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I. INTRODUCTION

This research had as its main objective a formulation of the
equations for propagating electromagnetic waves in a laser medium in
order to study the properties and behavior of the laser beam in gas
laser systems, such as the CW-EDL, that have substantial gain. This
study of these beam characteristics and factors affecting them is use-
ful in the establishment of design or operational modifications that
could lead to improved far-field intensities for the laser output or
to explanations of unexpected beam degradation in terms of laser media

or laser resonator characteristics.

In order to investigate the properties of amplifying media of gas
lasers relating to beam quality, the application of a rigorously-
derived paraxial approximation1 to the wave equation for propagation
through an amplifying medium was necessary. Laser beam quality in the
device is a critical parameter, along with atmospheric propagation, in
determining the far-field intensity pattern. Factors important for beam
quality are diffraction due to finite beam size, beam distortion due to
saturation of the medium gain, and refraction and defocussing due to
a difference in frequency between the laser frequency and the center
of the gain line. While Bridge32 has shown the effect of saturation on
propagation in an amplifying medium, the other effects have not been
studied in depth. After derivation of the equations, they are solved
numerically on a computer, and results of gas lasers with various

choices of the important parameters are plotted. The shapes of the

curves are then used to determine beam distortion as a function of the

various parameters.
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As the result of studying these curves, it is found that for lasers
with media of the general characteristics of the CW-EDL, these factors of
saturation and detuning are of minor importance where the system is
treated as an amplifier; however, further consideration indicates that
treatment of the system as an amplifier is not adequate, and in partic-
ular, diffraction may be of significant importance in the case of an
active medium in a resonator. On the other hand, detuning is very
likely to be of minor importance in the resonator case, as even though
the system is disturbed sufficiently to shift its cperating frequency

from line center, it will quickly readjust so that the detuning is small.

After investigation of the properties of an amplifier, the equations
were then set up for a typical CW-EDL system configured as an oscillator
using a positive-branch, confocal unstable resonator. The laser system
was assumed to have cylindrical symmetry in the gain medium for the

purposes of this study.
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II. EQUATIONS OF PROPAGATION

Standard practice in theoretical work on propagation in laser
amplifiers3 and in the study of modes in spherical resonatorsa has
depended on certain assumptions and approximations that lead to an
inconsistency. Specifically, it is assumed that the electric field is
plane polarised in the x direction, According to the exact Maxwell's
L equations, this then means that the field is independent of x.
However, when the resulting equations are solved in the paraxial ap-
proximation, gaussian solutions are found in the transverse direction,
= which is indeed in accordance with experiment, in spite of the fact
b that the transverse derivative of the field is shown to be zero by the

exact eguations. The paraxial approximation has been analyzed to

resolve the inconsistency and the resulting equations then were solved
numerically to yield quantitative results.

For waves propagating in the z(axial) direction one may write the

field as
- s ) L ikz A
£ =8 +ag = (T +ar) (2.1)

where the subscript T indicates the transverse part of the field and

a

a, is a unit vector in the z direction. Let the total gradient be

\7-vT+az-g—z (2.2)

where VT represents the transverse gradient. One now takes the curl of

both sides of the Maxwell equation curl £:= imuoﬁ (2.3)

and using the relation curl = -imeOK E,’ (2.4)

1 one obtains curl curl & = (m/c)2K E (2.5)

o e 1 A R e

where w 1s the angular frequency and « E(% ) + i(;%—) where € is the
o o
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dielectric constant and o is the specific conductivity. Using (2.1)
and (2.2) in (2.5) the transverse and longitudinal components of the

field are obtained:

2 -

3F 3°F 9F

- z 2 =2 T T

VT (VT FT + e + 1sz)-VT T~ 322 - 2ik T

2.. w 2 i
il (E) <Fp (2.6)
3 = = 2 w 2

g (vT . FT) + 1va . I-‘T - VTFZ =(Z) KFZ (2.7)

Consider a beam of width wo in the transverse dimension. It has

associated with it a diffraction length % = kwoz = %1 woz where X is

the wavelength. These characteristic dimensions may then be used to

scale (2.6) and (2.7)

& = =1 =
Let x wo€ ¥ NN, £ z (2.8)

Since in the problem to be considered v << £, let

wo 1
T T kw ikl
o

Using (2.8) and (2.9) in (2.6) and (2.7) one obtains

= - 2‘
v fev o7 + £2°FC p )-fv g g7 TE
T T % 52?' g T % 2
ag
aF
. w 2 2 =
- 21f w f[ (m Ec_)_) K - (kwo)“ F (2.10)
2 2

3 = —~ é;wé)z
e (VTo Fr) + 1fVT . FT - f erc ry KF; (2.11)

f3
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where FT (rT,z) k2 {p.C), Fz (rT,z) + Fc(o.c) (2.12)

3 3
v = — 3 —
and 3 ax 3£'+ ay - £2.13)

with ax and éy unit vectors in the x and y directions.
The dielectric response, x, of a medium with n atoms per unit volume

may be written as

B (- 0 V8 7 (cg/w)] (2.14)
S 2
1+0° +1
2k + [/Z; (cg/w)] m(w,|F|2) (2.15)

where { = (u—wab)/yab is the fractional detuning of the frequency from

the center of the gain line, k. is the background linear dielectric con-

L
stant, g is the small signal gain, and I = |F|2/F§ is the field intensity

in units of the saturation intensity. Choosing
k2 = (u/e)? A (2.16)

equations (2.10) and (2.11) reduce to

2
5F 3 F

o Z.0C ol w23 T
LI Fo + £ 3% + iFC) P f ;_C_z._

-

oOF_ &
- 2 if 52— = (fgim) FT (2:17)
39 — = 2l 2

- . . -£°V = + % .

f Y (VT Fr) 2 1fVT FT f . FC (1 (f°gim) ] FC (2.18)

As in physical problems of interest fzgl = g/k = the gain in a
distance k_l is always small, one may obtain a consistent solution by

expanding the field in powers of f. Using only alternate powers one has
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for the transverse and longitudinal field components

P JOIES 3O

1 1 T
(1) ¥ =08)

+ £ P
g

S 2D (2.19)

F, + £F, " S (2.20)
It may be noted that (2.18) contains no zero-order terms. Also, since
m is a function of |F(2, it must be expanded in powers of f. On using

(2.20) with (2.18) to first order in f

L GSRASA

Fc T T

(Z-21)

from which it is seen that in first order a small longitudinal compon-
ent of the field is present.

Using (2.19) with (2.17) the lowest~order terms are

ey BF(O) .
T?()+21( ac )=-(;,2)ml-‘() (2.22)
" 2(0) ) A T e 2. 23)
where m_ = | o QZ DT

This resolves the inconsistency since to lowest order the field is trans-
verse and may depend on the transverse coordinate.
Plane polarized solutions of the form

= () . =48

’ (2.24)

may now be sought where E and the phase S are real. Substituting (2.24)

in (2.22) and equating real and imaginary parts, one has

\7T2 £ -(7.5)° E-2 @»c) =-(g4) (Rem ) E 2.25)
2 (V.8 - vT)E+ v, SE+2<2C)=- (g £) (Im mo)?:‘ (2.26)

taking the scalar product of both sides of (2.25) and (2.26) with E
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one obtains
2 3S - 2= =
@97 + f5)- 62 Rem) +[E- VE)
V_ - (EZV S)+(a—£2~ =-(gl) (1 ) 52
1 1 3¢ & -

Rays normal to surfaces of constant phase obey the equation

dr,r VTS

- " IV(S + kz)l
dz _k#+ 38/9 z
ds V(S + kz)
and dividing (2.29) by (2.30) gives

dr VTS
dz  k+93sfz

In the scaled variables E; = woa and z = Z¢. This becomes

an Vs
dg 1+ £20sRC)

and neglecting the second order term in f

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)

(2.32)

(2.33)




ITI. NUMERICAL SOLUTION

In cylindrical coordinates equations (2.27), (2.28), and (2.33)

become
2 2

(as) 1(33) (as) i (a/‘f) 1 T
=} & S=lz=l +2{=—]l= g R Rem *—~—— =—|p + = —
3 p ‘)2 3¢ 9z [] D/‘f 3ap 50 02/-1— 3¢2
12 (28] 1_3_(2_) pr
pap(“’a +oza 13¢+3C gt I Im m
dp _ 39S 2 d¢ S

dp 38

dc " 3p 340
33 ? -

5 B (Ip a——) + 3 = gl I Im mo (3.2)
(a 5)2 (a s) 1 ) ( a/'f)

) 3 o pffap 2p

where p 1is the radical distance noimalized to the beam size L T is

the axial distance normalized to the diffraction length £, I is the

beam intensity normalized to the saturation intemsity. S is the phase
Q-1

and g is the small signal gain per unit length and L = T+ 1 for

a homogeneously broadened system. { is the fractional detuning of the

operating frequency from line center.

To solve these equations, we introduce the beam slope

= 4P
v dz (3.4)

and use it to eliminate S in Eqs. (3.2) and (3.3)




Q

1 ¥ s
s 3% (Ipv) + Y- gl I Im m (3.5)

3 v _ 3 ¥ 1 a3l Wi

with

and

Q
<
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dv
dc
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Al
+
<
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Eqs. (3.5) and (3.6) reduce to

dl v v
az ~ gl I Im ﬂ; -1 5 -1 55- (3.7)
dv _ 13p
a. " X8 (3.8)
where
1 2 936G G

9
G = a%p(ﬁn[)

Eqs. (3.4), (3.7) and (3.8) are the basic equations. They can be
integrated numerically step by step in the {-direction along the path
of a ray.

In an amplifying system, the incident beam is usually given at the
incident plane, e.g. both the beam intensity and the beam slope are
given as a function of p at 7 = 0. Also along the axis of the amplifier,

the beam slope is zero and the beam intensity must be either at a
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maximum or at a minimum, e.g. both v = 0 and G = 0 at p = 0 for all
values of . With these initial conditions, Eqs. (3.4), (3.7) and (3.8)
can be evaluated.

The numerical procedure used is to first divide the beam at the
incident plane into a number of rays at equal distances along the p-
direction and integrate p, I, and v along each ray step-by-step in the
; direction. The method used here is a Predictor-Corrector Method.
Assuming that p, I and v are known in the Cn-l and Cn planes, one first
estimates a tentative value of pn+1, the prediction, in the Cn+l plane
by

p =p +24 28
n+l n-1 & ¢
n
3p
where A7 is the integration step and 3T — from Eq. (3.4), (simi-
n

larly, for the other two quantities I and v). One then calculates a
corrector

o A (30)'
Pnel pn'..Z [ é—c_m_

«(32) ]

1 & n

ap\' -
where —9) =v calculated from the predicted value. If the dif-

9T n+l

n+l
ference between the corrector and predictor is within a small pre-
assigned tolerance, one stops the iteration and moves to the next pléne;
otherwise the calculation is repeated using the corrector as the pre-
dictor and recalculating a corrector.
This method 1s used throughout the integration along the f direc-

tion. For the first integration from the incident plane to the first

plane, the extrapolated values pn—l’ In-l’ V,-1 Vere used to calculate




i AN AP SR 5 St

11

the first predictors.

In evaluating the right hand sides of Eqs. (3.7) and (3.8), partial
derivatives of various quantities with respect to p are required. %
These are obtained by fitting a quadratic curve to values at three |
nearest points to the point where the derivative is needed. The deri-
vative is taken to be the tangent to this curve.

This numerical procedure as stated can be applied to almost any
form of the incident beam. In the following, consideration is restricted

to an incident collimated Gaussian beam. Such a beam is characterized

by two parameters, IO and Voo where Io is the peak intensity in units

of saturation intensity and v, is the beam size defined to be that at

which the beam intensity falls to éy of Io. Two different values for

oo 2.5 cm, 5.0 cm and three for IO = 0.1, 0.25, 0.5 were considered
in the calculation. 1In a typical calculation, 41 rays are taken, the
interval between successive rays at the incident plane is taken as
0.05 W, The number of steps in integration along the [ direction are
100 to 400 depending on the length of the amplifier in consideration.
A sample program written in Fortran IV for the Univac 1108 system is
listed in the appendix 1. It requires approximately 20-30 seconds for
a single calculation. Figures 1-18 are the result of this calculation.
The various inputs are

I =0.1, 0.25, 0.5

2.5, 5.0 cm

£
"

0.01/cm

Lo
(] ]

0.0, 0.1, 0.5

r
"

100, 200, 400 cm
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where L is the length of the amplifier. 1In these figures, the amplified
beams at the output plane are normalized to their values on the ampli-
fier axis to make the distortion more evident. These normalization
constants for various inputs are listed in Table I. For example, for
0.25, . - 2.5 cm, Q = 0.5, L = 400 cm, the amplified intensity
along the axis at the output plane is 1.782 in units of saturation
intensity or an amplification of 7.13 times of the incident intensity.
The output intensity distribution for this case is given in Figure 6
as the outmost curve. In Figures 1-18, for the sake of comparison,
the input gaussian distributions are also presented. As may be seen
in every figure, the longer the amplifier, the larger the distortion
away from the gaussian distribution. The amount of distortion is vir-
tually independent of the beam size, LA but dependent on the incident
intensity, Io, and the detuning, 0. The distortion is large for large
Io and small §. All these features may be understood as follows.
Since in all these calculations, the length of the amplifier L is
taken to be much smaller than the diffraction length %, the effect due
to diffraction and refraction is neglibible; i.e., the beam remains
almost parallel to the axis. This was also confirmed from the numer-
ical calculation. For the largest deviation in all the cases considered,
a ray starting at r = 2.0 v at the incident plane deflects only to

r = 2.0005 Y at the output plane. Thus, if one neglects the effect
due to diffraction and refraction, Eqs. (3.4), (3.7), (3.8) would

reduce to a single equation

dI 21
o€ " ‘1“3""—«» 41 (3.9)
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for an incident collimated beam. This equation is exactly the formula

RPN

‘ Bridges used in his calculation.2 As may be seen from Eq. (3.9), the
distortion due to saturation is independent of the beam size, Vo but

depends on the detuning { and the incident intensity.

S A A O SR PSP 1 9 i T 1 Pt —r
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IV. UNSTABLE RESONATOR SOLUTIONS

Although the solution of the equations for a wave propagating in
an amplifying medium gives some insight into the effects of saturation,
detuning, and diffraction on the divergence of the beam, it is necessary
to model the amplifying medium in a resonator in order to get a more
physically correct picture. Diffraction in particular is likely to
assume significance in the case of the resonator due to repeated passes
and, specifically in the case of the unstable resonator, the presence
of the edges of the output mirror must be taken into account.

The most applicable work done in the past on unstable resonators
with an active medium was that of Sziklas and Siegman5’6 and that of
Rensch.7 Sziklas and Siegman divided the laser into a number of axial
segments bounded by transverse stations, where each station has a fixed
gain and phase profile. In Ref. 5 they carried out the free-space
propagation between stations using Hermite-Gaussian functions as a
basis set in an eigenfunction expansion. This required large amounts
of computer time for systems with large fresnel numbers, which are of
interest in high power lasers. The amount of computer time required
is proportional to Na, where N is the fresnel number. In their later
work, Ref. 6, they increased computational efficiency with a’discrete
Fourier transformation carried out using the fast Fourier transform
algorithm. In this approach, computational time increases as NzlogzN,
which is smaller for large fresnel numbers, but is still very large
if one considers fresnel numbers of 500 to 2000, which are of prime
current interest. Rensch used a numerical procedure employing a finite

difference method to solve the wave equation. The resonator was
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divided into a series of axial segments with each segment considered
axially uniform in saturated gain and index of refraction. Propagation
through each segment is by an algorithm that satisfies the free-space
wave equation. After propagation through a segment, the amplitude and
phase of the field are adjusted according to the average gain and index
of refraction for that segment. Computational time for this approach
is, for a symmetric resonator, 3N2 %; , where L is the length of the
resonator and Az is the length of the axial segment over which the gain
and index is considered uniform. Both of the above methods have a
discrete instead of continuous medium in the laser.

The previous method used in the calculation for the beam distortion
in an amplifier system is now extended to the calculation of the trans-
verse mode, beam quality, and power-output for an oscillator. For sim-
plicity, the oscillator is again assumed to be circular with axial sym-
metry, only azimuthally symmetric modes are studied.

An oscillator in general consists of two mirrors, mirror 1 which
will be called the output or the front mirror, mirror 2, the back mir-
ror. These two mirrors can be either concave or convex towards to the
interior of the cavity with different radii of curvature and can be of
different sizes. However, for most high power lasers, the commonly
adopted system is usually the positive-branch confocal unstable reson-
ator. In such a system, mirror 1 is a small convex mirror and mirror
2 a concave mirror with much larger size and longer focal length.
Figure 19 illustrates such a system. Though the following calculational

method is not restricted to such types of resonators, the emphasis

throughout is on this type, which is widely used in large laser devices.
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The procedure employed for calculating the transverse mode of such
resonators is to introduce two planes, plane 1 just in front mirror 1
and plane 2 just in front mirror 2 as shown in Figure 19. To carry out
the calculation, an initial left-going wave with its intensity and slope
is assumed at plane 1. It propagates to plane 2 using the algorithm
described already in detail in the previous section, since propagating
from plane 1 to plane 2 is identical to propagating from the input plane
to the output plane in an amplifier. After reaching plane 2, it reflects
back from mirror 2 to plane 2 and becomes a right-going wave. This wave
is propagated to plane 1, again using the same alogithm, After
reaching plane 1 and mirror 1 the beam size has been greatly expanded
and is now much larger than the mirror size; therefore, this beam splits
into two, one the output beam passing mirror 1, the other a beam reflec-
ted back to plane 1 which becomes a left-going wave. This calculation
can be carried out indefinitely until the wave converges to a steady-
state stationary distribution, the resulting distribution being the
single transverse mode for the resonator and the output beam passing
mirror 1 is the output of the laser.

Presented below are some details of this calculation:

1. In propagating the beam from plane 1 to plane 2 (and from
plane 2 back to plane 1), the gain is subject to saturation. This sat-
uration gain, unlike that in an amplifier, is determined by the existing

total intensity, i.e., the sum of the left-and right-going intensities

at this point. To include both intensities in the gain distribution,
the intensities of the on~going wave are stored in memory. These values

are added to the opposite traveling wave intensity on the next pass.
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Usually, opposite traveling rays do not cross at the same point, in
this case, a simple interpolation procedure is required using those
stored values from the previous pass of neighboring points.

2. Reflecting from mirror 2: Since mirror 2 is assumed to be
larger than the beam size, there will be no edge effect. The field is
treated as though it were physically reflected from the surface of the
mirror. Its intensity and slope are adjusted for mirror curvature,
tilt, and reflectivity. If one assumes that there is no tilt or absorp-
tion, to a good approximation, there will be no change in intensity and
ray position as the distance between plane 2 and mirror 2 is extremely

small. The only change is in the ray slope with

I

Veefl inc R
where ¥ o and Voef1 2re the slopes of the incident and reflected rays,
respectively, p is the ray position, R is the radius of curvature of the
mirror taken to be positive (negative) for a concave (convex) mirror.
The left-going wave now becomes a right-going wave.

3. Reflecting from mirror 1: In addition to a change in ray
slopes upon this reflection, mirror 1 is smaller than the size of the
now expanded beam, and consequently the beam upon reflection must also
be truncated according to the shape of the mirror. At this point, a
severe limitation in this numerical technique is apparent. It cannot
treat sharp mirror edges. The transverse derivative with respect to p
is not defined at the mirror edge or at any point the amplitude is dis-
continuous. To overcome this difficulty, the sharp mirror edge is

smoothed out by introducing an effective reflectivity of the mirror
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which has a gaussian profile near the mirror edge.

2 = ‘_,-(o-oo)zﬂ2 for p2p

and
R=1 for p<p

o

where R is the reflectivity of the mirror, P is the mirror radius within
which the reflectivity is uniform, and T is the truncated distance. For
simplicity, it is further assumed that the distance from P, to the
physical edge of the mirror is equal to one truncated distance T. Fig-
ure 20 shows schematically how the mirror edge is treated. Two different
values T are shown.

4. After one round trip, the number of rays reflected from mirror
surface 1 is greatly reduced as many of them will pass it without being
interrupted and those reflected are no longer separated at equal dis-
tance. In order to regain the same number of equally separated rays as
at the starting point, a simple interpolation procedure is used based on
the rays reflected from mirror I.

5. To begin the calculation, a left-going wave with assumed slopes
and intensities is launched from plane 1. The choice of these initial
values will make a difference in the amount of computer time needed to
yield a stationary solution. A good estimation can be obtained from a
simple geometric optics calculation. It is assumed that the left-going
wave leaving plane 1 is a spherical wave whose virtual center lies at a
point Pl behind the mirror 1.8 The intensity is assumed to be a con-
stant intensity I° multiplied by the effective reflectivity of mirror 1.
This constant intensity, Io can be estimated from the gain of the medium

and the output coupling of the system using geometric optics.




A specific computer calculation is made. The system is assumed to

be confocal. A complete list of the parameters used for this calculation

is listed below:

Radius of curvature of mirror 1 R1 = =535 cm
Radius of curvature of mirror 2 R2 = 995 cm
Length of the cavity L. = 230 cm
Radius of mirror 1 a = 3.2 cm
Radius of mirror 2 a, = 6.0 cm
Small signal gain g = 0.005/cm
Frequency shift from gain center L =0.0
Truncated distance T = 0.1 a,

An initial spherical wave with IO = 0.50 Is‘ where IS is the saturation
intensity, is launched from plane 1. Fifty~three rays at equal separa-
tion, 0.025 a,, are taken. The number of steps in integration along a
ray from one plane to the other is 115. After seven or eight return
passes, the solution converges. The total computer time is about three
minutes on a UNIVAC 1108 system. Figure 21 shows the intensity and
phase at the output plane, the abscissa scale being normalized to aj-
The vertical line at 1 represents the physical edge of mirror 1. The
vertical line at 1.86 indicates the beam size at the output plane accord-
ing to geometric optics (the output coupling for this system based on
geometric optics is 71%). Figure 21 shows that the load is almost uni-
form on mirror 1 and the output intensity increases and then tapers off

very quickly near the geometric edge of the beam. The phase is also

nearly uniform except near the geometric edge of the beam. Figure 22

shows the normalized far-field distribution calculated using the




intensity and phase of the output beam at the near-field. The far-field
distribution shown in Figure 22 is very nearly identical to a diffraction
limited distribution and has a first side-lobe peak intensity equal to
approximately 10% of the main lobe. The peak intensity at 6 = 0, when
focussed at one diffraction length, kalz, is found to be 1.21 IS. The
dashed curve in Figure 22 is the integrated power normalized to the

total power (energy in the "bucket'"). As shown, more than 80% of the
power is within an angle 6 = E%I» and more than 907 of the power within

8 = 1.5 x-§§I . The total output power is found to be 49.9 IS watts

when I_ is measured in watts/cmz.

Figures 23 and 24 show an identical calculation, but this time
with ¢ = 0.2. The result of this calculation is almost identical to
that with £ = 0.0, except the output power is reduced by a small per-
centage. The peak intensity at far-field is now 1.14 Is and the total
output power is reduced to 47.1 IS watts. This calculation indicates
that the effect due to detuning of the driving frequency from the gain
center is not important as expected.

Figures 25 and 26 are the result of a caiculation with the small
signal gain, g, reduced to 0.004/cm. As expected, the output power is
greatly reduced. The peak intensity at far-field is now 0.63 IS and
the total output power is 26.5 Is watts. The intensity and phase dis-
tributions at near-field and far-field remain unchanged.

Lastly, the effect due to mirror edge is tested. A different trun-
cated distance T = 0.05 a, is used. A smaller T corresponds to a

1

sharper mirror edge and is closer to physical reality. Figures 27 and

28 are the result of this calculation. It is seen that the intensity




m ] Ty '

e

Wy ey

I
1
1
1

21

and phase distributions at the near-field remain almost exactly the same
as before except near the geometric edge of the beam where they fluctuate
more. The far-field pattern is also almost identical, the beam being
slightly more divergent. The total output power remains the same, but
the peak intensity is down to 1.07 I, with the result that the power is

down about 10% in the same "bucket."
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V. CONCLUSIONS AND RECOMMENDATIONS

Laser media of the general characteristics of the CW-EDL when con-
sidered as an amplifier driven at a moderate fraction of the saturation
intensity show little beam distortion for a gaussian input beam. There
are only small saturation effects, and very little effect for detuning
of the driving frequency from the center of the gain line. For beams,
such as those considered here, which have diameters of many times the
propagating wavelength, diffraction due to the finite beam size is
negligible.

When the system is modelled as an oscillator, assuming cylindrical
geometry, diffraction effects appear, causing a departure in phase and
intensity from the uniform phase and intensity to be expected on solely
geometric considerations. These departures from the uniform plane wave
cause, in turn, a change in the far-field intensity pattern. While this
azimuthally symmetric model approximation yields some valuable insight
into system behavior and is of great value in establishing model and
calculation procedure validity, a model in rectangular coordinates pro-
viding for variation in the gain media in both the transverse directions
would surely be more accurate.

One observation that might be made is that the far-field intensity
pattern might be improved by increasing the system feedback, as the
medium could be driven harder. This could be accomplished by increasing
the diameter of the output mirror, and making other necessary related
changes. Otherwise, there seems no advantage in changing the resonator

geometry.
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It is recommended that further study be carried out on this
system using the theories and procedures developed here. Specifically,
the system should be set up in rectangular coordinates with the varia-
tions of the media in the transverse directions included in the calcu-
lations. The effect of variation in feedback on the far-field intensity
should be studied on the computer, as it is relatively complex, inter-
acting as it does with the medium saturation and the output aperture

size.
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Input Parameters Peak Intensity at Output Plane
in Units of Is
T [ T
v, in cm Io in IS 9) L =100 cm | L = 200 cm‘ L = 400 cm

2.3 0.1 0.0 | 0.237 0.497 | 1.436
2.3 0.1 0.1 0.235 0.492 | 1.419
2.5 0.1 0.5 | 0.205 0.392  1.098
2.5 0.25 0.0 i 0.519 0.933 i 2.115
2.5 0.25 % 0.517 0.927 | 2.099
2.5 0.25 0.5 | 0.467 0.798 | 1.782
2.5 0.5 0.0 0.906 1.442 | 2,783
2.5 0.5 0.1 | 0.903 1.43% | 2.768
2.5 0.5 0.5 | 0.844 1.301 ; 2.480
5.0 0.1 0.0 | 0.237 0.497 | 1.436
5.0 0.1 0.1 0.235 0.492 | 1.420
5.0 0.1 0.5 0.205 0.392 | 1.101
5.0 0.25 0.0 0.519 0.933 2.115
5.0 0.25 0.1 0.517 0.927 | 2.100
5.0 0.25 0.5 0.468 0.798 1.788
5.0 0.5 0.0 0.906 1.441 2.784
5.0 0.5 0.1 0.903 1.435 2,771
5.0 0.5 0.5 0.845 1.303 2.490

TABLE I Peak intensity of the output beam at various distances

from the input plane, with various input parameters.
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FIGURE CAPTIONS

Pig. 1. The spreading on a gaussian input beam at various distances
from the input plane. The output peak intensity has been
normalized to one. Input parameters are - 2.5 cm,

Io = 0.1 IS’ 2 = 0.0.

Fig. 2. Same as Fig. 1, but with o 2.5 cm, Io

Fig. 3. Same as Fig. 1, but with - 2.5 cm, I° = 0.1 IS’ Q= 0.5.

0.1 Is, Q= 0.1.

Fig. 4. Same as Fig. 1, but with e 2.5 cm, I =0.25 Igs = 0.0.

Fig. 5. Same as Fig. 1, but withw_ = 2.5 cm, I = 0.25 IS’ Q= 0.1.

o o
Fig. 6. Same as Fig. 1, but with e 2.5 cm, Io = 0.25 IS’ Q= 0.5.
Fig. 7. Same as Fig. 1, but with . 2.5 cm, Io = 0.5 IS’ Q= 0.0.
Fig. 8. Same as Fig. 1, but with v = 2.5 cm, Io = 0.5 IS’ 2 =0.1.
Fig. 9. Same as Fig. 1, but with ., - 2.5 cm, Io = 0.5 IS’ 1= 0.5,
Fig. 10. Same as Fig. 1, but with v, = 5.0 cm, Io = 0.1 IS’ = 0.,0.
Fig. 11. Same as Fig. 1, but with w . 5.0 cm, Io = 0.1 IS’ ¢ = 0.1.
Fig. 12. Same as Fig. 1, but with - 5.0 cm, I° = 0.1 IS’ Q = 0.5.
Fig. 13. Same as Fig. 1, but with v, - 5.0 cm, Io = 0.25 IS’ Q = 0.0.

Fig. 14. Same as Fig. 1, but with w 5.0 cmy, I = 0.25 IS’ Q=0.1.

(o] o

Fig. 15. Same as Fig. 1, but with . - 5.0 cm, I0 = 0.25 IS’ Q= 0.5.

Fig. 16. Same as Fig. 1, but with w 5.0 cmy, I = 0.5 IS’ Q= 0.0.

(o] o

Fig. 17. Same as Fig. 1, but with - 5.0 cm, Io = 0.5 IS’ Q=0.1.

Fig. 18. Same as Fig. 1, but with v,

5.0cmy, I =0.51I_, Q= 0.5.
o S

Fig. 19. The unstable resonator, a; is the radius of mirror 1, a;, the
radius of mirror 2, L is the length of the cavity. Planes 1
and 2 are just in front of mirrors 1 and 2, respectively.
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Mirror edge tapering, T is the truncated distance as defined
in the text.

The near-field intensity and phase at the output plane, the
solid curve is for the intensity, dashed curve is for the
phase. The vertical line at 1 represents the physical edge
of mirror 1. The vertical line at 1.86 represents the beam
size according to geometric optics. Input parameters are

g = 0.005/cm, & = 0.0, 7= 0.1 a;.

The far-field normalized intensity and the energy in the

"bucket."  Input parameters are g = 0.005/cm, @ = 0.0,

T =0.1 a;.

Same as Fig. 21, but with g = 0.005/cm, @ = 0.2, T = 0.1 a;.

Same as Fig. 22, but with g = 0.005/cm, 2 = 0.2, T = 0.1 a,.

Same as Fig. 21, but with g = 0.004/cm, 2 = 0.0, T = 0.1 a;.

Same as Fig. 22, but with g = 0.004/cm, 2 = 0.0, T = 0.1 a;.

Same as Fig. 21, but with g = 0.005/cm, @ = 0.0, T = 0.05 a;.
Same as Fig. 22, but with g = 0.005/cm, @ = 0.0, T = 0.05 a;.
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MeeNn

ol o ko

RIN(J)I=2e%(U=1)7(ink=1)
SINORMUU) ZEXP (=24 #RIN(J) %%2)
K(JIZRINCGY)

viuv)=0.0

S(U)=SUIN*SINORM(Y)

AINATLIAL LEAM 1S GAUSSIAN WITh PEAK INTENSITY SINe SPOT SIZE wO
V 4S5 THE RAY SLOP
S 4S THE SbAm INTENSITY

sMiJ)=h (V)

vMU) =y ()

sMUI=5ty)
1V LOnTINuE

w0 bU 1Z1e02

CALL PrOPAG

FRUPKG CHLLULATS RPe VPer SP IN THE (I+1)TH PLANE FROM Re Ve S IN
IHe iTH PLANE ANU KMe VMe SM IN THE (I=1)TH PLANE

u0 5U v=1NR
nM(J) = (u)
wMld) =y ()
Mg =ui)
) =rr (V)
viglave (J)
5(u) =Sk (U)
SU CUNTINLE
LTeST=1/10ue
ATEST=Sa=10Uu*ITeSH
LFUITESTeEUWe0) GU TO 55
w0 TU woO
59 (PII#0*UIFLGT
wRITe (erls0)
wiaTelerlul) 2P 1
140 FORMATUSA» " THE DISTANCE ALUNG THE AMPLIFIER ='+F1l0e4r' CM*»10x»
A *1He NUMBER OF FOINTS ALONG THE AMPLIFIER ='¢I5)
wRiTelerl2u)
wkiTe(crl2u)
12U FURMAT (1HU)
wiiTc(orelll)
wRiTelurlle)
111 FORMATU'L'220X»1rKk210X» BHINCIUENT»9Xe6HRAOTIAL» 10X
A UHBLAMY LOXK e 4HBELAM e IX» LURNORMALIZED)
112 rORMAT(3X s THPROF ILE v 9X v BHUISTANCE 19X ¢# SHSLOPE » X2 QHINTENSITY » 44X
A GHLLTENSITY)
whaTL(wrl2o)
w0 70U v=lrivk
SNURMIL) =S (U) /5 (1)
wHITE(Le150) Jr RINGU) e SINORM(U)r R(J) e VIJ) e S(J) e SNORM(J)
70 CONTINUE
150 FOKMAT(IL1Gr6F1565)
6U LONTINUE
whiTe(orl2u)
99 CONTINUE
STUP
N
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uuu137
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LulLikl
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uuuled
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UJuli4o
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LuuLL47
uJul4s
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[FIVAVE R 10)
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Uuuihe
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WwFUR? IS FRUPKGYPROPAL
SULRUUT INE PROFAG
COMAON GAINe SINe UMEGA» Z¢ N2y WRe UZ
COMMUN Rlpl)e» viol)e S(61)
COMMUN RM(pl)er ViM(ol)r SM(ol)e RP{olle VP(61)r SPl61)
VIMENSION KDZ(L1)» VDZ2(61)r SDZ(01)
UIMENSL0iv RP3(o1) v 5PBl61) rvPs(6l) 1RPBDZ (61) v SPLDZ(61) r VPBDZ (61)
CALL GRAUNTI(ReSevenDZeSLZevD2)

¢
(= GRAUKT CALCULATES utKIVATIVES UR/DZr DS/0Z AND DV/UZ AT GIVEN
C he S AND v
¢
w0 10 v31ehk
KPo () =rMIU) +2exus (U) 202
SPu(U)=SMlu)+2e%502(u) s0Z
vPuld)=vmly) +2e %V (J) 52
1U CORTLINUE
(%
" iWPur SPB Allu VP8 Art PREULICTcl) VALUES AT THE (I+1)TH PLANE
.
wlTER=U
15 CALL GhAUNT(RPu e SPL e VPiseRPGDZr SPBDZ VPBDZ)
WITERSIITER]
L0 2U w=lrinK
RPIJ) S (U) 405 (RPLDZ(U) +RLUZ (J) ) %DZ
SP{JIZS ) +Uesx (SPLDZ U +SL2Z (J) ) *D2
VP (J)=v () +ues5x(vikuDZlU) +vu2Z (J) ) %02
20 CUTINUE
wU 33U vIlenk
AF(ABS(RF (W) =RFB(J)) «GT+0.,00001) GO TO 35
LFCAGSISHF(U)=SPB(U)) «Gle0eu0ULU) GO TO 35
AFCAGS (VR (L) =VEBS(J) ) «Gle0eu0u0l) GO 10 35
3U LOnTINLE
-«
o WP SPr WP AxkkE CALCULATEUr IF THLY ARE DIFFERENT FROM RPBr SPBr VPH¢
. wbk RePcAl The CALCULATION WIIH RPe» SP» VP FOR RPi3e SPBr VPB
G

00 Tu L0

35 AF(NITLReGI410) wU TO 50
LU B0 “ELeiR
KPP (J)2RP ()
SPo () =Sk (J)
vPulu)=vr(u)

4U CONTINLE
w0 Tu 15

50U LUNTINLE
KL TURL
eNu

WFUR? IS5 GRAD.TrGKADNT

SUBRUUT INE GRAUNT (ReSeVeRUZeSUZeVDZ)
COWMUN GAlie SiNe OMEGA» 2¢ WZe¢ NRe L2
vIMENSLOIN K(BLl)e S(61)r V(bl)r ROZ(61)e SDZ(61)r VD2(61)
UIMENSL0 DVIB1)» SLN(b1)» G(6L)r DG(61)r P(61)r DP(61)
L0 1U U=lrik
SLi(J)I=ALOG IS (W) )

1y CONTINUE
WRMENR=1

e
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CALL On T avROL) o (2) e (5D oV (1) aV(2) o V(3) oK (L) o0V (L))
vli)=U0.0
L0 11 o=crlikeM
CALL UnITIVIR(U=0)RUJIpRGU+ 1) oV IJ=1) oy (J) ey (J41) e R(J) WDV IY))
CALL DielTavIROU=100 pREJDI e R (U4 1) o SLNTU=1) o SLI(J) o SLN(J+1) vREJ) #G(J))
11 CONTLINCE
CALL ORI TIVIRGR=c) st Ciur=1) o i LR D aVIWR=2) s VIKR=1) o VINR) v RINR) ¢
A Ov R
CALL UiITIviRGR=2) e CuR=1) o CuR) o SLin(Ivk=2) o SLILIINR=1) ¢+ SLN(INR ) #
A RINR) v G(ER))
CALL DnITIVIROL) »r(2)0nil3) oG L)r0(2)0G(3) (1) eD0(1))
FUL)ZO L) %0 (L) /2042 e #D0 (1) +2 e %GAINRUWEGA/ (Lo +0NLOA*%2+45(1))
L0 21 «ScrlikM
CALL ORITIVIRCU=2)oRCOJ) v RO+ 1D 0G(U=1) v G(J) v GJ+L1 )9 R(J) v DG(J))
PLU)IZGU) 20U /72e+0G(J)+0G (L) /R(J)
A +Z e *GALNLHOMLGAZ (1o +UMEGAX#2+S(J))
24 CONTINULE
CALL Dr I HIviKGR=c) ek CuR=1) vt GWR) ¢ G (1WR=2) 1 GINR=1) s G(NR) »R(NR) »
A ucli.rR2)
FUNRIZC L) 20 LRI Zc e *Do (R +0 (WR) /R (NR)
A +C o GALIAOYLGR/ (e tUrEGH*22+4S (NK) )
CALL unl P IviCi) ex(2) e (3) P (1) eP(2) e P(3) e (1) LP(1))
w0 31 vIcrikMm
CALL DRITIVIREU=10) oI oRIU+1) 2P (J=1) P (U)o P(U+1) e R(J) P DP(U))
3L CONTINLL
CALL ORI TIvIKGR=c) e Cur=1) i< (R ) pP(INR=2) # P(NR=1) ¢+ P(NR) v R(NR) »
A vPGi.R) )
rbeli)=yv(l)
SULL)ZGALINAS (1) /(1 e+0rECReact (1)) =2axS(1) 40V (L)
vue(l)=0eu
wl 41 vZcrik
e ld)=viy)
SO (U)=GAL*S (U /(1 +OMEGAR¥c+5(U) ) =S(U)*DV(U)=S(J) %V (J)/R(J)
vh(U)20ecuruP ()
41 CunTINUE
rETUKN
chiu
eFUK? IS LRATAVIURITIV
SULRUUITINE UKIVIV (X1ex2ex30Y1e Y2 Y30 XeDYDX)
o
(= GIvLiv Y1 AT x1v¢ Y2 Al X2¢ Y3 AT A3 IT CALCULATES DY/0X AT GIVEN X
1%
US(X1=a2) #(Xx2=r3) % (X3=A1)
LE(YL¥(X2RR2=XO*¥XS) + Y2 (XZ4X3=A1%X1)+Y3*(X1*X1~X2%X2))/D
L= (Y1 (X2=X38)+Y2*(X3=X1)+134(£1=X2)) /U
LYUX=B+2ex( %
RE TURN
cehu
wxuT
Ue01 0e25 0.5 25 400+«

400 41




