #10

1842 11111 SET WINDOW 0,max_rt,intvar_min-(intvar_max-intvar_min)/25,
I'11 11| intvar_max+(intvar_max-intvar_min)/7

1843 [ 1111 SETCOLOR 7

1844 1111 | FOR i=0 to max_rt STEP max(1,INT(max_rt/10))

1845 111111 PLOTi,intvar_min;i,intvar_max

1846 11111 NEXTi

1847 11111 SETCOLOR 15

1848 11111 BOX CLEAR 0,max_rt,intvar_max+(intvar_max-intvar_min)/15,
[

| intvar_max-+(intvar_max-intvar_min)/5
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| SET TEXT JUSTIFY "center","top"
| PLOT TEXT, AT max_rt/2,intvar_max+(intvar_max-intvar_min)/7:&
| & USINGS$("Decay/RT:+#.# A" 100*intvar2_per_pass(rt-1))
| SET TEXT JUSTIFY "right","half"
| i=-max_rt/40
| PLOT TEXT, AT i,intvar_max:STR$(ROUND(100*intvar_max))
| PLOT TEXT, AT i,intvar_min:STR$(ROUND(100*intvar_min))
| PLOT TEXT, AT i,intvar_min+(intvar_max-intvar_min)/2:"% "
| PLOT 0O,intvar_min;0,intvar_max;
| PLOT max_rt,intvar_max;max_rt,intvar_min;0,intvar_min
| IF intvar_min<0 and intvar_max>0 then
| I SET COLOR 7
| | PLOT 0,0;max_rt,0
| END IF
| SET COLOR 11
| FOR i=1 to rt-1
| | PLOT i,intvar2_per_pass(i);
| NEXT i
| PLOT
ELSE
| SET TEXT JUSTIFY "center","top"
| BOX CLEAR 0.57*max_rt,max_rt,intvar_max+(intvar_max-
| | intvar_min)/15,intvar_max+(intvar_max-intvar_min)/5
| PLOT TEXT, AT max_rt/2,intvar_max-+(intvar_max-intvar_min)/7:&
| & USINGS$("Decay/RT:+#.# " 100*intvar2_per_pass(rt-1))
| SET COLOR 11
| PLOT rt-2,intvar2_per_pass(rt-2);
| PLOT rt-1,intvar2_per_pass(rt-1)
END IF
last_int2_amp=int2_amp
intvar_max_old,intvar2_max_old=intvar_max
intvar_min_old,intvar2_min_old=intvar_min

|
I
I
I
I
I
I
I
[
I
I
I
I
I
I
I
|
|
I
|
I
I
I
I
I
|
I
I
I
I
I
I
I
| ! Plot Mirror1's amplitude variation per Round Trip(RT) below.
I

ELSEIF transits=2 then ! Mirror=1.

| intvarl_per_pass(1),intvar]l_max,intvarl_min=intl_amp/last_intl_amp-1
| intvarl_min_old,intvar2_min_old=1e10

| intvarl_max_old,intvar2_max_old=-1e10

Il

ELSEIF mirror=1 then

| WINDOW #8

| SET COLOR 15

| intvarl_per_pass(rt)=int]l_amp/last_int]l_amp-1

! Mirror1 info only.



119

1892 | | | | intvarl_min=min(intvarl_min,intvarl_per_pass(rt))

1893 | | | | intvar_min= min(intvar_min,intvarl_min)

1894 | | | | intvar_min= min(intvar_min,intvar2_min)

1895 | I 1| intvarl_max=max(intvarl_max,intvarl_per_pass(rt))

1896 | | | | intvar_max= max(intvar_max,intvarl_max)

1897 | I 1| intvar_max= max(intvar_max,intvar2_max)

1898 | | | | IF intvar_min<>intvarl_min_old OR intvar_max<>intvarl_max_old then

1899 I 1111 CLEAR

1900 11111 WINDOW #1

1901 11111 BOXCLEAR 0.05,0.109,0,0.4

1902 1111 CALL labels

1903 [ 1111 WINDOW #8

1904 11111 SET WINDOW 0,max_rt,intvar_min-(intvar_max-intvar_min)/25,
[ I 1111 intvar_max+(intvar_max-intvar_min)/7

1905 (1111 SET COLOR7

1906 11111 FOR i=0to max_rt STEP max(1,INT(max_rt/10))

1907 111111 PLOT i,intvar_min;i,intvar_max

1908 11111 NEXTIi

1909 11111 SETCOLOR 15

1910 1111 | BOX CLEAR 0,max_rt,intvar_max+(intvar_max-intvar_min)/15,
[ 11111 intvar_max+(intvar_max-intvar_min)/5

1911 11111 SET TEXT JUSTIFY "center","top"

1912 11111 PLOT TEXT, AT max_rt/2,intvar_max+(intvar_max-intvar_min)/7:&

1913 | 11| | & USINGS$("Decay/RT:+#.#"",100*intvarl_per_pass(rt))

1914 11111 SET TEXT JUSTIFY "right","half"

1915 1111 i=-max_rt/40

1916 1111 PLOT TEXT, AT i,intvar_max:STR$(ROUND(100*intvar_max))

1917 11111 PLOT TEXT, AT i,intvar_min:STR$(ROUND(100*intvar_min))

1918 |1 111 PLOT TEXT, AT i,intvar_min+(intvar_max-intvar_min)/2:"% "

1919 || 111 PLOT O,intvar_min;0,intvar_max;

1920 1111 | PLOT max_rt,intvar_max;max_rt,intvar_min;0,intvar_min

1921 | [ I I | IF intvar_min<O and intvar_max>0 then

1922 111111 SETCOLOR7

1923 [ 11|11 PLOT 0,0;max_rt,0

1924 11111 ENDIF

1925 11111 SETCOLOR 10

1926 | 1111 FORi=1tort

1927 111111 PLOT i,intvarl_per_pass(i);

1928 |1 111 NEXTIi

1929 1111 PLOT

1930 |11 ELSE

1931 11111 SET TEXT JUSTIFY "center","top"

1932 11111 BOX CLEAR 0.57*max_rt,max_rt,intvar_max-+(intvar_max
111

| | -intvar_min) /15,intvar_max+(intvar_max-intvar_min)/5
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| PLOT TEXT, AT max_rt/2,intvar_max-+(intvar_max-intvar_min)/7:&
| & USING$("Decay/RT:+#.# " 100*intvar]l_per_pass(rt))
| SET COLOR 10
| PLOT rt-1,intvarl_per_pass(rt-1);
| PLOT rt,intvarl_per_pass(rt)

END IF
last_int1_amp=int]_amp
intvar_max_old,intvarl_max_old=intvar_max
| intvar_min_old,intvar]l_min_old=intvar_min
END IF
Il
NEXT transits ! End of main loop.
I
| ! Halt the program for a full screen view.
I
transits=transits-1
WINDOW #14
SET WINDOW 0,incr+3,0,2
SET TEXT JUSTIFY "center","half"
CLEAR
GET KEY key
FOR i=8 to 15
| CLOSE #1i
NEXT i
I
| ! Halt the program for a smaller screen view
| ! for use in the windows clipboard.
I
OPEN #8 : SCREEN 0.110,0.338,0.19,0.4 "
OPEN #9 : SCREEN 0.374,0.602,0.19,0.4 !
OPEN #10: SCREEN 0.662,0.890,0.19,0.4 !
OPEN #11: SCREEN 0.110,0.338,0.15,0.18 ! Screen
OPEN #12: SCREEN 0.374,0.602,0.15,0.18 ! viewports.
OPEN #13: SCREEN 0.662,0.890,0.15,0.18 !
OPEN #14: SCREEN 0.090,0.935,0.815,0.835 !
OPEN #15: SCREEN 0.05,0.95,0.11,0.15 mn
WINDOW #15
SET WINDOW 0.05,0.95,0,1
WINDOW #1
BOX CLEAR 0,1,0,0.4
CALL labels
|
I ! Plot Power Loss (P.L.) per pass below.
I
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WINDOW #9

SET COLOR 7

SET WINDOW 0,max_transits,LOG10(loss_min)-(LOG10(loss_max)
| I -LOG10(loss_min))/25,L.OG10(loss_max)+(LOG10(loss_max)
| | -LOG10(loss_min))/5

FOR i=0 to max_transits STEP max(1,INT(max_transits/10))

| PLOT i,LOG10(loss_min);i,LOG10(loss_max)

NEXT i

SET TEXT JUSTIFY "right","half"

FOR i=ROUND(LOG10(loss_min)) to ROUND(LOG10(loss_max))
| SET COLOR 7

| PLOT 0,i;max_transits,i

| SET COLOR 15

| PLOT TEXT, AT -max_transits/40,i:STR$(i+2)

NEXT i

SET TEXT JUSTIFY "center","top"

PLOT TEXT, AT max_transits/2,LOG10(loss_max)+(LOG10(loss_max)
| -LOG10(oss_min))/5:"P.L./Pass/Mirror"

SET TEXT JUSTIFY "right","half"

PLOT 0,LOG10(loss_min);0,LOG10(loss_max);

PLOT max_transits, LOG10(loss_max);max_transits, LOG10(loss_min);
PLOT 0,LOG10(loss_min)

IF loss_min<0 and loss_max>0 then

| SET COLOR 7

I PLOT 0,0;max_transits,0

END IF

SET COLOR 12

FOR i=1 to transits

| PLOT 1,LOG10(loss_per_pass(i));

NEXT i

PLOT

SET COLOR 10 M1

FOR i=2 to 2*rt STEP 2

| PLOT i,LOG10(loss1_per_pass(i/2));

NEXT i

PLOT

SET COLOR 11 1 M2
FOR i=1 to 2*rt-1 STEP 2

| PLOT i,LOG10(loss2_per_pass((i+1)/2));

NEXT i

PLOT

WINDOW #15

SET TEXT JUSTIFY "center","half"

SET COLOR 15
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| PLOT TEXT, AT 0.224,0.5:&

| & USING$("M1 P.L.:+H#.## M1 #"100*loss1_per_pass(rt),"%")
| SET COLOR 15

| PLOT TEXT, AT 0.776,0.5:&

| & USING$("M2 P.L..+#HMA #" 100*1oss2_per_pass(rt-1),"%")
| PLOT TEXT, AT 0.488,0.5:&

| & USING$("Final P.L.:+#.## " #" 100*1oss_per_pass(transits),"%")
I

I ! Plot Mirrorl's amplitude variation per Round Trip(RT) below.
||

| WINDOW #8

| SET COLOR 7

| SET WINDOW 0,max_rt,intvar_min-(intvar_max-intvar_min)/25,
| | intvar_max+(intvar_max-intvar_min)/5

| FOR i=0 to max_rt STEP max(1,INT(max_rt/10))

| | PLOT i,intvar_min;i,intvar_max

| NEXT i

| SET COLOR 15

| SET TEXT JUSTIFY "center","top"

| PLOT TEXT, AT max_rt/2,intvar_max+(intvar_max-intvar_min)/5:&
| & USING$("Decay/RT:+#.# A" 100*intvarl_per_pass(rt))
| SET TEXT JUSTIFY "right","half"

| i=-max_rt/40

| PLOT TEXT, AT i,intvar_max:STR$(ROUND(100*intvar_max))

| PLOT TEXT, AT i,intvar_min:STR$(ROUND(100*intvar_min))

| PLOT TEXT, AT i,intvar_min+(intvar_max-intvar_min)/2:"% "

| PLOT O,intvar_min;0,intvar_max;

| PLOT max_rt,intvar_max;max_rt,intvar_min;0,intvar_min

| IF intvar_min<0 and intvar_max>0 then

I | SET COLOR 7

| | PLOT 0,0;max_rt,0

| END IF

| SET COLOR 10

| FOR i=1tort

I | PLOT i,intvarl_per_pass(i);

| NEXT i

| PLOT

I

I ! Plot Mirror2's amplitude variation per Round Trip (RT) below.
(!

| WINDOW #10

| SET COLOR 7

| SET WINDOW 0,max_rt,intvar_min-(intvar_max-intvar_min)/25,

| | intvar_max+(intvar_max-intvar_min)/5
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FOR i=0 to max_rt STEP max(1,INT(max_rt/10))
| PLOT i,intvar_min;i,intvar_max
NEXT i
SET COLOR 15
SET TEXT JUSTIFY "center","top"
PLOT TEXT, AT max_rt/2,intvar_max+(intvar_max-intvar_min)/5:&
& USINGS$("Decay/RT:+#.#A" 100*intvar2_per_pass(rt-1))
SET TEXT JUSTIFY "right","half"
i=-max_rt/40
PLOT TEXT, AT i,intvar_max:STR$(ROUND(100*intvar_max))
PLOT TEXT, AT i,intvar_min:STR$(ROUND(100*intvar_min))
PLOT TEXT, AT i,intvar_min+(intvar_max-intvar_min)/2:"% "
PLOT 0,intvar_min;0,intvar_max;
PLOT max_rt,intvar_max;max_rt,intvar_min;0,intvar_min
IF intvar_min<0 and intvar_max>0 then
| SET COLOR 7
| PLOT 0,0;max_rt,0
END IF
SET COLOR 11
FOR i=1 to rt-1
| PLOT i,intvar2_per_pass(i);
NEXT i
PLOT
CLOSE #14
OPEN #14: SCREEN 0.04,0.95,0.815,0.835
WINDOW #14
SET COLOR 15
SET WINDOW 0.04,0.95,0,2
SET TEXT JUSTIFY "left","half"
diameter$=USINGS$("M1 Radius=#.##*"* mm",max_radius1/le-3)
PLOT TEXT, AT 0.0478,1:diameter$
diameter$=USINGS$("M2 Radius=#.##""* mm",max_radius2/le-3)
PLOT TEXT, AT 0.6732,1:diameter$
SET TEXT JUSTIFY "center","half"
PLOT TEXT, AT 0.4856,1:resonator$
GET KEY key

LOOP

END SUB
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!

SUBROUTINE LABELS: Labels the x-axis. !
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2104 SUB labels
2105 | WINDOW #11
2106 | SET WINDOW 0,max_rt,0,1

2107 SET TEXT JUSTIFY "center","bottom"

2108 | SET COLOR 15

2109 | PLOT TEXT, AT 0,0:"0"

2110 | PLOT TEXT, AT max_rt/2,0:STR$(max_rt/2)
2111 | PLOT TEXT, AT max_rt,0:STR$(max_rt)
2112 | WINDOW #12

2113 SET WINDOW (,max_transits,0,1

2114 SET TEXT JUSTIFY "center","bottom"

2115 | SET COLOR 15

|
I
!
I
|
I
I
|
I
2116 | PLOT TEXT, AT 0,0:"0"
I
I
|
I
I
|
I
l
|

2117 PLOT TEXT, AT max_transits/2,0:STR$(max_transits/2)
2118 PLOT TEXT, AT max_transits,0:STR$(max_transits)
2119 | WINDOW #13

2120 SET WINDOW 0,max_rt,0,1

2121 SET TEXT JUSTIFY "center","bottom"

2122 | SET COLOR 15

2123 | PLOT TEXT, AT 0,0:"0"

2124 | PLOT TEXT, AT max_rt/2,0:STR$(max_rt/2)

2125 | PLOT TEXT, AT max_rt,0:STR$(max_rt)

2126 END SUB

2127 |

2129 ! SUBROUTINE VARIABLE_CHANGE: Change some variables !

2130 !*********************************************************** !

2131 |
2132 SUB variable_change

2133 | SET MODE "80"
2134 | CLEAR
2135 | SET CURSOR 1,1
I | Sk sk ok sk oK sk ok ok sk kR sk sk skek sk sk skskk ok 1Y
2137 | PRINT
2138 | PRINT" COMMENT INPUT DEFAULT VARIABLE
| | NAME"
2139 | PRINT "M1 Type [S,PAR,PLF,T}- - - -:";TAB(41);m1$;TAB(51);
[l "m_1$={S,PAR,PL.F,T}"
2140 | PRINT "M1 [S,PAR,F,T] R. of Curv.(m):";
| | TAB(40);USINGS$("+## ##HH#" radius1);TAB(51);"radius1={#}"
2141 | PRINT "M1 [F,T] # of Fresnel Zones -:";TAB(40);zones1;
| | TAB(51);"zones1={#}"
2142 | PRINT "M1 [F,T] # of Tiers per Zone :";TAB(40);tpz1; TAB(51);"tpz1={#}"
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PRINT "M1 [F,T] # of outer Tiers - -:";TAB(40);outer_tiers1;TAB(51); ‘
| "outer_tiers1={#}" l
PRINT "M1 [S,PAR,PL] Radial Dim.(mm):";TAB(40);
| USINGS("##.####" max_radius1/1e-3); TAB(51);"max_radius1={#}"
PRINT
PRINT "M2 Type {S,PAR,PL,F,T}- - - -";TAB(41);m2$;TAB(51);
| "m_2%$={S,PAR,PL,F,T}"
PRINT "M2 [S,PAR,F,T] R. of Curv.(m):";TAB(40);
| USINGS$("-+##.####" radius2);TAB(51);"radius2={#}"
PRINT "M2 [F,T] # of Fresnel Zones -:";TAB(40);zones2;
| TAB(51);"zones2={#}"
PRINT "M2 [F,T] # of Tiers per Zone :";TAB(40);tpz2; TAB(51);"tpz2={#}"
PRINT "M2 [F,T] # of outer Tiers - -:";TAB(40);outer_tiers2;TAB(51);
| "outer_tiers2={#}"
PRINT "M2 [S,PAR,PL] Radial Dim.(mm):";TAB(40);USINGS$("##.#HHt",
| max_radius2/1e-3);TAB(51);"max_radius2={#}"

PRINT

PRINT "Wavelength (um) - - - - - - - " TAB(40);USINGS("## ##HH",
| lambda/le-6);TAB(51);"lambda={#}"

PRINT "Cavity Length (m) - - - - - - " TAB(40);USINGS("## ",

| cavity_length);TAB(51);"cavity_length={#}"

PRINT "# of Round Trips, ie RT - - -:";TAB(40);max_rt;TAB(51);

| "max_rt={#}"

PRINT "# of Radial Increments - - -:";TAB(40);incr;TAB(51);"incr={#}"
PRINT "# of Azimuthal increments - -:"; TAB(40);inct;TAB(51);"inct={#}"
PRINT "Input Wave {PL,GAUSS} - - - -:";TAB(41);input_wave$;TAB(51);
| "input_wave={PL,GAUSS}"

rrow=4

DO

| SELECT CASE rrow

| CASEIS <=4

| rrow=4

| SET CURSOR rrow,1

| PRINT erase_line$

| SET CURSOR rrow,1

| PRINT "M1 Type [S,PAR,PL,F,T]- - - -:";TAB(41);m1$;TAB(51);
'l "m_1$={S,PAR,PL,F,T}"

| SET CURSOR rrow,1

| SET COLOR "black/white"

| PRINT "M1 Type [S,PAR,PL,F,T]- - - -:";TAB(41);m1$

I SET COLOR "white/black"

| SELECT CASE m1$

| CASE "SPHERICAL."

|

I
I
I
I
I
I
I
I
I
I
!
I
[ 11 m_1$="S"
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CASE "PARABOLIC"
| m_1$="PAR"
CASE "PLANE"
I m_1$="PL"
CASE "TIERED"
| m_1$="T"
CASE "FRESNEL"
| m_1$="F"
CASE ELSE
END SELECT
m_1$=UCASES$(input_string$(rrow,32,"S","PAR","PL","F","T",
| "Enter either S,PAR,PL,F, or T please",m_1$))
SELECT CASE m_1%
CASE "S"
| m1$="SPHERICAL"
CASE "PAR"
| m1$="PARABOLIC"
CASE "PL"
| m1$="PLANE"
CASE "T"
| m1$="TIERED"
CASE "F"
| m1$="FRESNEL"
CASE ELSE
END SELECT
SET CURSOR 4,1
PRINT erase_line$
SET CURSOR 4,1

PRINT "M1 Type [S,PAR,PL,F,T]- - - --";TAB(32);m_1$;
| TAB(41);m1$;TAB(51);"m_1$={S,PAR,PL,F,T}"
ASE 5

SET CURSOR rrow,1

PRINT erase_line$

SET CURSOR rrow,1

PRINT "M1 [S,PAR,F,T] R. of Curv.(m):";
| TAB(40);USINGS("+##.###H#" radius1);TAB(51);"radius1={#}"
SET CURSOR rrow,1

SET COLOR "black/white"

PRINT "M1 [S,PAR,F,T] R. of Curv.(m):";
| TAB(40);USINGS$("+## ####" radius1)
SET COLOR "white/black"
temp=input_num(rrow,32,radius1)

IF temp=0 then

| CALL zero

— e e e e AT e e e e e e —
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| | rrow=5
| ELSEIF temp<0 and (m1$="FRESNEL" OR m1$="TIERED") then
| SET CURSOR 2,1
| SET COLOR "black/white"
| PRINT "Must be POSITIVE when m18$ is either
| 1 FRESNEL or TIERED, Cr to continue:";
| CALL input_
| SET CURSOR 2,1
| SET COLOR "white/black"
| PRINT erase_line$
| rrow=5
ELSE
| radiusl=temp
END IF
| SET CURSOR 5,1
| PRINT erase_line$
| SET CURSOR 5,1
| PRINT "M1 [S,PAR,F,T] R. of Curv.(m):";TAB(31);USINGS("+##.#HH#",
| | radius1);TAB(40);USINGS("+## ####" radius1); TAB(51); "radius 1={#}"
CASE 6
| SET CURSOR rrow,1
| PRINT erase_line$
| SET CURSOR rrow,1
|
|
I
|
|
|
|
[
|
I
I
I

I
I
|
|
I
I
I
I
|
|
|
|

PRINT "M1 [F,T] # of Zones - - - - - :";TAB(40);zones1;
| TAB(51);"zones1={#}"
SET CURSOR rrow,1
SET COLOR "black/white"
PRINT "M1 [F,T] # of Zones - - - - - :";TAB(40);zones1
SET COLOR "white/black"
zones I=INT(ABS(input_num(rrow,32,zones1)))
SET CURSOR 6,1
PRINT erase_line$
SET CURSOR 6,1
PRINT "M1 [F,T] # of Zones - - - - - :";TAB(31);zones1;TAB(40);zones1;
| TAB(51);"zones1={#}"
CASE 7
| SET CURSOR rrow,1
| PRINT erase_line$
| SET CURSOR rrow,1
| PRINT "M1 [F,T] # of Tiers per Zone :";TAB(40);tpz1;
[ 1 TAB(51);"tpzl={#}"
| SET CURSOR rrow,1
| SET COLOR "black/white"
| PRINT "M1 [F,T] # of Tiers per Zone :";TAB(40);tpz1
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| SET COLOR "white/black"
| tpz1=INT(ABS(input_num(rrow,32,tpz1)))
| IF MOD(tpz1,2)=0 then I Odd # of tiers only.
I I SET CURSOR 2,1
| | SET COLOR "black/white"
| | PRINT "Must be an ODD number, Cr to continue:";
| I CALL input_
I I SET CURSOR 2,1
| | SET COLOR "white/black"
| | PRINT erase_line$
| | rrow=7
| END IF
| SET CURSOR 7,1
| PRINT erase_line$
| SET CURSOR 7,1
| PRINT "M1 [F,T] # of Tiers per Zone :";TAB(31);tpz1;TAB(40);tpz1;
| | TAB(S1);"tpz1={#}"
CASE 8
| SET CURSOR rrow,1
| PRINT erase_line$
| SET CURSOR rrow,1
| PRINT "M1 [F,T] # of outer Tiers - -:";TAB(40);outer_tiers1;
| 1 TAB(51);"outer_tiers1={#}"
| SET CURSOR rrow,1
| SET COLOR "black/white"
| PRINT "M1 [F,T] # of outer Tiers - -:";TAB(40);outer_tiers1
| SET COLOR "white/black"”
| outer_tiersI=INT(ABS(input_num(rrow,32,0uter_tiers1)))
| SET CURSOR 8,1
| PRINT erase_line$
| SET CURSOR 8,1
| PRINT "M1 [F,T] # of outer Tiers - -:";TAB(31);outer_tiers1;
| | TAB(40);0uter_tiers1;TAB(51);"outer_tiers1={#}"
CASE 9
| SET CURSOR rrow,1
| PRINT erase_line$
| SET CURSOR rrow,1
| PRINT "M1 [S,PAR,PL] Radial Dim.(mm):";TAB(40);
| | USINGS("##.##HH#" max_radius1/le-3);TAB(51);"max_radius1={#}"
| SET CURSOR rrow,1
| TIF MOD(tpz1,2)=0 then tpz1=tpz1+1 ! Odd # of tiers only.
| IF zones1=0 then
| | tiersl=outer_tiers1
| ELSE
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| 1 tiersl=tpz1*(zones1-0.5)+0.5+outer_tiers1 ! Total tiers.
| END IF
| IF m_1$="F" OR m_1$="T" then
| | IF tiers1>0 then
| 1 | max_radius1=SQR(ABS(radius1)*(2*tiers1-2)*lambda/2/tpz1
[ 1 +((2*tiers1-2)*lambda/2/tpz1)"2)
[ 1 1 SET COLOR "black/white"
| | | PRINT "M1 [S,PAR,PL] Radial Dim.(mm):";
[ 111 TAB(40);USINGS("##.####" max_radiusl/le-3)
I 1 1 SET COLOR "white/black"
I 1 | maxradiusl=1le-3*ABS(input_num(rrow,32,max_radius1/1e-3))
| I ELSE
| I I SET COLOR "black/white"
| I I SET CURSOR 2,1
| | 1 PRINT "Both zones1 & outer_tiers] MUST NOT equal 0,
I 111 Crtocontinue:";
| I I SET COLOR "white/black"
| 1 I CALL input_
| I I SET CURSOR 2,1
| | | PRINT erase_line$
| I | rrow=6
| | ENDIF
| ELSE
| | IF tiers1>0 then max_radius 1=SQR(ABS(radius1)*(2*tiers1-2)
[ 1| *lambda/2/tpz1+((2*tiers1-2)*lambda/2/tpz1)"2)
| I SET COLOR "black/white"
| | PRINT "M1 [S,PAR,PL] Radial Dim.(mm):";
[ 1 1 TAB(40);USINGS("##.##H#H#" , max_radius1/1e-3)
| I SET COLOR "white/black"
| 1 temp=1e-3* ABS(input_num(rrow,32,max_radius1/1e-3))
| 1 IF temp=0 then
I I I CALL zero
I I'| rrow=9
| | ELSE
[ 1 | max_radiusl=temp
| | ENDIF
| END IF
| SET CURSOR 9,1
| PRINT erase_line$
| SET CURSOR 9,1
| PRINT "M1 [S,PAR,PL] Radial Dim.(mm):";TAB(31);
| | USINGS("##.####" max_radius1/1e-3);TAB(40);
| | USINGS("##. ####" max_radius1/le-3);TAB(51);"max_radius1={#}"
CASE 11
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SET CURSOR rrow,1
PRINT erase_line$
SET CURSOR rrow,1
PRINT "M2 Type [S,PAR,PL,E,T]- - - -:";TAB(41);m2$;TAB(51);
| "m_2%$={S,PAR,PL,F,T}"
SET CURSOR rrow,1
SET COLOR "black/white"
PRINT "M2 Type [S,PAR,PL,F,T]- - - -:";TAB(41);m2$
SET COLOR "white/black"
SELECT CASE m2$
CASE "SPHERICAL"
| m_2$="S"
CASE "PARABOLIC"
| m_2%$="PAR"
CASE "PLANE"
| m_2$="PL"
CASE "TIERED"
| m_2$="T"
CASE "FRESNEL"
| m_2%$="F"
CASE ELSE
END SELECT
m_2$=input_string$(rrow,32,"S","PAR","PL","F","T",
| "Enter either S,PAR,PLF, or T please",m_2§)
SELECT CASE m_2$
CASE "S"
| m2$="SPHERICAL"
CASE "PAR"
| m2$="PARABOLIC"
CASE "PL"
| m2$="PLANE"
CASE "T"
| m2$="TIERED"
CASE "F"
| m2$="FRESNEL"
CASE ELSE
END SELECT
SET CURSOR 11,1
PRINT erase_line$
SET CURSOR 11,1
PRINT "M2 Type [S,PAR,PL,F,T]- - - -:";TAB(32);m_28$;
| TAB(41);m2$;TAB(51);"m_2%$={S,PAR,PL,F,T}"

CASE 12

SET CURSOR rrow,1
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PRINT erase_line$
SET CURSOR rrow,1
PRINT "M2 [S,PAR,F,T] R. of Curv.(m):";
| TAB(40);USINGS("+##.##H#H#" radius2); TAB(51); " "radius2={#}"
SET CURSOR rrow,1
SET COLOR "black/white"
PRINT "M2 [S,PARF,T]R. of Curv.(m):";
| TAB(40);USINGS("+##.#H###" radius2)
SET COLOR "white/black”
temp=input_num(rrow,32,radius2)
IF temp=0 then
| CALL zero
| rrow=12
ELSEIF temp<0 and (m2$="FRESNEL" OR m2$="TIERED") then
| SET CURSOR 2,1
| SET COLOR "black/white"
| PRINT "Must be POSITIVE when m2$ is either
| | FRESNEL or TIERED, Cr to continue:";
| CALL input_
| SET CURSOR 2,1
| SET COLOR "white/black”
| PRINT erase_line$
| rrow=12
ELSE
| radius2=temp
END IF
SET CURSOR 12,1
PRINT erase_line$
SET CURSOR 12,1
| PRINT "M2 [S,PAR,F,T] R. of Curv.(m):";TAB(31);USINGS$("+##.###H",
| | radius2);TAB(40);USINGS$("+i## ####" radius2); TAB(51);"radius2={#}"
CASE 13
| SET CURSOR rrow,1
| PRINT erase_line$
| SET CURSOR rrow,1
| PRINT "M2 [F,T] # of Zones - - - - - :";TAB(40);zones2; TAB(51);
I | "zones2={#}"
| SET CURSOR rrow,1
| SET COLOR "black/white"
|
|
|
I
l

PRINT "M2 [F,T] # of Zones - - - - - :";TAB(40);zones2
SET COLOR "white/black"
zones2=INT(ABS(input_num(rrow,32,zones2)))

SET CURSOR 13,1

PRINT erase_line$
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| SET CURSOR 13,1
| PRINT "M2 [F,T] # of Zones - - - - - :";TAB(31);zones2; TAB(40);zones2;
| | TAB(51);"zones2={#}"
CASE 14
| SET CURSOR rrow,1
| PRINT erase_line$
| SET CURSOR rrow,1
| PRINT "M2 [F,T] # of Tiers per Zone :";TAB(40);tpz2;
| I TAB(S51);"tpz2={#}"
| SET CURSOR rrow,1
| SET COLOR "black/white"
| PRINT "M2 [F,T] # of Tiers per Zone :";TAB(40);tpz2
| SET COLOR "white/black”
| tpz2=INT(ABS(input_num(rrow,32,tpz2)))
| IF MOD(tpz2,2)=0 then ! Odd # of tiers only.
| I SET CURSOR 2,1
| I SET COLOR "black/white"
| 1 PRINT "Must be an ODD number, Cr to continue:";
| I CALL input_
| I SET CURSOR 2,1
I I SET COLOR "white/black"
| 1 PRINT erase_line$
I | rrow=14
| END IF
| SET CURSOR 14,1
| PRINT erase_line$
| SET CURSOR 14,1
| PRINT "M2 [F,T] # of Tiers per Zone :";TAB(31);tpz2;TAB(40);tpz2;
I I TAB(51);"tpz2={#}"
CASE 15
| SET CURSOR rrow,1
| PRINT erase_line$
| SET CURSOR rrow,1
| PRINT "M2 [F,T] # of outer Tiers - -:";TAB(40);outer_tiers2;TAB(51);
| 1 "outer_tiers2={#}"
| SET CURSOR rrow,1
| SET COLOR "black/white"
| PRINT "M2 [F,T] # of outer Tiers - -:";TAB(40);outer_tiers2
| SET COLOR "white/black"
| outer_tiers2=INT(ABS(input_num(rrow,32,outer_tiers2)))
I SET CURSOR 15,1
| PRINT erase_line$
| SET CURSOR 15,1
| PRINT "M2 [F,T] # of outer Tiers - -:";TAB(31);outer_tiers2; TAB(40);
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| outer_tiers2;TAB(51);"outer_tiers2={#}"

CASE 16

I
I
|
I
I
I
I
|
I
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I
I
I
I
I
I
I
I
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I
|
I
|
I
I
|
I
I
I
I
I
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I
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I
I
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I
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I

SET CURSOR rrow,1

PRINT erasc_line$

SET CURSOR rrow,1

PRINT "M2 [S,PAR,PL] Radial Dim.(mm):";TAB(40);

| USINGS$("##.###HH#" ,max_radius2/1e-3);TAB(51);"max_radius2={#}"
SET CURSOR rrow,1

IF MOD(tpz2,2)=0 then tpz2=tpz2+1
IF zones2=0 then

| tiers2=outer_tiers2

ELSE
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! Odd # of tiers only.

| tiers2=tpz2*(zones2-0.5)+0.5+outer_tiers2 ! Total tiers.

END IF

IF m_2%$="F" OR m_2$="T" then

| IF tiers2>0 then

| max_radius2=SQR(ABS(radius2)*(2*tiers2-2)*lambda/2/tpz2
| 1 +((2*tiers2-2)*lambda/2/tpz2)"2)

| SET COLOR "black/white"

| PRINT "M2 [S,PAR,PL] Radial Dim.(mm):";TAB(40);

| | USINGS$("## . #HHt" max_radius2/1e-3)

| SET COLOR "white/black"

| maxradius2=1e-3* ABS(input_num(rrow,32,max_radius2/1e-3))
ELSE

| SET COLOR "black/white"

| SET CURSOR 2,1

| PRINT "Both zones1 & outer_tiers] MUST NOT equal 0,
| | Crto continue:";

| SET COLOR "white/black”

| CALL input_

| SET CURSOR 2,1

| PRINT erase_line$

| rrow=13

| ENDIF

ELSE

IF tiers2>0 then max_radius2=SQR(ABS(radius2)*(2*tiers2-2)*lambda

I
| 1 12/tpz2+((2*tiers2-2)*lambda/2/tpz2)"2)

| SET COLOR "black/white"

| PRINT "M2 [S,PAR,PL] Radial Dim.(mm):";

| | TAB(40);USINGS("## ##HH" max_radius2/1e-3)

| SET COLOR "white/black"

| temp=1e-3* ABS(input_num(rrow,32,max_radius2/1e-3))
| IF temp=0 then

| I CALL zero
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I | rrow=16

| ELSE

I | max_radius2=temp
| END IF

END IF

PRINT erase_line$
SET CURSOR 16,1
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PRINT "M2 [S,PAR,PL] Radial Dim.(mm):";TAB(31);USINGS$("##.####",

| max_radius2/1e-3);TAB(40);USINGS$("##.#H#" , max_radius2/1e-3);

I
I
I
I
I
| SET CURSOR 16,1
I
I
I
I
I

| TAB(51);"max_radius2={#}"
CASE 18

SET CURSOR rrow,1

PRINT erase_line$

SET CURSOR rrow,1

PRINT "Wavelength (um) - - -- - - - :";TAB(40);USINGS("## ##H#H#",

| lambda/le-6);TAB(51);"lambda={#}"
SET CURSOR rrow,1
SET COLOR "black/white"

PRINT "Wavelength (um) - - - - - - - ";TAB(40);USINGS("## #it##",

|

I

I

I

I

I

I

|

| | lambda/le-6)
| SET COLOR "white/black"
| temp=1e-6*ABS(input_num(rrow,32,]lambda/1e-6))
| IF temp=0 then
| I CALL zero

| | rrow=18

| ELSE

| 1 lambda=temp

| END IF

| SET CURSOR 18,1
| PRINT erase_line$
| SET CURSOR 18,1
I
I
I

PRINT "Wavelength (um) - - - - - - - " TAB(31);USINGS("## #iHHt",

| lambda/1e-6);TAB(40);USINGS$("##.####" ,]ambda/1e-6);
| TAB(51);"lambda={#}"
CASE 19
SET CURSOR rrow,1
PRINT erase_line$
SET CURSOR rrow, 1

| cavity_length);TAB(51);"cavity_length={#}"
SET CURSOR rrow,1
SET COLOR "black/white"

PRINT "Cavity Length (m) - - - - - - :";TAB(40);USINGS("##.##HHt",

!
|
I
| PRINT "Cavity Length (m) - - - - - - :";TAB(40);USINGS("##.#HHt",
|
|
|
I
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| | cavity_length)
| SET COLOR "white/black”
| temp=ABS(input_num(rrow,32,cavity_length))
| IF temp=0 then
| I CALL zero
| I rrow=19
| ELSE
| 1 cavity_length=temp
| END IF
| SET CURSOR 19,1
| PRINT erase_line$
| SET CURSOR 19,1
| PRINT "Cavity Length (m) - - - - - - :";TAB(31);USINGS("## ##HHt",
| 1 cavity_length);TAB(40);USINGS("##.####" cavity_length);
I 1 TAB(51);"cavity_length={#}"
CASE 20
| SET CURSOR rrow,1
| PRINT erase_line$
| SET CURSOR rrow,1
| PRINT "# of Round Trips, ie RT - - -:";TAB(40);max_rt;TAB(51);
Pl "max_rt={#}"
| SET CURSOR rrow,1
| SET COLOR "black/white"
| PRINT "# of Round Trips, ie RT - - -:";TAB(40);max_rt
| SET COLOR "white/black"
| temp=INT(ABS(input_num(rrow,32,max_rt)))
| IF temp=0 then
| I CALL zero
| I rrow=20
| ELSE
| | max_rt=temp
| END IF
| SET CURSOR 20,1
| PRINT erase_line$
| SET CURSOR 20,1
| PRINT "# of Round Trips, ie RT - - -:";TAB(31);max_rt;TAB(40);max_rt;
| I TAB(51);"max_rt={#}"
CASE 21
| SET CURSOR rrow,1
| PRINT erase_line$
| SET CURSOR rrow,1
| PRINT "# of Radial Increments - - -:";TAB(40);incr;TAB(51);"incr={#}"
| SET CURSOR rrow,1
| SET COLOR "black/white"
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| PRINT "# of Radial Increments - - -:";TAB(40);incr
| SET COLOR "white/black”
| temp=INT(ABS(input_num(rrow,32,incr)))
| IF temp=0 then
I | CALL zero
| | rrow=21
| ELSEIF MOD(temp,2)=1 then
| | SET CURSOR 2,1
| I SET COLOR "black/white"
| | PRINT "Must be an EVEN number, Cr to continue:";
| I CALL input_
| | SET CURSOR 2,1
| I SET COLOR "white/black"
| | PRINT erase_line$
| | rrow=21
| ELSE
| | incr=temp
| END IF
| SET CURSOR 21,1
| PRINT erase_line$
| SET CURSOR 21,1
| PRINT "# of Radial Increments - - -:";TAB(31);incr;TAB(40);incr;
| | TAB(S1);"incr={#}"

CASE 22

| SET CURSOR rrow,1
| PRINT erase_line$
| SET CURSOR rrow,1
| PRINT "# of Azimuthal increments - -:";TAB(40);inct;TAB(51);"inct={#}"
| SET CURSOR rrow,1
| SET COLOR "black/white"
| PRINT "# of Azimuthal increments - -:"; TAB(40);inct
| SET COLOR "white/black”
| temp=INT(ABS(input_num(rrow,32,inct)))
| IF temp=0 then
| I CALL zero

| | rrow=22

| ELSEIF MOD(temp,2)=1 then

| I SET CURSOR 2,1

| I SET COLOR "black/white"

| | PRINT "Must be an EVEN number, Cr to continue:";
| I CALL input_

| I SET CURSOR 2,1

| I SET COLOR "white/black"

| | PRINT erase_line$



2607
2608
2609
2610
2611
2612
2613
2614

2615
2616
2617
2618
2619

2620
2621
2622
2623
2624

2625

2626

2627
2628
2629
2630

2631
2632
2633
2634
2635
2636
2637
2638
2639
2640
2641
2642
2643

137
| | rrow=22
| ELSE
| | inct=temp
| END IF
| SET CURSOR 22,1
| PRINT erase_line$
| SET CURSOR 22,1
| PRINT "# of Azimuthal increments - -:";TAB(31);inct;TAB(40);inct;
| 1 TAB(51);"inct={#}"
CASE 23
| SET CURSOR rrow,1
| PRINT erase_line$
| SET CURSOR rrow,1
| PRINT "Input Wave {PL,GAUSS} - - - -:";TAB(41);input_wave$;
| | TAB(51);"input_wave$={PL,GAUSS}"
| SET CURSOR rrow,1
| SET COLOR "black/white"
| PRINT "Input Wave {PL,GAUSS} - - - -:";TAB(41);input_wave$
| SET COLOR "white/black"
| IF input_wave$="PLANE" then inputwave$="PL" ELSE inputwave$=
I I "GAUSS"
I inputwave$=UCASES$(input_string$(rrow,32,"PL","GAUSS",
[ | "PL","PL","PL","Enter either PL or GAUSS please",inputwave$))
| IF inputwave$="PL" then input_wave$="PLANE" ELSE input_wave$=
| I "GAUSSIAN"
| SET CURSOR 23,1
| PRINT erase_line$
| SET CURSOR 23,1
| PRINT "Input Wave {PL,GAUSS} - - - -:";TAB(32);inputwave$;
I | TAB(41);input_wave$;TAB(51);"input_wave$={PL,GAUSS}"
CASE IS >=24
| rrow=24
(I
| IF m1$="PLANE" and m2$="PLANE" then
| | resonator$="PLANE-PARALLEL"
| | confined$="PLANE-PARALLEL"
| I SET CURSOR 2,1
I I SET COLOR "black/white"
| | PRINT "<<<<<<< CONFINED BEAM >>>>>>> ";resonator$
I 11
| ELSEIF m1$="PLANE" then
I | i=(1-2*cavity_length/radius2)"2
| l IFi<OORi>1 then
I

mn

| | resonator$=
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| confined$="N"
| SET CURSOR 2,1
| SET COLOR "black/white"
| PRINT "<<<<<<< UNCONFINED BEAM >>>>>>>";
ELSEIF cavity_length=radius2 then
| resonator$="HALF-CONCENTRIC"
| confined$="HALF-CONCENTRIC"
| SET CURSOR 2,1
| SET COLOR "black/white"
| PRINT "<<<<<<< CONFINED BEAM >>>>>>> ";resonator$
ELSEIF 2*cavity_length=radius2 then
| resonator$="HALF-CONFOCAL"
| confined$="Y"
| SET CURSOR 2,1
| SET COLOR "black/white"
| PRINT "<<<<<<< CONFINED BEAM >>>>>>> ";resonator$
ELSE
| resonator$=
| confined$="Y"
| SET CURSOR 2,1
| SET COLOR "black/white"
| PRINT "<<<<<<< CONFINED BEAM >>>>>>>";
END IF
|
LSEIF m2$="PLANE" then
i=(1-2*cavity_length/radius1)2
IFi<OORi>1 then
| resonator$=""
| confined$="N"
| SET CURSOR 2,1
| SET COLOR "black/white"
| PRINT "<<<<<<< UNCONFINED BEAM >>>>>>>";
ELSEIF cavity_length=radius1 then
| resonator$="HALF-CONCENTRIC"
| confined$="HALF-CONCENTRIC"
| SET CURSOR 2,1
| SET COLOR "black/white"
| PRINT "<<<<<<< CONFINED BEAM >>>>>>> ":resonator$
ELSEIF 2*cavity_length=radius1 then
| resonator$="HALF-CONFOCAL"
| confined$="Y"
| SET CURSOR 2,1
| SET COLOR "black/white"
| PRINT "<<<<<<< CONFINED BEAM >>>>>>> ";resonator$

"n
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| ELSE

| | resonator$=""

I | confined$="Y"

I 1 SET CURSOR 2,1

| | SET COLOR "black/white"
I | PRINT "<<<<<<< CONFINED BEAM >>>>>>>";

| END IF

I

ELSEIF (cavity_length=radius1) and (cavity_length=radius2) then

| resonator$="CONFOCAL"

| confined$="Y"

| SET CURSOR 2,1

| SET COLOR "black/white"

| PRINT "<<<<<<< CONFINED BEAM >>>>>>> ";resonator$
|1

ELSEIF (cavity_length/2=radius1) and (cavity_length/2=radius2) then
| resonator$="CONCENTRIC"

| confined$="CONCENTRIC"

| SET CURSOR 2,1

| SET COLOR "black/white"

| PRINT "<<<<<<< CONFINED BEAM >>>>>>> ";resonator$
|1

ELSEIF (1-cavity_length/radius1)*(1-cavity_length/radius2) < 0 &

| &OR (1-cavity_length/radius1)*(1-cavity_length/radius2) > 1 then
| resonator$=""

| confined$="N"

| SET CURSOR 2,1

| SET COLOR "black/white"

| PRINT "<<<<<<< UNCONFINED BEAM >>>>>>>";

I 1

ELSE

| resonator$=
| confined$="Y"

| SET CURSOR 2,1

| SET COLOR "black/white"

| PRINT "<<<<<<< CONFINED BEAM >>>>>>>";
END IF

|

SET COLOR "white/black"

SET CURSOR rrow,1

PRINT erase_line$

SET CURSOR rrow,1

PRINT "READY? ----------- :"; TAB(51);"b$={Y/N}"
SET CURSOR rrow,1
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SET COLOR "black/white"
PRINT "READY? - - - - - :";TAB(41);"N"
SET COLOR "white/black"
b$=UCASE$(input_string$(rrow,32,"Y","N","y","n","n",
| "Y/N ENTRY PLS","N"))
SET CURSOR 24,1
PRINT erase_line$
SET CURSOR 24,1
PRINT "* READY? - - - - - ;" TAB(32);b$;TAB(41);b$;
| TAB(51);"b$={Y/N}"
IF b$="Y" then
| EXIT DO
ELSE
| SET CURSOR 2,1
| PRINT erase_line$
END IF

END SELECT

LOOP

SET CURSOR 2,1

SET COLOR "black/white"

PRINT "<<<<<<< ONE MOMENT PLEASE >>>>>>>";
SET COLOR "white/black”

SET MODE "vga"

END SUB

1 sk 3k 3k sk sk 3k 3k sk sk 3k ok sk sk sk sk sk sk ok sk sk sk skeok sk sk sk sk skesk sk skosk sk skosk skokok skokokskoskokok sk kokoskkok sk skskok sk k|

SUBROUTINE INPUT_:Gets a line of input. !

|***********************************************************!

SUB input_

| LINE INPUT PROMPT "":a$
| a$=UCASE$(a$)

END SUB

!***********************************************************l

!

SUBROUTINE ZERO_:Display a non-valid variable input (zero). !

1 3k 5k sk sk sk sk sk skosk sk sk ok ok sk sk sk ok stk sk sk sk sk sk sk sk sk sk sk skesk sk sk sk sk skokokoskok sk skesk sk koo skokokoskok sk sk skk sk k|

SUB zero

I SET CURSOR 2,1

I SET COLOR "black/white"

| PRINT "Zero is a non-valid variable input, Cr to continue:";
| CALL input_

| SET CURSOR 2,1
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| SET COLOR "white/black”

| PRINT erase_line$

END SUB

|

!*********************************************************** |

! SUBROUTINE SIMPSONS_RULEI: Perform a single integration. !
!*********************************************************** 1

|

SUB Simpsons_Rulel (arr(),dn,inc, gral) m

| grall,gral2=0 !

| FOR iv=2 to inc-1 STEP 2 ! Simpson's Rule.

| | grall=grall+arr(iv) ! "inc" must be ODD.
| NEXT iv ! The interval must be
| FOR iv=3to inc-2 STEP 2 ! divided into an even
| | gral2=gral2+arr(iv) ! number of dn's.

| NEXT iv !

| gral=(arr(1)+arr(inc)+4*gral1+2*gral2)*dn/3 m

END SUB

I

!*********************************************************** |

! SUBROUTINE SIMPSONS_RULE2: Perform a double integration. !
!*********************************************************** 1

I

SUB Simpsons_Rule?2 (re(),im(),dn,inc,real,imag) m

| reall,real2,imagl,imag2=0 !

| FOR iv=2 toinc-1 STEP 2 !

| | reall=reall+re(iv) ! Simpson's Rule.

| | imagl=imagl+im(iv) ! "inc" must be ODD.
| NEXT iv ! The interval must be
| FOR iv=3toinc-2 STEP 2 ! divided into an even
| | real2=real2+re(iv ! number of dn's.

I | imag2=imag2+im(iv) !

| NEXT iv !

| real=(re(1)+re(inc)+4*reall+2*real2)*dn/3 !

| imag=(im(1)+im(inc)+4*imag1+2*imag2)*dn/3 m

END SUB

|

END



APPENDIX B

CROSS-REFERENCE MAP
FOR COMPUTER PROGRAM "RESONATE VERSION 1.0"
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