TRANSVERSE MODE FORMATION IN POSITIVE BRANCH UNSTABLE
RESONATORS{U) ARMY MISSILE COMMAND REDSTONE ARSENAL AL
DIRECTED ENERGY DIRE.. R W JONES AUG 83

UNCLASSIFIED DRSMI/RH-83-4-TR SBI-AD-EQ50 467 £/G 20/5




=
B
reeEEEER

TR

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A

et g o .
WY bR










UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

REPORT DOCUNENTATION PAGE D TTEuCToN —
T RTFORT NUWBER 2. GOVT ACCESSION NOJ 3. RW
TR-RH-83-4 B D.A)2E&S
4. TITLE (and Subtitle) ' S. TYPE OF REPORT & PERIOD COVERED

TRANSVERSE MODE FORMATION IN PCSITIVE BRANCH

UNSTABLE RESONATORS Technical Report

8. PERFORMING ORG. REPORT NUMBER

7. AUTHOR(a) §. CONTRACT OR GRANT NUMBEN(2)

R. William Jones

5. PERFORMING ORGANIZATION NAME AND ADORESS 10, PROGRAM ELEMENT, PROJECT, TASK ]
Commander, US Army Missile Command AREA & WORK UNIT NuMBERS
ATTN: DRSMI-RH
Redstone Arsenal, AL 35898
11, CONTROLLING OFFICE NAME AND ADDRESS 12, REPORT DATE
Commander, US Army Missile Command
ATTN: DRSMI-RPT O AT

. | Redstone Arsenal, AL 35898
! : T8 MONITORING AGENCY NAME & ADDRESK({ differant from Controlling Office) | 18. SECURITY CLASS. (of this report)

! UNCLASSIFIED
: MBe DECLASSIFICATION/ DOWNGRADING ]
‘| Ba DECL ASHIFICATION/ COWNGRADING
: » [is. DISTRIBUTION STATEMENT (of this Report)
f Approved for public release; distribution unlimited.
oo
" 17. DISTRIBUTION STATEMENT (of the abetract entered in Block 20, {f different from Report)
¥
'
3
E.
i
l % 15, SUPPLEMENTARY NOTES
; .
3

19. KEY WORDS (Centinue en severse side if necessary and identify by block number)
lasers, unstable resonators, wave optics codes, resonator codes, optics,
transverse mode formation, laser resonators, CO; lasers

© T e Ty
O
oy

26. ASSTRACY (Canthwe en severss shib i nosossawy and /dentily by dleek mumber)

The dynamica of transverse mode formation in positive branch unstable
resonators with moderate magnification (1.32<M<2.7) and typical Fresnel numbers
(279<N1<10,800) used in high energy lasers has been investigated. The objective
was to observe the far-field intensity distribution from the onset of pumping
to the steady-state diffraction limited pattern.

The experi-

The research consisted of experimental and numerical analyses.
1sed CO

mental measurements of mode formation time were performed using a
0D , 2™, UJ3 sormon oF 1 oV 68 1s GEsOLETE




SECURITY CLASSIPICATION OF TNIS PAGE(When Date Bntored)

20, (Continued)

laser and a pulsed XeF laser. Mode formation was deduced from observation of
the far-field. The analytical effort consisted of a fast Fourier transform
(FFT) wave optics computation which modeled the far-field pattern evolution. :

Results agree with the temporal mode formation geometrical theory of i
Anan'ev when laser saturation is achieved at the predicted mode formation time :
in a CO0y laser. Rapid saturation at one~third this time results in significantly ‘
earlier mode formation compared to the geometrical theory for a XeF laser. 1

) @QH"‘CLMNCATM OF THIS PAGEThen Date Bntered)

b e e N




CONTENTS

I. INTRODUCTION AND HISTORICAL BACKGROUND.....ccoesccesorccassecs 3
A. Background of Laser Transverse Mode FormatioN............ 3
B. Steady-State Transverse Modes in Resonators......ccceeese 6
C. Discussion of Relevance of the Problem.....cccec0veevcsee
II1. EXPERIMENTAL RESULTS..cccccesescscascccsnscasascscncacconcsce 19
A. Description of Lasers Used in This Work......ccceeceneees 19
B. Small Signal Gain Measurements in CO; Lasers.......c..... 26

C. Far-Field coz Burn PatternB8..cccccccescccoccoonsssssasccns 30

D. XeF Laser Experiments.....cccsssvecccccesccccssancsccnses 42
) i III. THEORETICAL MODELING...cocceeescnsncostoscasssvesssasnsncscss 54
! ; A. Introduction....cceevcessvsscnnscenescsassnssssssscassese 54
B. 002 Laser Analytical ModeliBg.:....veccceccoscvcnssasensee 56
C. XeF Laser Analytical Modeling......c.vccececesvsscescaces 69
Iv. CONCLUSIONS AND RECOMMENDATIONS....cceeceesossncsscsacoscsass 18

A. Summary of Experimental Resulti......cocoeveesssvesaseses 78

B. Summary of Theoretical Modeling......cccvevevcececocessss B2
j ' C. Recommendations for Future Work.......ccceeveocecosssenes 83
mmlx“. cszn cm‘ Dmmmm........."Q........Q..O....I..'- 85

mmlx l- cszD CODE lem-..o.onoou.o..v.....c.o..n..ol- ceovoe 91

R“mcgs..ocoosiinocou..t'o.!....oOo...:_é??‘i’:?‘o;;b-v-l%‘q“i:}otn .oo‘..n 120

LIST OF smol‘s.....ll...'........'l....q‘g’{ii.f;g‘}&.x..lﬁl 2000 LN 2 117

3
1 ' U. as.20unced ]
1 Juitification |

VRt Y

—— -

r J P"__
pt ‘piltributionlnﬂ

_Avsilahility Codes
‘Ave .1 and/er

Dist ; < ietal
T




v
. A et . Bt

I. TINTRODUCTION AND HISTORICAL DEVELOPMENT

A. Background of Laser Transverse Mode Formation

The evolution of an ideal laser beam from the onset of spontaneous
emission to the production of steady state transverse resonator modes charac-
teristic of a diffraction limited output depends upon resonator geometry and
possibly upon saturable gain. This phenomenon is a particular interest in the
discussion of short pulse high gain lasers. In these lasers a sizeable amount
of energy is often lost during formation of the lowest order transverse mode,
leading to poor far-field focusing.

Historically, this problem devolves from two kinds of laser resonators,
the stable and the unstable. The first kind of resonator to be used, the
conditionally stable resonator, was developed as an extension of the Fabry-
Perot, or planar mirror resonator. Later, the concave-planar configuration,
now in widespread use, was developed. Many lasers at that time had features
which conformed to the following parameters: continuous wave (CW) operation,
relatively small beam diameter (millimeters), and low power (tens of milli-
watts) applications. The difficulty in the use of stable resonators with
large apertures and high power will become apparent in the discussions in
later sections of this report.

The uecond type of resonator has become extremely useful as seen for the
lasers of interest in this text. This 1s called the unstable resonator and
was originally proposed by Siegman [1]. These resonators offer many advantages
for large aperture, high power CW and pulsed applicatioms.

The development of pulsed lasers leads onme to use the positive branch
unstable confocal resonator. Mode formation time is not of interest inthe
CW laser case, since the transverse modes will sort themselves out in a short
time compared to the time of laser operation. However, with the pulsed laser,
vhich generates power over a relatively short interval (0.01 to 50 x 10°°
seconds), the situation is different. In this case it became apparent that
the far-field "focused" energy pattern frequently does not represent the
quasi-steady-state distribution as calculated from the transverse modes of
the CW case.

The pioneer paper of Zemgkov, et al. [2], describes the experimental
result of using condition:.ly stable (plane parallel) versus unstable
resonators in a short pulse copper vapor laser. In this and subsequent
papers [3,4] it was determined that, aside from other difficulties, the stable
resonator takes an unacceptably large number of resonator round trips for the
radiation to sort itself out into the transverse modes characteristic of a
diffraction limited laser. A further result was that to obtain minimum
beam divergence it is necessary to use an unstable "telescopic" resonator
with convergence properties based upon the Fresnel number and magnification
of the resonator. From using geometric analysis of the resonator it was
discovered and experimentally verified that a very large magnification
(M ~ 250) is required to insure near diffraction limited performance of a
laser with a pulse length in tens of nanoseconds.

The modeling of the unstable resonator, described by Zemskov as well as
a subsequent refinement by Anan'ev [5], uses this geometric approach to




i analyze transverse mode formation. In the Anan'ev work, the angular extent

‘ of the radiation from the spontaneous source field is decreased tq a diffrac-
tion limited output by successive passes between convex and concave resonator
mirrors~-a transient angular “pinching down" of laser light to produce a
collimated beam. The equation he derives for the number of round trips re-

i quired to produce a quasi-stable transverse mode in a confocal unstable

: resonator is given by

2
a
ta(3i)
n= TR (1.1)
where a 1s the length of the side of a square active medium; A, the laser

wavelength; -f , the secondary mirror focal length; and M, the resonator
magnification. The mode formation time is then given as

T =

2
2n<a—- )
2L 2 V) | 1.2
c c n M *

where L is the resonator mirror separation, and a, the speed of light,

This basic formula, with minor modifications and adaptations to other
resonators, has been the cornerstone of transverse mode formation time theory
in unstable confocal resonators and defines the minimum number of round trips
to produce steady-state mode operation.

This geometrical modeling may be simply illustrated in Figure 1. A
typical positive branch unstable resonator is shown with a concave primary
mirror, m,, of half dimension a/2, and a convex secondary, or

-

2 my L)
‘ Figure 1. Geometry of transverss mode formation.

{ feedback mirror, m,, of half dimension a,. The separation of the two mirrors
‘ is L. This analogy is valid in the rc;iu of moderate magnification (1.32 <
M < 3) and large ratios of mirror separation to beam diameter. After each
round trip the angular distribution of the radiation is decreased by the
resonator magnification, 1.e.,




8o = L8/2) 58 (1.3)

0, = 1?—& (1.5)

93 = Ml (1-6)

3
M L
o - = L2l2) a.mn
ML
where the resonator magnification is given by

M--i-—i (1.8)

with fz. - f1 being the respective primary and secondary mirror focal lengths,

and
Rn = 2fn . 1.9

A criterion for the minimum far-field spot size occurs when On, becomes

‘equal to a diffraction angle, i.e.,

A
en, o r7i0) (1.10)

where ) 1s the laser wavelength. This, combined with equation (1.7), gives
the approximate number of round trips n”, required for the unstable resonator
to reach the diffraction limit, i.e.,

A (a/2)
(a/2) Hn‘ L (1.11)




which gives the same approximate number of round trips necessary for con-
vergence as compared to the Anan'ev formula.

B. Stead-State Transverse Modes in Resonators
1. Stable Resonators

The first lasers proposed were constructed with stable resonator
cavities [6,7,8,9] and as a result, the theory of stable resonator modes has
been well established. An excellent example of this development is given in
the case of the symmetric confocal resonator [10,11]. The empty cavity
transverse modes for this resonator may be obtained in closed form as

y )
U Gy) = B [i—;’ x] H, [(%) y] exp [— (T."T x* + yz)] (1.14)

vhere Umx(x,y) is the amplitude eigenfunction solution of the transverse
electromagnetic (TEM) modes of the resonator; Hm and Hz are Hermite polynomials

of order m and £; L and A have been defined previously. All modes are power
orthogonal and may be expressed as Hermite-Gauss functions for resonators with
rectangular symmetry. Figure 2 is a schematic of the symmetric confocal
resonator with a few of the lower order modes illustrated in Figure 3.

Stable resonators are suitable for lower power applications; inherent
difficulties exist in their high power (high energy) use., Ideally, we desire
to have all the energy contained within the lowest loss transverse mode, with
the mode filling the cavity active media. This would insure beam propagation
to the far field with maximum fluence and minimum angular divergence and far
field spot size. Stable resonators do not have these characteristics. In
high power practical applications the lowest-order (usually Gaussian) mode
is small compared to the transverse active media dimensions, with most of the
energy partitioned into higher order modes with increasingly larger divergence.
As an example [12] the lowest-order mode of the symmetric confocal resonator
has a spot size 2W given by

b
M = 2F (g, gz)(%%—) (1.15)

k
2 %% . F(g1, gz)io a number which depends upon resonator

with 2w
(\]

parameters and is on the order of unity or slightly larger for stable
resonators. For a typical high energy CO, laser, L = 200 cm and the lowest

order mode diameter, ZHO. is 0,52 cm. This may be compared to a desired beam

of 10 cm size. One could consider using stable resonator mirrors having
large radii of curvature to fill the mode volume of a typical high energy
laser resonator. However, mechanical stability of the resonator aliignment
becomes & limiting practical problem. The mirror stability for nearly flat
mirrors in the resonator has been shown by Siegman [12] to be




\ Figure 2, Symmetric confocal resonator.
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Figure 3. Symmetric confocal resonator transverse modes [9].
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(1.16)

i determined from mirror separation, L, and
e g value of each mirror is given as

(1.17)

(1.18)

determine whether or not a reasonator is de-~
rdingly, for a stable resonator,

(1.19)

(1.20)

round trips of a planar resonator (Fabry-
1ce to a steady-state solution has been
irge, even for a small Fresnel number where
3 expected [6].

1 resonator does not have the problems noted
ctive coupling results in large mode volume
hat" near-field fluence distribution with
tion properties in the far-field. We will
ive branch confocal unstable resonator {1,14]
resonator consists of a small convex

ncave ‘primary” mirror set at a common focus.
is determined by the active wedfia cross
ometry. Figure 4 shows the resonator and
eometric axis in the center of the two

xis in the corner of the feedback mirror

this resonator are predetermined by cavity
s. The focal length (f,) of the feedback

(1.21)

ined previously. The geometric outcoupling
.or magnification, M, as

(1.22)
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.8 that the orthogonality relations over the cross sections are of the
‘orm

1o U dxdy « 8§ (1.24)

rather than

fon*Umdxdy « dnm (1.25)

where dnm is the Kronecker delta, and the total power cannot be expressed

as the sum of the powers carried by the individual modes Un’ Um'

For mirrors having rectangular symmetry as illustrated above, the eigen-
functions are separable inx and y and are in the form Uj(x) Upn(y). Figure 5
shows a calculation of amplitude and phase of U,(x) across a single transverse :
dimension [17]. The diffractive rippling of the near--field as seen in the inten- j

2
[Ug(x)| gives the two-dimensional near-field burn pattern of Figure 6 as a charac-
teristic "plaid" appearance which increases in fine structure with increasing
Fresnel number. Figure 7 shows the far-field pattern for the near-field distri-
bution of Figure 6.

Higher order modes of rectangular unstable resonators have been calculated
by numerical techniques [17,18,19] and analytic techniques involving asymptot-
ic expansion of the integral equation [20,21]. An interesting result is seen
when one plots the power losses {1-]An]2} for an unstable resonator. Figure 8

[18]) shows the four lowest loss modes versus equivalent Fresnel number,

M-~1
Feq ;{—2- NT (1.26)

where M is the resonator magnification and NT is defined as the tube Fresnel
number,

2
- (8/2)
b S A (1.27)
It is interesting to note that at low equivalent Fresnel number the modes
are entwined in a characteristic oscillating pattern with the lowest loss

mode (8) eventually separating from the rest at higher Fresnel numbers.

In the region of low equivalent Fresnel number (Feq < 100), the most

interesting results derived from detailed theoretical studies [16] are:
(1) the lowest loss mode is always symmetric;

(2) the greatest mode loss separation occurs at Feq = {integer + .5;

10
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geometric outline of the feedback mirror [17].
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Figure 6.

"

Near-field burn pattern, M = 1.32, NT = 279. Vertical

gaps are caused by the feedback mirror holding struts.
The pattern is actual size.
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Figure 7. Far-field pattern of Figure 6 at 136 meters. Actual size
pattern.
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(3) equal mode loss for two modes occur at mode crossing points
of Feq = integer + .875. Although Ikml is equal for the two

modes, the phase 1is distinct and different for each mode;
(4) antisymmetric modes are possible.

The lowest loss and higher loss modes may be obtained by a numerical
technique using Fourier transform methods to simulate wavefront propagation
within the resonator [22,23]. This kind of calculation utilizes a self-
consistent approach in which the wavefront of the n+l round trip resembles the
wavefront of the nth round trip to an arbitrarily small difference. These
techniques have been modified to obtain a theoretical basis for the transverse
mode formation work described in this text. A description of steady-state mode
calculations in unstable resonators by the Fourier transform approach follows:
the lowest order mode is calculated from the wave equation, which 1s a dif-
ferential equation analog of the integral eigenequation (1.23) with the appro-
priate boundary conditions of the unstable resonator. The wave equation may
be obtained directly from Maxwell's equations in a homogeneous media [24]):

= 9B

VXE T (1.28)
= = 3D ,

VXH=JT+ (1.29)
D=¢cE (1.30)
B=uf# (1.31)

where E is the electric field, H is the magnetic field, B is the magnetic

induction, D is the electric displacement and J is the current density, € and )
H, the electric permittivity and magnetic permeability of the medium,
respectively.

The customary paraxial assumptions of light propagation in a homogeneous,
isotropic medium are made, i.e.,

V(" -E)=0 (1.32)
2y Wy (1.33)
3z2| << K ‘azl
2
with %E¥ and %% the propagation components of the wave equation along the

Z-axis and k, the propagation number. It has been shown that these approxi-
mations are valid to zero order derivation of Maxwell's equations for in-
homogeneous media with focusing, diffraction, and gain, e.g., active lasting
media [25].

To derive the wave equat.ion, we begin with the vector identity

14
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P—y

p— —

- - 2.
VXVXE=V(VE) -VE . (1.34)

Using Equation (1.32) this further reduces to

VXVXEs=-VE (1.35)

Incorporating Equations (1.28) and (1.31) into (1.35):

_3(VXB) _ -ud(VXH

VXVXES= 3t T .

(1.36)

Now, Equation (1.29) is substituted into Equation (1.36) with the assumption

that no electrical currents are flowing in the media, i.e., J = 0. This gives

— 2.
-uo(VXH _-u3D

ot 32 . (1.37)
Finally, using the relation of Equation (1.30), we have
2— 2
-y 3D -ue 2 E
ua_c'*’ - 32 (1.38)
and therefore, since uc = l;
c
— 2—
VE =+ 3E (1.39)
c’ ot? .
The vector equation may be simplified by assuming a plane polarized
wave-front
E'(x,y,z) = U(x,y,2) Eiwt . (1.40)

Substituting E into Equation (1.39) removes the temporal and vector dependence
to give the Helmholtz Equation

2
VZus=-%u (1.41)
c
with
2
ke (1.42)
c

Considering the paraxial movement of light through the medium, U
may be decomposed into a slowly varying component multiplied times the
characteristic plane wave propagation at a single frequency:
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U(x,y,2) = Y(x,y,2) e1kz . (1.43)

Substituting this assumption for U into Equation (1.41) we obtain

2 2 -32 32 32 A‘P_-
V2U + k2U H**W‘g"ﬁ\g‘”“‘az o, (1.44)

and applying the paraxial approximation
oy
3z

we obtain the wave equation of propagation

3
<«< k Ii‘i’.’ (1.33)

2%y , 3% W,
N + 3y2 + 2 ik 3z o . (1.45)

The Fourler transform lends itself readily to the solution of Equation
(1.45). To se this, we examine a basic property of these transforms. The
Fourier transform of ¥ in the x dimension is given as

T, (V) = V- f_m e P% y(x) ax (1.46)
then,
d *® ~ipx d
TX(E‘!:-) -L’ etpx ¥ gy | (1.47)

Integrating by parts we get

[} 0
T, %‘E) - l e 1px v+ 1ip f e 1PXyax | (1.48)
-0 -0
Since ¥ (x,y,z) vanishes at infinity we get

I SR MO T (1.49)

by a similar procedure

T (ﬂ) -2y . (1.50)

x\dx2




Taking the Fourier transform of x and y in Equation (1.45) we have

N d;l;
' +a) y+21kgr=0 . (1.51)

n,
The transformed wavefront | may be readily propagated from z, to z by
solution of Equation (1.51):

e 2 2
av %ﬁﬂ—) dz (1.52)

+

2 2
¥ (agiz) - ta ¥ (aauz) =Rt @ -z . (1.53)

Therefore, by the property of logarithms,

A (n2 2
" n 1$§E_i_S;L (z1 - zo)
‘b(.q.zl) =y (p.q.zo) e . (1.54)

The propagated complex amplitude may then be readily obtained as

i+

4"]
(xoysz) = T, T UR.az)] . 1.55)

Thus, an arbitrary wavefront may be launched within the confines of an unstable
resonator by using this method. The direct and inverse Fourier transforms are
calculated numerically as is described in a later chapter.

Far-field calculations and experiments show that the Fraunhofer diffrac-
tion pattern from the unstable resonator is essentially the far-field pattern
obtained from a constant phase-constant amplitude wavefront illuminating the
geometric aperture [21,26,27,28]). The far-field pattern of this case has been
calculated for centered as well as completely decentered obscurations for the
empty cavity case., Calculations using gain appear to give similar results
{29,30].

C. Discussion of Relevance of the Problem

The goal of this research was to examine the temporal evolution
of transverse modes in moderate magnification (1.32 < M £ 2,70), positive
branch confocal unstable high energy laser resonators. Toward this end, the
far-field irradiance (fluence) distribution has been observed in arbitrary
time slices during and following the period of mode formation. The geometrical
theory of Anan'ev was compared to experimental results and statistical analyti-
cal modeling in this work.

The phenomenon of mode formation is illustrated schematically in Figure 9.
A resonator cevity is shown with active media on the left with a resultant
far-field irradiance distribution on the right. At threshold (t - o), radiation

17
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, Figure 9. Mode formation observed in the far-field.

is emitted spontaneously in all directions, the far-field irradiance being
exemplified by low level noise. At a later time during mode formation

(t - 200 nsec), a far-field pattern is beginning to form, represented by
skewed and displaced peaks. Finally, at a time longer than that of mode
formation (t - 1000 nsec), a far-field irradiance distribution has stabilized
to form the distribution characteristic of steady~state mode generation.

A situation can readily exist in which the spontaneocus emission and gain
in the resonator are high at threshold. In this case a large initial intensity
builds up and saturation of flux can occur during the period of predicted mode
formation. If this is indeed the case, a sizeable percentage of the total
energy output from a pulsed laser may be lost by mode formation effects from
the central lobe of far-field pattern.

Notable high energy pulsed lasers which have short start-up times and fall
under the category described above, are rare gas halide (exciwmer) lasers,
metal vapor lasers, and chemical lasers. Some work has been done on mode
formation and beam quality for copper vapor and excimer lasers utilizing un-
stable resonators [2,4,31]. These experiments examined resonators with
magnifications which were relatively large (> 8) and thus had mode formation
times of the order of tens of nanoseconds. Several authors have derived

e . .
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estimates of mode formation time based upon the geometric theory approach {2,
4,5,31,32], but experimental data is lacking in the lowermagnification region
of interest for high energy excimer and chemical lasers (1 < M < 3),

Resonators in this regime are predicted to have mode formation times in the
hundreds of nanoseconds.

The prospect of mode formation times of a few hundred nanoseconds does
not bode well for high energy excimer and chemical lasers. Near-field power
turn-on in excimer systems has been observed in the 50 to 200 nanosecond
regime [33]. This has been confirmed independently by the author and
J. Oldenettel in unpublished work. Pulsed chemi:al lasers are seen to have
10 to 40 lines, which turn on during a 3 microsecond pulse; each line being
active for one to a few hundred nanoseconds (34]. Thus, mode formation can
create a serious problem for these lasers with delivery of a divergent beam
to the far-field in the initial portion of the pulse.

The problem may be succinctly stated as follows: certain common lasers
used in pulsed high energy laser systems may be inefficient in delivery of
far-field energy because of finite mode formation time. A confirmation of
the geometrically predicted limit has been attempted in this treatise through
experimental investigation and statistical computational modeling.

I1. EXPERIMENTAL RESULTS
A. Description of Lasers Used in This Work
1. Types of Lasers

It is desirable to validate transverse mode formation time de-
fined by Equation (1.2) over the range of values of variables encountered in
practical high energy lasers. As discussed in Section 1, this phenomenon may
be of critical importance in the design and implementation of a high energy
laser system. To experimentally measure mode formation an ideal laser would
have the following characteristics:

a. high initial spontaneous emission
b. high gain

c. good active medium quality

d. variable magnification

e. variable Fresnel number

Characteristics a, b, and c refer to the lasing medium. It would be desirable
for the laser to "turn on" quickly after threshold and saturate so that near-
field output power is nominally constant and far-field measurements reflect
mode formation properties. In addition, the active medium must not contribute
time varying phase distortions which would confuse far-field measurements.
Parts d and e relate directly to Equation (1.2) through the resonator geometry.
In regions of low magnification, M becomes the predominant factor in the
denominator. Fresnel number may vary over a large range but is not as important
as M because of the logarithmic relationship.

19




Practical considerations dictate the types of lasers to be utilized in |
these measurements. Two high energy lasers were chosen: a pulsed COz laser N

located at Redstone Arsenal, AL; [35,36] and a pulsed XeF laser at Maxwell
Laboratories, Inc., in San Diego, CA [37,38]. These lasers are very similar
both in design and application. Figure 10 represents the combined features of
each laser. Table I contains the electrical and geomstrical parameters of
these lasers.
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Figure 10. Pulsed high energy laser schematic.

The CO; laser consisted of three basic units: the electron beam (e-beam)
supply which ionized the laser gas, the resonator cavity containing the
active laser media with unstable confocal resonator optics, and the discharge
supply--a DC source which maintained a constant voltage across the laser cavity
and determines the gain in the active lasing medium. The e-beam was a cold
cathode emitter type; electrons were emitted from the edges of .001 in. thick
tantalum foil strips on the cathode assembly. The e-beam pulse length was
variably controlled up to 4 microseconds with a nominal voltage of 180 kV.
The e-beam gun chamber was held at low pressure (v 1 x 107° Torr) and was
separated from the laser cavity by a .001 in. thickness titanium foil. The
current densitg of the e-beam on the cavity side of the foil was approximately
0.5 amperes/cm® for a beam dimension of 10 x 100 centimeters. The laser cavity ‘
had an active volume of 10 x 10 x 100 centimeters separated on the longitudinal '
axis by unstable confocal positive branch resonator mirrors. For these experi- ‘
ments, the resonator mirror pair had a magnification, M, of 1.32 at a confocal !
spacing of 289 cm. The convex mirror (feedback mirror), which is 7.5 cm in i
diameter, gave an output beam of 9.9 cm through a NaCl output window. The
concave reflector (primary mirror) was oversized at 16 cm diameter. The
mirrors were separated by L - 337.5 cm to give focusing at 136 meters, the
nominal position for far-field analysis of the laser beam. In terms of
resonator g parameters defined by Equation (1.17), focusing in terms of units
of mirror separation, L, as per Siegman [12] is given as

i P . .

| s s B . .

-1
P’ = |1/8,8,(8,8,-D) + 8.8,- 8,] 8, (2.1)
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TABLE I. LASER SYSTEM PARAMETERS

Parameter CO2 Laser XeF Laser
Laser Wavelength 10.6u 0.3532,

Pulse Length (In Experiments) 0.02-1.0 ysec 0.2-0.8 usec
Pulse Energy (In Experiments) 307 35

laser Gas Mix (In Experiments) 1:1 Cozzﬂe 1:3:1140 NF3:xe:Ne
Cavity Pressure (In Experiments) 456 Torr 1520-3040 Torr
Active Media Dimensions 10x10x100 cm  10x20x200 cm
Resonator Magnification 1.32 1.32, 2.7
Mirror Separation 338 cm 262 cm

Output Beam Size 10x10 cm 10x20 cm
Geometric Outcoupling 0.426 0.426, 0.863
Beam Shape (Obscuration) Decentered Centered

Tube Fresnel Number 279 2700; 10,800
Mode Formation Time 489 nsec 513, 168 nsec
E~-Beam Voltage 180 keV 300-500 keV
Discharge Voltage 0-50 keV 0

Guide Fielc Current 0 300 A

where in this case LF” = 136 meters. The mirror radii of curvature may be
determined by Equations (1.8), (1.9), and (1.21) and used in Equation (1.17).
The laser medium was a mixture of equal parts of carbon digxide and helium at
456 Torr pressure. Transverse pumping of the laser gas was performed by a DC
discharge carbon/graphite anode of somewhat larger dimensions than the

10 x 100 cm e-beam area facing the e-beam cathode foil with 11 cm separation.
The anode was preset in a range of 40 - 50 kV during the e-beam pulse. The
e-beam determines the approximate laser pulse length.

The discharge supply provided the basic pump mechanism of the CO2 laser.

This 18 a source of DC current which is arbitrarily chosen for a given pulse.

A DC supply charges a set of capacitors which are then discharged (“crowbarred")
after cessation of the e-beam pulse. The actual CO, laser assembly used for
these measurements is shown in Figure 11, without the resonator mirrors.
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Figure 11.

The XeF laser was very similar to

the e-beam was a higher voltage (300 -
(20 cm high by 200 cm long) than those

mechanism in the XeF laser was through

CO . laser.

the CO2 laser in construction. However,

500 kV) and the dimensions were larger
of the CO, laser. The basic pumping

direct e-beam initiation; no DC dis-

charge was used. The mirrors were set at the confocal spacing of 262 cm. Two
resonator mirror-pairs were chosen for the experiments: an M = 1.32 set and
M = 2.7 set, which gave a reasonable range of mode formation times according
to Equation (1.2). The cavity pressures in this laser were higher than in the
CO, laser, being in the range of 2 - 4 atmospheres. The typical active lasing

medium was 10 x 20 x 200 cm in volume with a gas mixture ratio of 1 to 3 to
1140 for nitrogen tribluoride (NFs) to xenon to neon. A magnetic guide field

was produced by a pair of Helmholtz coils surrounding the cavity for e-beam
confinement. The laser used for these measurements is shown in Figure 12.

2. Pumping Mechanisms

The value of small signal gain, Yor is determined by the
following equation [39]

(2.2)

where A is the wavelength of the laser line, g(v) is the absorption normalized

lineshape, n is the index of refracticr, tspont is the spontaneous emission

lifetime of the medium N, and N, are the upper and lower laser level populations; T
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Figure 13. Pumping scheme for the pulsed co, laser [43]
(Nominal 3:2:1, He:N2:CO2 Mix).

The lower level (100) is quickly deactivated by collisional/radiative
rocesses to the ground state. Collisional deactivation is increased with
he aid of the He diluent.

The gain in the transversely pumped high pressure CO, laser has been

shown to be proportional to E/N [44,45,46] where E is the transverse discharge
field (in volts/cm) and N is the number of molecules per cubic centimeter
(proportional to pressure).

The XeF laser kinetics are not straightforward as compared to the CO2

laser. A number of complicated paths are possible for activation of the upper
laser level represented by XeF*. These are shown in Figure 14 [47]. The
najor energy flow paths in the Figure are given as:

+ * * + *
a. pumping electrons +*Ne + NeF + F - Xe -+ XeF
* + *
b. pumping electrons -+ Ne -+ Xe <+ XeF
ot *
c. pumping electrons + Xe -+ XeF

*
d. pumping electrons + Xe* ~ XeF

lhese expressions are not equations, but are shown only as examples of
energy flow to illustrate the complexity of XeF pumping. With the pressures
and diluent ratios of neon or argon described in this work, the B + X state
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(-]
(3532 A) 1is pumped [48]. The lower level of this state was originally
thought to be purely dissociative., i.e.,

2XeF" + 2Xe + F, + v . (2.5)

However, a bound state of XeF exists in the lower level below approximately
500°C, which reduces the overall population inversion and gain.

B. Small Signal Gain Measurements in CO2 Lasers

The time of transverse mode formation, Equation (1.2), is measured
from the time at which threshold gain, g , is achieved, i.e., feedback power
over one round trip pass equals out coupled power., The method for measuring
threshold gain is illustrated by Figure 15. This is shown for Co0,; similar

measurements are possible for XeF with substitute of a suitable detector and
probe laser and will be explained later. The experiment involves a single pass
CO2 probe laser turned to the high energy laser line and a high speed detector

to make small signal gain measurements. DC levels of I = 0 and Io are deter-

mined and the high energy laser is pumped under experimental operating
conditions. The temporal history of the power increase, dI/dt, is measured as
a function of time for each pumping condition. The expression for gain in a
single pass is given as

I(t) _ .8,(0)2 (2.6)

I
o

where L is the active medium length. In actual high energy laser operation the
threshold for a single round trip in the resonator occurs at

= M2 = e 28,(0)2 Q2.7

where I7(t) and Io' are intensities measured under saturable gain conditionms.

Therefore,

M= e8o (DL o I() (2.8)

I
o

and threshold gain occurs when I/Io is equal to the resonator magnification.

The increase in I is related to a reference signal which is available during
high energy lasing. This reference signal is the current produced by the
electron beam entering the laser cavity (e-beam postfoil current).

Figure 15 shows the mechanics of making gain measurements with the
Systems, Science, and Software (8%) pulsed €O, laser with optics removed. A
Cw CO2 laser set on the pulsed laser line (P-20) is transmitted through the g3

laser to an RF shielded fast response mercury-cadmium-telluride detector. The
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Figure 15. Gain measurement schematic.

output signal is displayed on a 7844 dual beam oscilloscope. A spectrograph
checks the P-20 line immediately before and after S® firing with the beam
deflected with a removable mirror. A helium neon laser is used for visible
alignment of all components, the helium neon beam following the path of the
CW CO, beam. Zero level intensity (I = 0) is obtained by closing a shutter
in front of the laser and allowing the oscilloscope to sweep immediately
before the test.

Figures 16 through 20 show small signal gain measurements as a function
of time for various gain (discharge voltage) settings at 456 Torr cavity
pressure and 100 cm gain length. The bottom trace is the e-beam postfoil
current, the trace one division above is the I = 0 line, and the upper
trace is I = I(t) with the flat portion to the left giving I = Io' Threshold

gain is measured from the rise of postfoil current ot the point at which

I/I = 1,32. Figure 20 is interesting in that I(t) 1is shown over the nominal
duration of the e-beam pulse in which I/I exceeds 40 (small signal gain >
3.7%/cm.)

Figure 16. Small signal gain at 40.8 kV discharge voltage.
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Figure 17. Small signal gain at 46.9 kV discharge voltage.
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Figure 18. Small signal gain at 48.9 kV discharge wvoltage,

Figure 19. Small signal gain at 50 kV discharge voltage.
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Figure 21. Laser output at 40.8 kV diacharge voltage.

Figure 22. Laser output at 46.8 kV discharge voltage.

Figure 23. Laser output at 48.8 kV discharge voltage.
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Figure 20. Small signal gain at 47.9 kV discharge voltage (Io = 8mV).

Figures 21 through 24 show high power output from the S® laser with
unstable resonator optics installed. The oscilloscope traces were taken with
a 7441 photon drag detector in the near-field in the upper portion of the beam
midway between anode and cathode. Again, the postfoil current is being used
as a reference pulse and is the lower trace. The upper trace is the photon
drag detector response. These photographs, along with Figures 16 through 19
of small signal gain, determine the time of threshold relative to the onset of
high peak power from the laser by using the e-beam postfoil current as a
reference marker. Increasing gain shortens the time between threshold and
high peak output power from the S® laser. Transverse mode formation is mea-
sured from the threshold to a point required to produce a far-field burn
pattern in these experiments. This occurs at a time determined by the onset
of high peak power. The photon drag detector samples 2.32 of the total power
in Figures 21 through 24, 1In the far-field measurements of mode formation
time to be presented later, the detector sampled approximately 3% of the total
power. The determination of burn pattern formation time from these figures
assumes a rise in power of 40 mV on the scale of Figures 21 through 24,
referenced to e-beam postfoil current rise time. Table II summarizes the
results of burn pattern formation time and threshold gain time as a function
of discharge voltage. The last column of numbers represents the actual mode
formation time to obtain a far-field pattern burn and is the Anan'ev time for
the following CO2 exper iments.

C. Far-Field €0, Burn Patterns

The experimental arrangement for performing transverse mode forma-
tion is shown in Figure 25 and was placed at 136 meters from the s® laser.
The laser beam focus is nominally at 136 meters. The beam is propagated an
additional distance of 2.3 meters to a zinc selenide beamsplitter. Immediately
behind the beamsplitter is a plastic sheet attenuator (3M infrared trans-
parency) of < 30% transmission and Polaroid Sheet P, for recording long pulse
(1.2 u sec) burn patterns. This sheet is unexposed, developed Polaroid type
52 film. A front surface reflection from the beamsplitter is propagated 3.3
meters to concave mirror m;, which focuses the beam at 1.2 meters with air
breakdown at this position, P,. The air breakdown is used as a fast plasma
switch to clip all but the leading edge of the pulse. This is important in
attempting to obtain a burn pattern at P, in the regime of mode formation as




Figure 24.
TABLE II.
DISCHARGE
VOLTAGE (kV)
40.8
46.8
48.8

50.0

Figure 25.
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Laser output at 50 kV discharge voltage.
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VOLTAGE.
BURN PATTERN THRESHOLD
FORMATION TIME (ns) GAIN TIME (ns)
740 220
650 190
640 180
620 180
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Experimental schematic to obtain mode formation data.




predicted by Anan'ev. A long pulse burn pattern would have integrated

energy long after the transverse mode was expected to have been formed. After
air breakdown at P, occurs, the beam propagates an additional 2.2 meters to
concave mirror m, where the geometrical outline of the laser cavity is re-
imaged at P,, a distance of 1.8 meters from m,. At this position an aperture
stop 1s inserted. This is an oversized L-shaped hole which contains the image
of the near-field laser aperture. The purpose of the aperture stop is to
block rays of light transmitted after air breakdown at P,. A beamsplitter is
positioned 2 cm downstream of the spatial filter. Ninety percent of the
clipped pulse forms a burn pattern at P,. Ten percent of the beam is inter-
cepted by a photon drag detector at P;. This signal is received by an os-
cilloscope which gives the temporal shape of the pulse.

The objective of these experiments was to obtain results as early as
possible in the temporal formation of a transverse mode. Toward this end
the E/N ratio of the 1:1 CO,:He laser was maximized by setting the gas mixture
to 456 Torr. N, was not used because of its long N,-CO, transfer time. The

discharge voltage was maximized in the regime of 40 to 50 kV to provide for
high initial gain; the e-beam pulse width was minimized to protect against
laser device damage; and the air breakdown plasma switch was used to produce
burn patterns representative of an early time in the pulse. The time of burn
pattern formation from threshold as a function of discharge voltage is given
in Table II.

Three sets of figures are representative of the burn patterns taken at P,
of the clipped pulse in the far-field. Set I (Figures 26 through 29) was
taken at a discharge voltage of 40.8 kV which gives a burn pattern formation
of 520 nanoseconds - somewhat outside the nominal Anan'ev mode formation
prediction of 489 nanoseconds. Set II (Figures 30 through 33) is burns taken
with a discharge voltage of 47.8 kV, representing a burn pattern formed at
460 nanoseconds. Set III1 (Figures 34 through 37) was taken at the voltage
limit of the tests, with a discharge voltage of kV giving the shortest burn
pattern formation time of 440 nanoseconds.

An inspection of the three sets of figures shows a successive blurring
and subsequent loss of resolution in the far-field pattern--a result attri-
butable to mode formation. Set III, in face, has been blurred to an extreme
extent. Only the tip of the central maximum has sufficient fluence to burn the
Polaroid. This interpretation was corroborated by the photon drag detector
signal at P,. Three representative temporal oscilloscope photographs are
shown in Figures 38 through 40 for 40.8 kV, 47.8 kV, and 50 kV discharge
voltages, respectively. The total energy obtained from integration of the
photon drag temporal response in each figure is approximately the same. One
can conclude that the energy was spread (blurred) over a larger area, as
anticipated from the dynamics of mode formation. However, the energy was
collected in a sufficiently large area by the photon drag detector to compen-
sate for the blurring of the far-field pattern, and recorded the same energy
for Figures 38 through 40.

Figure 41 is representative of all long pulse burn patterns taken at P,
simultaneously with the patterns taken at P,. The purpose of this burn is to
i{1lustrate the quasi-steady-state far-field pattern from the laser. The burn
pattern in this figure has formed at least 1,000 nanoseconds after threshold.




Figure 26. Far-field pattern taken at 40.8 kV discharge
(Shot number 7174) 7X enlargement.)

Figure 27. Far-field pattern taken at 40.8 kV discharge
(Shot number 7156) 7X Enlargement.
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Figure 28. Far-field pattern taken at 40.8 kV discharge
(Shot number 7207) 7X enlargement.

Figure 29. Far-field pattern taken at 40.8 kV discharge
(Shot number 7154) 7X enlargement.
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Figure 30. Far-field pattern taken at 47.8 kV discharge
(Shot number 7197) 7X eunlargement.

Figure 31. Far-field pattern taken at 47.8 kV discharge
(Shot number 7210) 7X enlargement.
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Figure 32, Far-~field pattern taken at 47.8 kV discharge
(Shot number 7208) 7X enlargement.

|
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Figure 33. Far-field pattern taken at 47.8 kV discharge
(Shot number 7196) 7X enlargement.

36




Figure 34. Far-field pattern taken at 50 kV discharge
(Shot number 7198) 7X enlargement.

Figure 35. Far-field pattern taken at 50 kV discharge
(Shot number 7219) 7X enlargement.
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Figure 36. Far-field pattern taken at 50 kV discharge
(Shot number 7202) 7X enlargement.

Figure 37. Far-field pattern taken at 50 kV discharge
(Shot number 7201) 7X enlargement.




Figure 38. Temporal response of clipped pulse at 40.8 kV
discharge (Shot number 7207).

Figure 39. Temporal response of clipped pulse at 47.8 kV
discharge (Shot number 7197).

Figure 40. Temporal response of clipped pulse at 50 kV
discharge (Shot number 7201).
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Figure 41. Long pulse burn pattern from laser at 50 kV
discharge (Shot number 7201).

The burn pattern at this position, except for overall fluence, is independent
of discharge voltage occurring well after the mode formation time predicted
by Anan'ev [5].

The temporal response of the long pulse burn compared to the e-beam
pulse is shown in Figure 42 for a discharge voltage of 47.8 kV. The long pulse
trace has been electronically shifted back 600 ns. as compared to the e-beam
initiation in order to observe the characteristics of the total pulse.

Figure 42. Long pulse burn temporal response (lower trace)
and E-beam current (upper trace).

In order that a comparison may be made to the long pulse burn of Figure 41,
an ideal steady-state calculation of relative fluence (Joules/cm’) contours
has been made, and is shown in Figure 43. This 1is a good approximation to the
Fraunhofer pattern at the focus of the laser at 136 meters and is the pattern
resulting from a constant phase, constant amplitude "top hat" distribution
across the laser geometrical aperture. The L-shaped beam from the laser for
these experiments--a result of complete decentering of the feedback mirror
(Figure 4)--gives a far-field burn (Figure 41) which is notable different in
shape compared to the centered burn pattern (Figure 7) for this resonator. The
decentered configuration was chosen for two reasons: the increase of Fresnel
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Figure 43, 1Ideal far-field pattern at 136 meters.

number to increase mode formation time and the ease of preparation of a spatial
filtering mask, which for the decentered resonator is an L-shaped aperture.

The relative fluence contours in Figure 43 are adjusted logarithmically at

five per decade (1.58 X per contour). This is done to give a realistic com-
parison to the nonlinear burns of Figures 26 through 37 and Figure 41.

Calorimetry calibrations were attempted at P, and P; and in the laser
near-field using the Scientech 364 Joulemeter (see Figure 25). This meter
measures the temperature rise of a low reflectance thermopile, causing a
change of voltage output that is interpreted as energy. The energy collected
at P, was 0.lJoules--typical number for the burn patterns fo Figures 26 through
37, which have been enlarged seven times in the photographs. The energy was
collected over twice the burn dimensions as shown on the photographs.

By comparison, a similar collection of energy without the plastic atten-
uator at P, was approximately 26 Joules. With the plastic attenuator in place
this would have been 6-8 Joules., Figure 41, which was taken at P, has about
the same depth of burn as Figure 26, which was taken at P,, and resulted in
the same recorded fluence. Taking into account the 152 reflection per side of
the zinc selenide beamsplitter, the 10:1 beamsplitter near P,, and the 7X
demagnification of the burn at P, ; P, should have an energy reading based on 8
joules at P, of: 8(?%%%- (f%) Joules equals 0.1 Joules, which was measured at
P,. The Type 52 Polaroid sheets used to obtain the burn patterns in Figures
26 through 37 and Figure 41 had a minimum sensitivity of approximately 0.15
Joules/cm“ fluence. The fluence for Figures 26 through 37 is approximately the
same as that of Figure 41, as expected.
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The basic conclusions which may be drawn from mode formation experiments
in this CO2 laser are [49]:

(1) Far-field burn patterns taken at 1,000 and 520 nsec are
relatively sharp with easily seen -first order maxima. Burns taken at 520,
460, 440 nsec show a successive increase in loss of resolution and blurring.
This can be attributed to mode formation dynamics.

(2) This pulsed CO, laser, with low magnification, unstahle

resonator optics in a decentered configuration, had a steady state transverse
mode formed at a time approximately equal to that predicted by the Anan'ev
formula (Equation 1.2).

(3) A steady-state symmetric transverse mode 1is always formed
after the predicted mode formation time. No competing mode of similar losses
was found to exist.

D. XeF Laser Experiments

The xenon fluoride laser appeared to be very useful for mode formation
work. The initial spontaneous emission was much higher than CO, because of the

fourth power dependence on wavelength - a factor of 106 increase in initial
intensity. With a similar average gain profile the XeF laser would produce
high peak power, "turn on'", at essentially half the number of round trips
required of the COZ laser used in this work. Assuming good beam quality, the

properties of the mode formation should therefore be readily observed early in
the mode formation process. This ideal approach was notably modified by
experimental problems as described in a later section.

A schematic of the laser used is shown in Figure 10. The laser output
aperture is 10 x 20 cm with confocal resonator optics of separation L equal to
262 cm. The gain length is 200 cm. No discharge voltage is used in the XeF
laser; however, a pair of Helmholtz coils surround the cavity to supply an
e-beam guide field. The e-beam voltage is considerably higher than the typical
180 kV gun voltage of the CO, laser, normally running at 280 - 500 kV and

acting as the sole pump mechanism of the XeF device. The e-beam current
through the foll into the cavity is 8 amps/cm2 current density.

1. Gain Measurements

Before installing the confocal resonator cavity optics on the
laser, a series of gain measurements was made by determination of an I/Io

signal with a short XeF pulse laser (20 nsec FWHM) as a function of high energy
pump condition (sidelight fluorescence). The sidelight fluorescence was a
measure of the transverse spontaneous emission of XeF at 0.3532 yu, thus giving
a direct reference marker of small signal gain in the laser. Figure 44
represents a moderate number of shots from the short pulse excimer laser for

2 meter (high energy) laser pumping. The single pass I/Io signal from the

small laser is plotted against fluorescence signal from the 2 meter laser.
This figure illustrates the point that threshold gain is reached essentially
at the moment of sidelight fluorescence detection for the M = 1.32 magnification
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Figure 44. Single pass I/Io versus fluorescence signal

fluorescence values for threshold gain are shown
on the curve for M = 1.32 and M = 2.7 resonators.

resonator optics (0.8 mV) and a short time after this value for the M = 2,7
resonator optics (3.6 mV). The purpose of the gain measurement versus side-
light fluorescence is to show that the onset of sidelight fluorescence
signifies threshold gain in this laser, within 10 nsec or less for the M = 1,32
resonator, and no more than 30 nsec for the M = 2.7 resonator. This may be
seen from Figure 45 which 1s an oscilloscope trace of sidelight fluorescence
with the resonator mirrors in place and extraction of high peak power (loaded
cavity) as a function of time. To determine emission of high peak power
relative to fluorescence (threshold gain), the temporal profiles of these
curves were electronically summed at the oscilloscope.




Figure 45. Sidelight fluorescence output,
(Vertical Scale 5 mV/div., horizontal
scale 100 nsec/div.).

2. Far-Field Measurements

Figure 46 is a schematic of the test configuration for XeF far-
field mode formation experiments. A helium neon alignment laser is positioned
such that the beam goes through a 2 mm non-aluminized centered hole in the
primary mirror and strikes the secondary (feedback) mirror, which has centered
1 mm reference non-aluminized spot. Centering the helium-neon beam on these
holes defines the optic axis of the resonator. The mirrors are aluminized and
the He/Ne alignment beam will fill the laser cavity through diffraction. This
resonator 1s then aligned by centering circular interference fringes (formed
between successive passes of the laser beam in the resonator) on the feedback
mirror. The visible beam should then track the excimer beam and can be used
to position the far-field pattern as desired (to within " 50 microradians).

Because of external optics size limitations only a vignetted portion of
the laser beam was used in far-field mode formation analysis for both the
M= 1,32 and M = 2.7 experiments. In the case of the lower magnification
resonator, a vertical rectangle of 1.21 cm x 6.5 cm was extracted from the
lower side of the beam toward the anode. For the M = 2.7 resonator a small
1.75 cm x 0.34 cm horizontal rectangle, centered 1.87 cm below the feedback
mirror, was the extraction aperture. By turning flat mirrors these beams are
propagated approximately 29.6 meters into a clean room area to an off-axis
parabolic mirror, 10 cm diameter with 123 cm focal length. All mirrors were
characterized to A\/10 or better at 0.3532 microns. The far-field pattern of
the off-axis parabolic mirror was then magnified by a 5 cm focal length
suprasil lens, which later imaged the pattern at over-exposed deveioped
Polaroid film planes C; and C,. The beam was first attenuated by reflection
from a fused silica wedge, with the transmitted portion being absorbed on an
unexposed developed Polaroid sheet. The reflected part of the beam was sent
from mirror m, to a 30/30 chromium beamsplitter which, after suitable reflec-
tions from flat mirrors m,, m,, and m,, positioned far-field patterns at c,
c,. It was necessary to use the Polaroid sheets as fluorescing screens
(exposed Polaroid type 52 sheets) since the gated pulse cameras were insensitive
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Figure 46. Experimental excimer laser configuration for
mode formation experiments.

to the uv output from the laser (0.3532 microns). The response for the
Polaroid sheets was remarkably rapid. The sheets were checked with a 15 nsec
pulse from the gain measurement XeF laser and no pulse-broadening from
fluorescent relaxation could be detected.

The patterns from the cards at c, and c, were focused on two high speed
image converter cameras. Both cameras were TRW Model 10 image converter
cameras equipped with three exposure framing heads. Each of these cameras
provide three pictures with arbitrary exposure times of 5, 10, or 20 nano-
seconds and arbitrary interframe times between pictures of 50, 100, 200, and
500 nsec. The five nanosecond exposure time was used in all of the frames
taken in this experiment. This was done to minimize the far-field pattern
change as a function of mode formation. One of the fluorescing cards was also
viewed by a $-5 vacuum photodiode (ITT 4018) to monitor laser pulse length
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(not shown in Figure 46). Timing reference gates from the framing cameras
were electronically added to the photodiode output to establish frame timing
with respect to the laser pulse. At the laser end, vacuum photodiodes re-~
corded laser energy as well as cavity sidelight fluorescence.

3. The Real Versus the Ideal 3

Three serious problems were encountered during these tests:
gas life, mirror damage, and beam steering. The last two, in particular,
tended to degrade the quality of the experiments.

Gas life, the number of laser pulses with a useful output/gas fill, was
a problem with the stainless steel laser chamber, but was especially bad at
the beginning of these experiments. A previous experiment with this laser had
utilized XeCl in Raman conversion. Since we had little experience with the
effects of residual chlorine on the XeF mix, the mode formation study was
begun with only a perfunctory cleaning of the laser chamber. It soon became
obvious that this was a mistake, as we were getting only one of two useful
shots per laser fill as compared with a normal six to ten shots. This problem
was cured by a total disassembly and thorough cleaning of all laser chamber
parts.

The second, and more serious, problem was beam steering. The steering
requirements were far higher than had ever been demanded of this system.
The initial scheme called for the extraction of portion of the laser beam v
1.21 x 6.5 cm, steering this to the off-axis parabola, focusing to a far-field
pattern, and magnifying this pattern so that the central five diffraction
angles filled the 10 cm field of view of the framing cameras. The focal
length of the parabola was 123.2 cm, thus

Sf) _ 5(1.232) (3.53.2 x 107°%) _
d 0.0121

1.8 x 10™"m 2.9)

where f is the parabolic focal length and d, the slit width.
This was equated to the camera image size

1.8 x 107" M = 4 (0.0254) (2.10)

thus
M = 567. (2.11)

With this system, the central lobe position could vary by about ljégl
and still be in the field of view of the camera. This required the laser

beam steering to be repeatable to about 44 microradians. The initial tests
mentioned above showed that the steering did not meet this requirement. A set
of burns was taken behind the lens at a magnification of 15 which showed the
beam on a shot-to-shot basis to be confined to an area about two inches in
diameter. This implied a focal point movement of about 3 mm, for a steering
accuracy of only 2.4 milliradians. This gross variation was not understood
since the laser alignment and aiming method was felt to be far better than the
test indicated. The procedure utilized a helium-neon laser on the laser
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optical axis which was transmitted through the entire system to aim the laser.
The resonator was aligned by interferometrically overlaying the He-Ne return
spot from the primary and secondary. At this point, the laser was being dis-
assembled for cleaning, so it was decided that the mirrors should be aluminized
to allow the He-Ne beam to fill the mode volume by diffraction, and to use

the resultant Ne-Ne beam to aim the laser. Unfortunately the chlorine in the
laser chamber had already reacted with the dielectric coatings on the mirrors,
and when cleaned, large portions of their surfaces showed damage. Due to a
lack of time (stripping and refiguring would take several weeks), it was
decided to proceed with the aluminizing. The M = 2.7 optics were aluminized
at the same time. The resulting mirrors did not look good, but appeared to
work well enough for the experiment.

With the aluminized mirrors, we could be much more confident in our
alignment and aiming procedures. The aiming problem was not eliminated, and
it was determined that the problem was due to a combination of the large
secondary mirror mass and the electron beam magnetic guide field of the
laser. When the laser 1is fired, the guide field coils are turned on about
0.6 seconds before the ciextron gun. The mechanical shock to the system was
exciting a resonance in tbhe secondary mirror mounting assembly so that the
mirror vibrated for about three seconds after guide field initiation. This
was observed by watching the He~Ne spot in the clean room and firing the coils
by themselves. The problem was essentially cured by leaving the coils on for
3% seconds before firing the laser. This reduced the steering error to that
resulting from the settling of the secondary mirror. The system could be
aimed with an accuracy of about 380 microradians. 1In later experiments with
the M = 2.7 resonator, the mirror resonance with the magnetic field shocks all
but disappeared, and an aiming accuracy of better than 100 microradians was
achieved with the former magnetic field e-beam delay of 0.6 seconds. The
380 u-rad steering accuracy was not sufficient enough for the experimental
design goal, so the image magnification was reduced to about 60 at the fluo-
rescing cards to ensure obtaining the far-field pattern at that point.

4. Test Results
(a) M = 1.32 Resonator

Because of the degraded mirror quality, the far-field
patterns taken by the image converter cameras were not diffraction limited.
The spot sizes were, at best, about five times the diffraction limited central
spot size. Even with this restriction, mode formation can easily be seen in
Figure 47, which relates mode formation time to XeF far-field burn patterns.
This figure shows the time resolved data from shot number 3/5-2. The upper
photo is the fluorescence/laser output overlay. The center photo is the
photodiode signal in the test room overlaid by the framing camera timing
markers, and the bottom two photos are the framing camera pictures of the
mode evolution. The center trace determined laser threshold relative to
emission of high peak power seen by the negative photodiode signal with
positive-going framing camera gate signals. The lower photographs were taken
at image planes c, and c, by the image converter cameras. Frames 1 through 3
show images which were "pinching down," implying the mode had not yet formed.
Frames 4 through 6 were essentially identical; a quasi-steady-state mode
had formed. From these data it is apparent that the mode developed between
Frames 3 and 4, for a mode formation time of between 320 and 430 nsec. A
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Figure 47.
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separate run showing convergence of the mode along the lines of Figure 47 is
shown in Figure 48, 1In this case mode formation occurred between 360 and
470 nsec. In both these figures t, is threshold, tase is the onset of high

peak power, and t is the crowbaring of the e-gun, ending the laser

divert
pulse. The far-field pattern in Frames 4, 5, and 6 is a blurred area with a
maximum of 5X diffraction limited dimension and is representative of the quasi-
steady-state transverse mode.
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100 neec/div.

LASER-CAMERA
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100 nsec/div.
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FRAME 1 {250 nsec)

FRAME 2 (310 nsec)

3 FRAME 3 (360 nsec)
‘ 4 FRAME 4 (470 nsec)
5

FRAME 5 (530 nsec)

8 FRAME 6 (580 nsec)

Figure 48. Mode formation time for the M = 1.32 resonator
(Shot Number 3/5-1).
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Figure 49 is a summary of all mode formation runs taken with the M = 1,32
resonator from the vignetted aperture of 1.21 x 6.5 cm. A range of time for
mode formation is shown rather than a specific time. This is the result of:
(1) poor mirror quality and/or the XeF active medium (since the far-field spot
size was at least five times the central lobe size of a diffraction limited
beam); (2) poor resolution of the framing cameras and shadowing of images by
the image converter tube grid wires (these cameras represent a twenty year 1
old technology); and (3) differences between the cameras in sensitivity and
: actual appearance. Some of the runs in Figure 49 are open ended--the e-beam
may have crowbarred too soon, the framing intervals may have been too widely
spaced, or the framing intervals may have been incorrectly timed, giving only
a lower or upper bound for far-field pattern stabilization. The runs were
divided almost equally between a mixture of 1:3:760 NF_:Xe:Ar at two atmos-
pheres and 1:3:1140 NF,:Xe:Ne at three atmospheres. Neon diluent appeared to
provide a better beam quality. It is interesting to note that the experi-
mental data show the mode to have formed around 350 nsec--considerably less
than the Anan'ev time of 513 nsec. This anomaly is explained in detail later
in this work.

e 2

g

ey

(b) M = 2.7 Resonator

Experiments using this resonator were performed in a manner
similar to those using the M = 1.32 resonator. The resonator optics used in
this test series were in better condition than the M = 1.32 optics and gave a
somewhat better far-field pattern. The short mode formation time for this
configuration (168 nsec) required working at the practical 1limit of the laser;
i.e., four atmosphere cavity pressure and maximum laser gas pumping. The

results were the same for this laser as the upper limit of the CO2 experiments.

The foil separating the laser and the e-gun chambers was punctured by arcing
after a few runs.

The portion of the beam used for these tests was a 0.34 cm by 1.75 cm
rectangle located below the feedback mirror. The far-field pattern size was

1.21
.34

M = 1.32 pattern. Figure 46 shows the test schematic. To compensate for the

lower transmitted energy, the Suprasil wedge (B.S.1) was replaced with a di-

electric coated total reflector. A typical run sequence for this resonator

is shown in Figure 50, which is a counterpart of Figures 47 through 48 for

the M = 1.32 case. The first frame 1s not resolved because of the low in-

tensity from the laser pulse. It appears that mode formation occurred in this

run between 130 and 170 nanoseconds.

increased along the dimension of interest by = 3,6x compared to the

The accumulated data for the M = 2.7 resonator are shown in Figure 51.
A problem of a dim first frame applies to all runs from shot numbers 4/17-2
through 4/17-5. Again, as with the M = 1.32 data, these data show an anomalous
early mode formation of time of 140 nsec as compared to the typical theoretical
result of 168 nsec. Data were taken with NF,:Xe:Ar 1:3:760 at two atmospheres
and NF,XE:Ne 1:3:1520 at four atmospheres.




—

mmr.mu e apats | WP O bt < T

NOMINAL MODE FORMATION

M=132

SHOT
NUMBER

[ —

39-7 -

3/9-5 -
3/9-5 R
3/9-3 ? NFy:Xe:Ne = 2.6:2280

—
3/9-2
3/9-1 ]
—

3/9-8 w - ,

3/6-5
3/6-1 |/
315-6 |\ —
3/5-5 [

3/5-4 [

3/5-3

3/5-2 } -~ '
351 > NF3:Xe:Ar = 2:6:1520 } |
3/4-12 P~

3/4-8 -

/417
3/4-6 J
3/4-3

e
T T 1 T
100 200 300 400 500

t(nsec) AFTER THRESHOLD

. TT1

' -e 49. Mode formatjion in the M = 1.32 resonator.

51




FLUORESCENCE -
LASER SIGNAL
100 ns./div.

1 4____Jg..+

LASER-MARKER
SIGNAL

FRAME 1
ty * 130 nsec

* tdivert

HATTV
S E N
==

FRAME 2

FRAME 3

o¢2§0nuc

ot 170 nsec

FRAME §

FRAME 4
L 310 nsec

Figure 50. Mode formation time

(shot Number 4/17-3).

t, + 375 nsec

FRAME 6

¢, * 440 nsec

for the M = 2.7 resonator

P




B X TR £aw

L - e e . ». ) ' —_—

NOMINAL MODE FORMATION

mM=27 *

SHOT
NUMBER

4/171-5

—
a/17-4 —
4/17-3 —
4/17-2 NFy:Xe:Ne=2:6:3040 b
4/17-1 -

2/16-1 -
3131 -~
12-13

3/12-12 } NF3:Xe:Ar = 2:6:1520 -
712-1

4

50 100 150 200 250
tinsec) AFTER THRESHOLD

Figure 51. Mode formation in the M = 2,7 resonator.

A summary of the results of the XeF experiments and initial modeling
results were presented at the Annual Meeting of the Optical Society of America,
at Tucson, Arizona in 1982 [50]. These results will be submitted for publi~
cation at a later date [51].

5. Concluding Remarks on the XeF Laser Experiments

The excimer laser was anticipated to be of great use in the
verification of the formulas of Zemskov and Anan'ev for transverse mode
formation time in unstable resonators of moderate magnification (1.32 <M < 2,7).
This was primarily because of short time laser '"turn on," i.e., high peak
power was normally achieved well within the Anan'ev time with a resonator
magnification, M of 1.32 and certainly somewhat within the time for the higher
magnification of 2.7. Therefore, the far-field patterns of such a laser could
be readily examined both before and beyond the predicted mode formation time.

Various experimental limitations did not permit a "fine tuned"
definition of mode formation. An ideal limit would have produced a central
lobe of the far-~field pattern rise to within 90 percent of its peak value, and
the central lobe position to within 10 percent of the nominal angular steady-
state value; as would have been desired to validate an Anan'ev criterion. A
much coarser stability definition came from these experiments. This stability
was determined as variations observed from a nominal blur circle five times
the diffraction limited central maximum arising from a severely vignetted laser
aperture. The anomalous shortening of mode formation time will be justified
in Chapter III with the experimental constraints appliea at this juncture.

Saturable gain was suspected to contribute to a large degree in the
observed early mode formation. The excimer laser quickly achieved saturation
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at approximately 150 nsec. Calculations of saturable gain for this laser
(in Section III) tend to support the hypothesis of early mode formation.

The early mode formation time has been substantially confirmed for the
XeF laser case, taking into account the experimental limitations of the ex-
periment described above as well as modeling results. A series of experiments
currently being formed at Maxwell Laboratories at San .Diego, where these
initial results were taken, may confirm this general assumption [527.

I1I. THEORETICAL MODELING
A. Introduction

A strip resonator called CAV2D (see Appendixes) has been used to
model mode formation dynamics {53]. This has been developed from a Fourier
transform code, the SOQ code of Siegman and Sziklas [54], which is used to
determine the lowest loss steady state transverse mode in unstable resonators.
The code can model external vignetting and saturable resonator gain using the
Rigrod equations [55,56] in an infinitely thin slice near the primary mirror.
A fast Fourier transform (FFT) subroutine [57] has been incorporated as a
considerable time saving measure for the large Fresnel number cases in cal-
culations of the direct and inverse Fourier transforms. As an example, con-
sider a typical run in this work for an XeF laser with a tube Fresnel number

7 2700. 16,384 mesh points, m, were used in the calculation. A typical
calculéting time using the FFT algorithm is proportional to m log, m rather
than m° for the usual methods of propagation: the direct solution of the
wave equation, the Huygens-Fresnel integral equation [58]), or the Fourier
transform solution. The time saved is enormous for large Fresnel number
applications, e.g., the ratio of calculating time is

2

m’ (16,384)°
m log,m 16,384 log,(16,384)

= 1170 . (3.1

Considering a typical time of 300 seconds for one using the FFT, the run
by alternative computational approaches would be 10 hours. In addition, an
expanding coordinate system useful for the unstabl: resonator geometry is
included [59].

CAV2D is a Fortran program which calculates the transverse modes of
unstable resonators for lasers. It performs wave-optics calculations for the
propagation of a beam back and forth between the two mirrors of the resonator
until it obtains a transverse distribution of the complex optical amplitude
which is self-consistent, i.e., which repeats itself over a round trip to
within a complex multiplicative constant. The outcoupling of a strip resona-
tor equals unity minus the square of the absolute value of the multiplicative
constant (eigenvalue). This is the obvious purpose of the code for steady-
state calculations in unstable resonators.

Typically, a starting wave which has uniform intensity and has a phase
distribution equivalent to a ccllimated output beam is launched. This wave is
assumed to have just been reflected from the convex mirror. The starting
wave may be of a different form without affecting the final steady-state
result. One possibility would be a wave of constant intensity with randomized
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phase distribution, though this choice would ordinarily require more itera-
tions to achieve a solution than would the uniform phase choice. The iterative
method can be justified merely as a numerical means of obtaining a solution

of the lowest-loss mode, without any reference to modeling of the actual
temporal progression of the course of events.

Successive propagation back and forth between mirrors is the physical
nature of the action of a resonator. Hence, the CAV2D code in this work is
extended to model the transverse mode formation process in which randomized
radiation from spontaneous emission develops into a well-formed transverse
mode. The code extensions involve introducing randomness into the initial
phase distribution, calculating the far-field distribution after each round
trip, saving tables of values of I/Io and the directional orientation of the
point of maximum far-field intensity after each round trip, and printing or
punching those tables for further statistical analysis. The principal features
of the code are unchanged from those ;ed to obtain steady-state mode
distributions.

The code specifically treats strip, or cylindrical-mirror, resonators.
The limitation of one transverse dimension is not as restrictive as it may at
first seem. Resonators with square or rectangular cross-sections have the
property that the mode distribution for an empty cavity (equivalent to an
unsaturated uniform gain situation) may be factored into a product of a strip
resonator mode on each of the two transverse dimensions. When saturated gain
plays a significant role, or when the symmetry is broken (for example by a hole
in a mirror), the factoring is no longer valid. A separate, but somewhat
similar, computer program called CAV3D has been prepared and used for the
cases in which there is a hole in thc¢ concave mirror. This code, which takes
into account two transverse dimensions, is capable of handling Fresnel number

cases in the realm of CO2 resonators (NT < 100) but is certainly not wvalid in

the regime of excimer lasers (2700 < N, < 11,000) because of computer memory

T
limitations. Even one of the largest computers, e.g., the CDC 7600 with the
inclusion of auxiliary ''large core' memory (LCM), does not have the capability
of handling 256 x 256 mesh points.

A verification of CAV2D for steady-state transverse modes has been
achieved by comparison with the results of other workers using an entirely
different methodology. In particular, the asympotic expansion code results of
Horwitz [16, 21} and the work of Chen and Felsen [60] were examined. The
quite appreciable detail which is present in near-field intensity distributions,
readily apparent from the inspection of plots in the Horwitz papers, are
accurately reproduced by the CAV2D code.

The angular distribution of the far-field intensity (I(8)] is calculated
in CAV2D after each round trip in the resonator by direct numerical evaluation
of the Fraunhofer integral written as

a
I(8)=cC ‘f U(x) exp (1-?9—’-‘) dx ' (3.2)
—a

where 68 is a diffraction angle and C is a normalization constant.
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Considering one printout per round trip, the bulk of paper generated over
one mode formation run requires condensation. The criterion for data selection
becomes two independent data points per round trip selected as follows:

(1) the intensity of the highest peak in the far-field distribution
is normalized to an intensity for a beam with identical power, uniform near-
field intensity and phase across an aperture of width D;

(2) the angular position of the highest peak is normalized to the
diffraction angle (A/D) of the aperture.

The total number of data points depends upon the number of round trips
acceptable for convergence of the data to a steady-state condition. Thirty
to forty round trips per run appear to be suitable for CO, and XeF with

M = 1.32. No more than twenty round trips per run are acceptable convergence
criterion for XeF with a resonator magnification, M, of 2.7.

B. CO2 Laser Analytical Modeling

A saturable gain model for the CO2 experiments has been built into the
code based upon CO, test parameters. A nominal average gain (0.009/cm) and an

assumed initial intensity at threshold intensity relative to saturated in-

tensity, I/Isat of 5 x 107*? was used. “hese initial conditions were deter-

mined by ex)erimental measurement of average small signal gain during the
period of mode formation; and measurement of loaded cavity gain, Yy, relative
to small signal gain, Yo? at 21 round trips after threshold in the laser at
the approximate mode formation time. The ratio I/ISat can be derived at this
time from the ratio of loaded cavity gain to small signal gain

S - (3.3)
y = 3.
P+ 1/1_
‘ therefore,
!
' Y
: 0
sat Y (3.4)

e —
=
~
—
#
t
[

Yo is obtained from Figure 20 from the small signal intensity at approximately
21 round trips (1’7 % 7.5) and from gain length, &;

n (I/Io)

Yo =% - 0.02 cm (3.5)

Y is derived from the average increase in intensity of one round trip during
the gain switched spike leading edge at approximately 21 round trips

" '

(I'/Io A 3.5), as seen in Figure 23, so that

P
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n (I'/IO')
Y = —57——— = 0.0063/cn . (3.6)

Therefore, using Equations (3.4), (3.5), and (3.6), we have

I/ISat = 2,2 3.7

which determines the degree of saturation in the actual lasing process for a
specific number of round trips. This information specifies the initial
conditions of the analytical code saturable gain inputs for the Co, laser
cases.

Figure 52 shows one selected run for the CO, case with saturable gain
included. One value of relative normalized intensity, I/Io, and angular

position of maximum peak in terms of relative diffraction angle D8/) is shown
for each round trip. Thirty round trips are shown in the figure. The nominal
convergence of the graphs is around the mode formation time as predicted by
Anan'ev for 22 round trips. The data presented in Figure 52, when combined
with 19 other runs, give cumulative statistical results on mode formation in
the CO, laser with saturable gain conditions as shown on later figures as

normalized to a mode formation time of 20 round trips.

The convergence of the far-field distribution as a function of round
trip number is typically shown by Figures 53 through 62. Again, each round
trip peak intensity has been normalized to unity from a laser aperture of

dimensions, D, plotted on a scale of * gl where A is the laser wavelength.

A random phase wavefront was launched with initial conditions similar to

those of Figure 52: I/Isat at threshold is 5 x 107!%? and average small

signal gain, Ao’ is 0.9%/cm. The variation of the far-field shape and position

is shown in the series of figures to converge to the steady-state far-field
shape and position is shown in the series of figures to converge to the
steady-state and far-field pattern (Figure 62).

The compilation of 20 runs with differing values of random phase but
with the same initial conditions as that of Figure 52 is shown in Figures 63
and 64 for the relative intensity of the highest peak, I/Io, and the relative

diffraction angle, %? , of the highest peak, respectively. These are shown

statistically with the mean (M) and one standard deviation (S) for each round
trip. These tend to converge to the typical relative Anan'ev number

(Equation 1.1) of 20 round trips (22 round trips in reality). A line is drawn
across the statistical compilations which represents the mode formation round
trip number as determined from the Anan'ev formula (Equation 1.1). This
represents a baseline for mode formation and is referred to as the '"nominal
mode formation" in all figures of this type. The effect of gain introduced

in these calculations seems to produce a change in apparent mode formation
time. This may be seen from a single run comparison, for example, of Figure 65
and Figure 52. 1In Figure 65, the wavefront is launched with the same initial
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Figure 52. One mode formation run with gain for normalized
intensity and diffraction angle. Mode formation
is predicted at 22 round trips, M = 1.32, NT = 279.
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random phase numbers as in Figure 52 but without gain. A comparison of
Figures 52 and 65 for the first few round trips is as expected--small gain in
the loaded cavity gives results comparable to that of the empty cavity since
intensity is not depleting the gain (small signal gain region). However,
with the onset of saturated gain at 18 round trips the situation begins to
change. The relative intensity of the dip located at approximately 21 round
trips is much reduced in Figure 52 than in Figure 65. This causes a con-
vergence at 22 round trips in Figure 52 instead of 27 as in Figure 65. The
angular convergence in both figures is relatively unaffected. The overall
effect appears to be a somewhat earlier mode formation time.

The statistical accumulation of the 20 empty cavity runs with the identi-
cal initial phase conditions of runs generated for Figures 63 and 63 is shown
by Figures 66 and 67, respectively. The initial conclusion of earlier mode
formation time in the loaded versus unloaded cavity cases is borne out by
the statistical analysis of Figures 66 and 67.

The particularly poor convergence of the I/Io statistics of the empty

cavity runs as compared to the loaded cavity cases is apparent in Figures 63
and 66. An inspection of the individual runs of Figure 66 reveals that certain
runs did not converge as expected but continued to change well beyond the
Anan'ev criterion. This appeared to be caused by oscillation in the relative
intensity values, and could be interpreted as competition of two or more modes
of equal loss which would by necessity lengthen mode formation time. The
application of typical gain in the CO, case seems to minimize 1f not eliminate
this degeneracy. This potentially explains why mode competition has not been
observed at mode crossing points which are located at

F =n+ 0.875 . (3.8)
eq
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We chose a Fresnel number for these calculations to produce maximum mode
separation. However, the low magnification minimizes mode separation and
emphasizes mode competition. This could be inherent within the definition of
"mode formation time" for increasingly smaller magnification, especially in
laser systems which do not saturate. In short, saturable gain appears to
clear up any potential mode competition. Angular deviations in Figures 64 and
67 did not particularly appear to be affected by gain.

In one series of experiments, mode competition in the CO2 laser was

deliberately sought. This was done by spacing the resonator mirrors to give
the "bad" equivalent Fresnel number of Equation (3.8). The two competing
modes were calculated in empty cavity codes to have basically the same far-
field pattern but differing phase angles. This should have given a temporal
beat frequency easily observed in the near-field laser pulse with a photon
drag detector. However, no such beat frequency was observed and far-field
burn patterns were not abnormal. The tentative conclusion is that gain must
eliminate or at least minimize the effects of mode competition in loaded
resonators compared to the empty cavity results calculated by other authors
at mode crossing points [61]). The formation, of a transverse mode at an
earlier time with saturable gain for the empty cavity modeling results, may
be analyzed in a similar manner as stable resonator modes [62]. In the empty
cavity results, the lowest loss mode is obtained through diffraction losses in
the resonator. With saturable gain, a nonlinear effect is added. The lowest
loss mode tends to predominate earlier--by reducing the gain available to
other competing modes-~with the result that the mode forms earlier than with
the empty cavity condition.

It will be shown for later cases of the excimer laser modeling at
M = 1.32 that saturation seen early in the pulse at 10 round trips (compared to
30 round trips for mode formation) readily gives an earlier mode formation for
loaded cavity than for empty cavity calculations and is well within the
Anan'ev time.

C. XeF Laser Analytical Modeling

This work was similar to the co, modeling but with the requirement of

the larger tube Fresnel numbers of 2700 for the M - 1.32 resonator magnifica-
tion case and 10,800 for the M = 2,7 case. .1 addition, the initial spontaneous
intensity was much higher (v 1 x 10~"*) for I/1q<1’ in the excimer case at

threshold). The average gain was fortuitously simiiar to that of CO, at 0.9%/

cm. Saturation was achieved under these conditions much earlier than in the
€0, cases at approximately 1/3 of the XeF mode formation time for M = 1.32 at

10 round trips.

Another restriction was the aperture vignetting necessary in the excimer
laser cases. The M = 1.32 runs were analyzed through a near-field vertical
rectangular stop of 1.21 em width by a height of 6.5 cm. The 2.7 runs were
even more restricted by a horizontal rectangle of 0.34 cm width by 1.75 cm
length. These tended to change the mode formation time, apparently by a
gpatial filtering process.
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In these cases, the tube Fresnel number was considerably larger than in
the CO2 runs (279 versus 2,700 - 10,800). The CO, runs were valid at 2024

mesh points: 16,384 were adjudged necessary for the XeF cases. The 10,800
tube Fresnel number was not as critical, in any event, since experimental
results were not as precise for the rapid convergence of data in that magnifi-
cation regime.

The statistical compilation of 15 runs with the gain conditions of the
M = 1.32 XeF laser are shown in Figures 68 and 69. These cases include
external vignetting with a 1.21 x 6.5 cm rectangle in the laser beam. Mode
formation has been obviously moved to shorter times with respect to the
Anan'ev formula. This appears to be partly a result of the vignetting process
but primarily of early gain saturation. Saturation was achieved in Figures 68
and 69 after approximately 7 relative round trips (10 actual round trips).
Relative round trips are defined in the statistical runs as the Anan'ev
time normalized to 20 round trips.

A comparison must be made of these data with those of Figures 70 and 71
for empty cavity calculations with identical initial random phase starting
conditions for each run. Again, as in the CO, cases, saturable gain plays a

part in mode formation. In the loaded cavity (Figure 68) the mode is formed
after approximately 14 relative round trips, whereas in the empty cavity
(Figure 70) it has developed after approximately 18 relative round trips.

The angular development of the mode is not appreciably different in
either case (Figures 69 and 71). Vignetting appears to move mode formation
to slightly earlier times compared to the relative Anan'ev time.

The empty cavity results have been statistically analyzed for the
M = 2.7 cm case in Figures 72 and 73. Thirteen runs similar to those of
Figures 70 and 71 were utilized in the calculations. These were run at a
mesh point dimension of 16,384. One individual run was obtained as a compari-
son to Figures 72 through 73 with 32,768 mesh points. The convergence results
were similar. This represents the maximum memory capability of the CDC 7600
computer for these calculations. An accurate reproduction of the near-field
phase and intensity for the M = 2.7 resonator would require approximately
60,000 mesh points. The consequence of a smaller number of mesh points is a
smoothing of the near-field phase and intensity, giving a spatially filtered
effect in the far-field. This appears as a secondary influence on mode
formation.

Vignetting is more important in the M = 2.7 case because of the smaller
vignetted aperture which causes more spatial filtering. Excluding any gain
effects, the mode formation time has been moved back to 16 round trips as
opposed to 20.

Finally, in this series, consider Figures 74 through 77 which were run

with full aperture for the excimer case of M = 1.32, NT = 2700. These cases

were run for comparison with previous vignetted examples to show earlier mode
formation from vignetting and also to directly evaluate saturable gain effects
in large aperture excimer lasers. The mode formation time was found to move
forward from 14 round trips (Figure 68) to 16 round trips (Figure 74) presumably
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because of the absence of vignetting effects. Also, the angular selection is
not as rapid for the nonvignetted case (Figure 75) as for the vignetted case
(Figure 69). As a concluding example, Figures 7¢ through 77 show full aper-
ture from runs for the excimer laser case M = 1.32, NT = 2700, without gain.

A comparison of these figures to Figures 74 through 75 shows that saturable
galn does significantly affect mode formation time. The same initial random
phase of the rums in Figures 68 through 69 was used to generate Figures 74
through 75 and Figures 76 through 77 for direct comparison.

P

E In general, early mode formation time of the XeF experimental data may

- be explained by Figure 68. Without respect to experimental considerations

of poor far-field resolution, the mode has formed early in time. 1In fact,

! the figure shows mode formation at about 14 relative round trips (about 360 nsec)

‘ rather than 20 relative round trips (513 nsec). An examination of the ex-
perimental results for the M = 1.32 resonator of Figure 49 gives a comparable
answer. Therefore, the modeling and the experiment agree in terms of the
results. Mostly as a result of saturable gain, however, the mode is formed
ahead of the nominal Anan'ev time.

A consideration of the M = 2.7 results produces a similar conclusion.
The extreme vignetting in this case moves the mode formation to an earlier
time than it is in the M = 1.32 case. The empty cavity calculations of
Figures 72 through 73 show the mode to have been formed around 16 relative
round trips. This is a time of 134 nsec which is consistent with the results
of Figure 51. 1In this case, because of larger magnification, mode competition
is not a serious problem, and with earlier mode formation saturable gain should
not be as much of an effect in moving back mode formation time. Spatial
filtering, because of extreme vignetting, should be the predominating variable.

IV. CONCLUSIONS AND RECOMMENDATIONS

The geometrical formulation, as proposed by Anan'ev for the formation of
transverse modes in positive branch unstable resonators as an upper limit, has
been validated experimentally and by statistical modeling for moderate
resonator magnifications (1.32 < M < 2.7) over a large regime of tube Fresnel

numbers (279 < NT < 10,800).

{ A. Summary of Experimental Results

The objective of these experiments was to observe the far-field
pattern from two selected high energy lasers, €0, amd XeF. at times before,

during, and beyond nominal transverse mode formation time, as predicted from
geometric optics theory. This represents the transition time required for the
( laser to convert the radiation in the cavity from initial spontaneous emission
. to a quasi-steady-state self-replicating wavefront characteristic of a dif-

‘ fraction limited laser beam.

g The initial temporal points of the lasers were referenced to threshold
gain conditions experimentally determined by small signal gain measurements.
Mode formation was determined from the threshold time to the time required
for steady~-state formation of the far-field pattern.
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The CO2 experiments examined far-field burn patterns of truncated pulses i

which were varied before and beyond the nominal mode formation time by varia-
tion of laser gain. These data indicated mode formation in the range of

460-520 nsec. agreeing well with the predicted value of 490 nsec for an |
M = 1.32 resonator.

The XeF experiments used an electronically imaged-gated framing camera
to observe a fluorescing image in the far-field. The advantage of the XeF
laser was that it 'turns on' early with high peak power, allowing the far-
field to be observed in one series of experiments at approximately half the
predicted mode formation time. These data indicated mode formation in the
regime of 300 - 400 nsec (predicted mode formation time 513 nsec) for an
M = 1,32 resonator and 130 - 180 nsec (predicted mode formation time 168 nsec)
for an M = 2.7 resonator.

The apparently anomalous early mode formation time of the XeF cases can
be justified by modeling analysis of saturable gain and laser aperture
vignetting, as well as by poor far-field patterns. Poor far-field patterns
were the result of severely degraded resonator optics and poor imaging quality
of framing cameras. These characteristics made it difficult to determine a
reasonably exact time of formation of the mode.

The results of the co, work indicate a formation time consistent with the
Anan'ev prediction. The XeF work gives a significantly earlier time for mode
formation.

B. Summary of Theoretical Modeling

The CAV2D code used in this work was a modification of earlier codes
which derived the lowest loss transverse mode in unstable resonators. It
used Fourier propagation within the resonator to develop a self-consistent
steady-state wavefront output.

The code had some time saving devices built into it: the fast Fourier
transform (FFT) algorithm and an expanding coordinate system.

Instead of being interested in the steady-state transverse mode, we
desired to obtain wavefront properties of phase and amplitude at each round
trip in the resonator at an early time and project these properties to the
far-field for statistical analysis. A random phase, uniform amplitude wave
was launched to begin a convergence process as a function of resonator round
trip.

Statistical modeling of the CO, case showed convergence around the

Anan'ev time and agreed with the CO2 experiments. Modeling with vignetting

in the XeF cases showed the convergence time of the lowest order steady-
state mode to be considerably earlier than the Anan'ev mode formation time.
This was consistent with the experimental evidence.

An interesting result of the analytical work was that saturable gain
early in time had an appreciable effect in developing a steady-state pattern
in the far-field considerably sooner than in the empty cavity case or Anan'ev
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predictions. With the knowledge of early saturable gain in certain high
energy lasers, it appears that the Anan'ev formula is quite conservative and
that the actual transverse mode forms earlier in time.

C. Recommendations for Future Work

It would be desirable to repeat the XeF experiments under better
conditions which would allow more accurately determined mode formation times
in the range of resonator magnifications (1.3 < M < 3) of interest. The
modifications suggested for a more accurate set of results are:

(1) the use of better resonator optics (better than A/20 RMS
surface figure),

(2) the use of technologically current gated-image cameras
having more frames and greater spatial resolution per run), and

(3) the use of the full aperture of the laser for far-field
analysis, which would necessarily require large, good quality optics to direct
a 10 x 20 cm beam (the size of the "2 Meter Maxwell laser" beam).

Recent communications with individuals at Maxwell Laboratories,
Incorporated, at San Diego, California indicate that work in these directions
is now in progress [52].
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CAV2D CODE DESCRIPTION [63]

CAV2D is primarily a two-curved-mirror code, which is realistic for most
unstable resonators. The most common mirror configuration for unstable
resonators includes a concave mirror which is at least as large in transverse
extent as the gain region, and a convex mirror which is smaller than the gain
region. A substantial fraction (the outcoupling fraction) of the radiation is
propagated from the concave mirror toward the convex mirror, passing outside
of the convex mirror and is emitted fror the resonator. The convex mirror is
taken as mirror number one in the code, while the concave mirror is mirror
number two. For convenience the calculation is normally started with a wave
which has just been reflected from the convex mirror. For ordinary calcula-
tions not involving modeling of mode formation, this starting wave is uniform
in intensity. It also has a phase distribution which is the same as would
apply to an idealized, i.e., geometric-optics, resonator wave.

The most common configuration is a confocal or near-confocal one. However,
this limitation is not imposed in the code. Instead, the code accepts as
input data the g values (XGl and XG2) of each mirror. Near statement 10 there
is a calculation of the normalized (i.e., measured in units of the mirror
separation) radius of curvature (RP1l and RP2) of each of the mirrors, and the
corresponding magnifications (XMAGl and XMAG2) associated with propagation
from mirror 1 to mirror 2 and from mirror 2 to mirror 1, respectively. When
the input g values correspond to a confocal resonator, the magnification
XMAG2 is unity, corresponding to a collimated beam propagating from mirror 2
toward mirror 1, while the magnification XMAGl equals the overall magnifica-
tion which in magnitude equals the ratio of radii of curvature of the two
mirrors. The advantage of dealing with g values is that these quite general
formulas are based on g values as independent variables. Of course, the code
could start with input radii of curvatures and calculate the g values.

Near statement 8 the code tests the g values to see whether they corres-
pond to the unstable resonator. If the resonator is stable, the code rejects
that set of input data, prints a message (format 86) ''STABLE RESONATOR,'" and
proceeds to the next set of input data. If desired, this could be modified to
permit calculations of stable resonators. The code detects whether the mirrors
are reversed from the normal ordering in which mirror 1 is the convex mirror.
1f the ordering is reversed, a message is printed (format 96) ''BACKWARD WAVE
CALCULATION" and the values of XMAGl and XMAG2 are suitably adjusted. This
feature has only been used for limited tests.

A factor, named FACT, which is the ratio of the number of total mesh
points (XNTOT or NTOT) to the number of mesh points across each mirror (XMIR
or XNMIR), enters into various steps. The total Fresnel numbers XNFIT and
XNF2T, which are involved in the propagation kernals, are greater than the
input values, XNFl and XN2T, of the ordinary Fresnel numbers of the mirrors
by the square of this factor.

The ratio of the transverse size of the mirrors, A10A2, and its
reciprocal, A20Al, are needed in determining the location of points involved
in the interpolation process. They are obtained as the square root of the ratio
of Fresnel numbers of the two mirrors, and its reciprocal. These are cal-
culated below statement 3.
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If the two g values are equal and the two Fresnel numbers are equal, the
resonator is symmetric (this specilal case is often used as discussed else-
where). [23] A test for this is made at consecutive statements 126 and 112.
If the resonator is symmetric, a message (format 83) '"'SYMMETRIC RESONATOR" is
printed, and a simple formula is used to calculate the equivalent Fresnel
number FEQ. It it is not symmetric, a message (format 84) "NONSYMMETRIC
RESONATOR" is printed; and FEQ is calculated by a more involved formula. The
latter is based on the formulation for an equivalent symmetric resonator
(which assumes that the actual concave mirror is oversized as compared to the
beam). GEQ is the g parameter of the "symmetric-equivalent" resonator, and
XNSEQ is its Fresnel number. The relevant formulas are given in the "crib
sheet." 1In either event, che value of FEQ is printed. The special feature,
which treats a ring resonator with unequal lengths of the two paths, will not
be considered here.

To determine when the iterations have converged, use is made of the
ratio of the complex amplitude at a test position on two successive round
trips. This position is determined by the value of an input parameter TSTFR
(whose default value is zero), such that the position is removed from beam
center by an amount equal to TSTFR times the half-width of the overall beam
(including guard band).

CAVZ2D Program Modules

The program consists of the following modules, of which all but the MAIN
program are subroutines:

MAIN GGNPM
PROPCBM GGUBS
FOURT BQUAL
INTRP PHSEM
NFLPP

FRFLD1

GATINM2

MFLPP

The four modules listed in the right-hand column are of relatively minor
signficance but have been listed for completeness. The GGNPM and GGUBS sub-
routines are taken from the IMSL Library which is available on most mainframe
computers. If RNPH2 is non-zero, a correlated randomness of phase at the
position of mirror 2 is applied to simulate effects such as gas density
fluctuations. The random numbers for that purpose are obtained from GGNPM,
but this 1s not of much current interest. For mode-formation calculations, a
randomness is applied to the phase of the starting wave. This is called, if
the parameter RANST (mnemonic for "random start") is non-zero. The pseudo-
random numbers used for that purpose are obtained from the subroutine GGUBS.
BQUAL calculates a simple measure of beam quality, but it is not as useful as
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calculating the overall far-field intensity distribution. PHSEM can be used
to introduce a 'phase modulation" across the beam, but is probably not needed
for future work.

The MAIN program controls the overall calculations. It reads input data,
initializes various arrays, registers and prepares the '"starting wave;"
then begins the iterative process of calculating propagation back and forth
between the two mirrors. This iterative process is continued until it either
satisfies a convergence criterion (based on input or default value of CVTST
parameter) or completes the maximum prescribed number of iterations, XMITR.
The program always prints the values of data parameters, which determine the
problem being calculated, and generates at least one line of primt for each
iteration, which gives an indication of the iterative behavior. It optionally
calls the line printer plotting program NFLPP, and produces plots of intensity
and/or phase across the entire aperture. An earlier version could optionally i
plot across one-half of the mirror; but the current version does not permit
this, as it is not appropriate if the resonator is not ideally aligned.
Control parameters PLLP1 and PLLP2 control the plots at position 1 and 2.
Such plots may optionally be made only after completion of the iterations (if
PLLP1 or PLLP2 equals unity) or after each iteration (if PLLP1l or PLLP2 equals
two). Upon completion of one problem, the MAIN program reads input data for
another problem, if such is available.

PR S

The overall program is arranged such that the typical phase distribution
is an idealized flat distribution across the reference surface, i.e., a
pseudo-collimated beam is being propagated. Of course, there are departures '
from such ideal behavior at the starting point for each propagation step, and ;
departures that arise from diffraction as a result of each propagation step.
The MAIN program establishes the complex amplitude distribution U(I) prior to
each propagation step, then calls the PRPCBM (mnemonic for "propagate colli-
mated beam') subroutine. The MAIN program also furnishes to the PRPCBM sub-
routine the value of the overall Fresnel number (called XNFT in the PRPCBM
subroutine) for the propagation step, and a value of the parameter XPAVG as
well as the total number of mesh points, NTOT. XPAVG is most commonly set
to unity. If XPAVG is greater than unity, the propagation kernel is averaged
over XPAVG subintervals at each mesh point. The PRPCBM subroutine, in turn,
calls the fast-Fourier-transform subroutine FOURT. The values of complex
amplitude after propagation are returned in the same array U(I). FOURT is
! the only subroutine that is called by another subroutine; all others are called
\ by MAIN.

After each return from the propagation subroutine PRPCBM, the MAIN pro-

gram can optionally call the plotter program NFLPP. In addition, after re- i
turn from PRPCBM for propagating from mirror 2 back to mirror 1 (i.e., back to

{ the position of the convex mirror), there is an optional call to FRFLD1 for

( calculation of the far-field intensity distribution. The call to FRFLD1 is
made for each iteration, if the control parameter CFFLD is greater than

{ unity; this option is useful in mode formation calculations. Aside from
these optional calculations, the interpolation subroutine INTRP is called

( after completion of a propagation step in order to obtain the complex ampli-
tude distribution across the "receiving" mirror in a suitable form. The
propagation steps have generated the complex amplitude distribution at points
which cannot cover the receiving mirror with NMIR mesh points, as desired. For
example, in the propagation from concave to convex mirror of a confocal
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resonator, the calculated distribution ha: the range of NMIR points, covering
the full size of the beam; whereas one wants to determine a new distribution
with NMIR points, covering the small size of the convex mirror.

After interpolating to find the distribution across the '‘receiving"
mirror, there is an optional call to the plotter program NFLPP to plot the
distribution across the entire aperture, as referred to earlier.

After completion of the two propagation steps and associated options, the
program saves the ratio of the amplitudes (at a selected position) for the
last two iterations. This ratio is used to generate a test parameter TEST,
which approaches zero as the calculation converges, i.e., as the ratios for
successive round trips tends to become the same with each new round trip.

The absolute value of the difference from unity, called ABTS, is tested again
in a preselected convergence test parameter, CVIST. When it is less than
CVTST on two successive evaluations, the calculation is assumed to be
successfully converged (as signalled by the parameter STOPTS being equal to
two) .

After convergence, there is an optional plot of near-field distribution
as noted above. Also, there is an optional calculation of the far-field
intensity distribution by the FRFLD1l subroutine. Often, the far-field in-
tensity distribution is also plotted. For mode formation calculations, there
would be excessive printed output, if the far-field distribution were plotted
each time it is calculated, namely, after each iteration. Hence, an option
is provided to omit the far-field pattern. For mode formation studies, the
values of IMXFF(ITER) and of FFMAX(ITER) are calculated in the FRFLD1 sub-
routine and returned to the MAIN program. For simplicity, these values are
always generated, even if CFFLD is not greater than unity, so as to produce
mode formation plots as discussed below. These are the values of the angular
position of the most intense far-field point and the relative intensity
(compared to the value for a uniphase near-field output with the same in-
tegrated intensity) at that point, for the present iteration, as indicated by
the index ITER.

Upon completion of the iterative process, the MAIN program may optionally
(if CFFLD is greater than unity) call the "mode formation" subroutine MFLPP.
The subroutine produces a line-printer plot of the values of FFMAX(ITER) and
IMXFF(ITER) for inspection. The arrays are printed with identifying parameters
to logical unit number 1 for punching into cards for further analysis. This
writing to unit 1 will be suppressed if PCHMF is less than or equal to zero.

After completion of one problem, control is transferred to the beginning
of the program (by a GO TO 1 statement) to read input data for a new problem.
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CAV2D CODE LISTING
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ConavanscsnsneaTH]] DOUBLE-PRECISON NEECED EY NATURE OF SUBROUTINE

51
7C
"
76
r?
74
a3
34
£S5
56
ar
28
8¢

92
91
92
92

94
9s

1SX,SNXNF2=.F1J.5.51.5NEPSL'.F10.S)

FORMATCIX JOHXNTOTE  FYIC S ¢sSX6HXNMIRE,FI10,5)

FORMATUIX ,6HXMAGIZ  FI0 L5, 5N ENXMAGZ2E F1,,5)

FORPATCIX yEHXNFITE o F1L oS oSX EHXNFCT=F10,5)

FORMAT(” XMITR RATYIAM RATIPH GAMRT AVFLX Ju1
1¢P”)

FORMAT(” EMPTY RESONATOR CALCULATION®)

FORMAT(® LGADED RESONATOR CALCULATION wITh GAIN IN NARROw REGION

INEANn “TRRCP 2, GAIN SATURATION EY RIGROD=LIKE SCMEME.”)

IXNTOR,CFFLD, XNMIR,PATI2, XPAVG, EPSL,GL, RANST,

bﬁhPNZ ISEED ,NCRLY,JSEED WRCRN, !SPAH.!NFZF'IFCTR.ANPRF.PNSRV ISKMF,

CAVZD CODE LISTING

DI“ENSION U(3c708), UP(32768)

DIMENSION RNORM(32768) (CRANL(I276E)
DIMENSIOUN IMXFFC2.0),FFMAX(CLY)

CUMPLEX U,UP

COMPLEX RATI ,SAVUT,SAVUTP

CCMMON /COMT/U/COMZ/UPZCOMB/RNOKM/CGP&/CRAND
LEVEL £y UyUP,RNORM,CRAND

COMPLEX PRMT,CFKTR

DCUBLE PR:zCISICN ISEEDJSEED

fOF!AT(1!.‘?10.5.:10.6.!13.5)

FORMATC(INS ,9HCONVERGED)

FORMAT(IHG ,20RMAX NO OF ITERATIONS)

FORMATCING)

FOPMAT(IHY)

FORMAT( X, TuMERROR IN CAVT?)

FORMAT(” SYFMETRIC RESONATOR”)

FORMAT(® NON=SYMMETRIC RSSONATCR®)

FORMAT(” EQUIVALENT FRESNEL NUMBER FEQ=",F10,5)
FORMAT(IX,T¢HSTABLE RESONATOR)

FORMAT(” SPECIAL TREATMENT CF RING RESONATOR wlITH UNEQUAL PATHS”)
FORMAT(” GF COLLIMATED AND EXPANOING BEAMS, FEQPE “,F1(.5)
FCRMATUIX G AHXGTIZ FT10.5¢5X ) oNRG22,FI0e5,5X, SHXNFTI=,FI10,.5,

i e+

NAMEL ST/ CVDAT/XGY 4 XGe o XNFYTXNFC o XNTOT o XNITRy XLAST,

TVBQ,GDOGLP, PLLPY,PLLPZ,
PHAMY ,PHAP qPHCY 1 PHCY2 yGNOFS o INCPL oBMTLT 4 XINTS,

CoanvseseTSTFR ADDED 26 NOV &3 i
CeveneosnasRTPNS ADDED 27 JAN 81, %

SSTOPN G XLPOL s TSTFP yPRDOGS yCVTST 4 XININT o FRINF JLUMTINGRTPHS ,PCHMF,
OFNFCS SPCLFF,FRCMSK

OATA STOPN/2.C/

DATA XG14X62/1425+1425/7

DATA XNFV,XNF2/12.841208/7
DATA XNTOT ,XNMIR/512.0,2564(/

DATA XNITR/ZV4G/ XLAST/C S/ o ANTCR/I WU/, CFFRLD/ G 2!

DATA GL/DWC/, PAY12/72.37, EPSL/ZGed/ JXPAVG/Y,C/
DATA YVBOIJ../pGDbLPIu.ul t’TLT’t.C’

DATA PLLPY/_ o/ yPLLPZ/C.0Y/

DATA TSTFR/ICLI/

DATA PHAWT/ 5o/ PHAMIC T/ oPHEY T/ Lo ll PHEYC/TaCl o GNOFSZ40/

DATA INCPLZIY/ yXINTS/ YV C/oRANST /U0l

DATA RNPMC/ a0/l o dSEED/SSSSSaC/yiCRLTZ1274ISEEDZI3333.0/7WRCRN/T LD/
DATA XSPAM/ o/

DATA XMMZF/Col/ ¢ XFCTRICCI JAPPRE/ LG/ yPHSRF/ICTY




DATA ISKMF/V/,PCHMF/T,C/

DATA XLPOL/1.u/ PROGS/C.DY

OATA P1/3.146159,654/
‘ DATA CVTST/JecCY/
! DATA XININTZD.TU0 / FRINFIDLCLOUI/WENTIN/ Lau /
: DATA RTPHS/ oo/ oFNFCS/Ca0/ ¢SPCLEF/T,0/FRCMSK/D N/
t Nx= 32768
' CeesesREAD AND wRITE INPUT DATA AND DO INITIAL CALCULATIONS.oeserceannes
i 1 READ (5,CVDAT)
i IFCXLASTIOG 4,900
' & WRITECE,CVDAT)

STP = STOFN=1.0

NTOT=XNTOT
9999 IF(NTOT L LE. NX)GO TO 95(
WRITE(6,94C)
940 FORPAT(” INVALID KUN SINCEZ NTOT WAS GREATER THAN ANX,.”)
STOP

950 CONTINUE
IFCXNITR JLE. 2C0.8)G0 TO 952
WRITE(E,951)
951 FORMATC(® xXNITR EXCEEDS 2Cuel NOT SUITABLE Rc IMXFF AND FFMAX,”)
sTOP
952 CONTINUE
: NMIRZXNMIK
RATITS=1,.C
STOPY=(,0
XMITR21,0
G162=XG1exG2
CeneeeerSTABLE RESONATORS ARE REJECTED.
TF(GIG2IVIC o548
8 1F€(G162-1.C)9,9,1¢
9 WKITE(S,806)
6¢ 10 1
12 XARGE 1622 (162~1.0)
XARG=SORT(XARG)
1F(GT1G2 ot Te CelL)XARGE=~XARG
‘ RP1=XG2/(XARG*G162=XCe)
! PP2aXG1/(XARG*G162=-XG1)
XMAGI=1,T+1,.C/RPY
! XFAG2=T,0+1.G/PP2
lF(XNFZ‘XhF\) 3.5.5
. 3 WRITE(6,98)
! S& FORMAT(” HGACKwARD WAVE CALCULATIONT)
XSAVVEXMAGH
XMAGYI=T ,C/XMAG2
XMAG221C/XSAVY
S FACYSXNTOT/XMMIR

. FACTEFACTao;

H ANFITESXNFICFACToaXMACY

{ XNF2TaXNF2oFACT ¢ XMAGE
XNFoTOXNF2T/XLPOL

J ARG XNF/XNFY
220M1=SLRT(ARG)

; A10A2=21.2/7A20M1

‘ WRITE(S,76)
WRITECC ¢BPIRGT oG o XNFT o XNFC EPSL
WhITELS,OLIANTOT XNMTIK
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AGe
1827

114
1,59

311720 xNFY

32)

IxG6e)

re2=1.0)

NI APAGTIeXLPOL)
WRITECG,87)
wRi1Te(6,80)FEQP

2 (2 (TSTFR*1.,()
16)
6o Tc 127

CTR
C“XHM2F)I2.0 1.0

SRF)
AMY)

IRRGR HAS CENTRAL APERTURE w]TH COMPLEX REFLECTI

LIMgy
&,” LIMUU=",16)

DES"".'..t.‘.."QQ'.I!"'...'Q'.Q'..Cl..’.'."

1203‘10\:

«d

TOT RNORM)

95

[

.

Psyac—nyy

DC 15 JsLiMLJ,Lingd
15 SRANDSSRAND *+ANORM(J)
CRANDC(I)=SRAND/SQRTY (X?
IFCWRCRN oNEs Cu0) wR:
O CONTINUE
2 00 128 Is1,nTOY
U (1)=CmPLX(2,0,0.0)
UP(1)=CMPLx(0.0,0.,0)
108 CONTINUE
ARG®SQRT(XINTS)
00 115 IsclIMt,LIMU
U (1)=CMPLX(ARG,2.0)
110 CONTINUE
YSEED®ISEED
ITFCRANSTIT02,103,102
102 00 104 I=LIML,LIMU
Jxl=LIML
IFCJ oLlie 10 JWRITE(G,
137 FORMATCIX,2E30420)
CALL GGUBSC(ISEED,14RAN
ARGE= (2o J*RAND=1,0)eP]»
U (I)=y (I)=CEXP(C™PLX
106 CONTINUE
IF(XSPAM) 112,103,118
118 NMID=XM]D
D0 117 I=LIML,NMID
LLLENTOT=]1
U (1) =(u (1) + XSPaAMm
U (LLL) = xSPAm « y (]
117 CONTINUE
1C3 1F(oMTLT)IS6,109,100
106 00 105 I=sLImMiL,LIMU
x1=1
ARG=(XI=XMID)/XNM]Re2,
U (I)=CEXP(C™PLX(CalyA
135 CONTINUE
139 IF(XG1=-XxG6<¢)121,120,121
120 OFSTYIZEPSL*XNMIR/Z, 3¢
OFST2=z0FST1
GO TO 1.8
127 XMAGRT=XMAGTI®AMAGS
OFSTIZEPSLeXNMIR/C ol (
0FST227,0
CesveocarenaeeSTART A RQUNC
128 CONTINUVE
SLUTAw=(, 0
D0 129 IscImL,LImy
SUTAMESUTAMeU(T)eCONIC
129 CONTINUE
SAVUTSU(CITEST)
TF(PHAmY  Ne, Co0)CALL
CALL PROPCB(UZNTOT XNF
TFCCPLLP2 oGTe Lal) WA
1 (STOPT +GEs STPI)) CA
Cooenn INTERPOLATE YO GET ULZP
CALL INTRP(ULU P
CeeeeveeeRIGROD=TYPL GAIN AT

(am e T VP v - - RN






AD-A136 515 TRANSVERSE MODE FORMATION IN POSITIVE BRANCH UNSTABLE
RESONATORS(U) ARMY MISSILE COMMAND REDSTONE ARSENAL AL
DIRECTED ENERGY DIRE.. R W JONES AUG 83

UNCLASSIFIED DRSMI/RH-83-4-TR SBI-AD-E950 467




SEEF
Jdaa o

EEEFETTIT o

o

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A

I

REINNECE fin . o _ : . N . =il o M : #>.
i IR %&%?ﬁ&s TS LR PN ST O L KRN R R R A




- PG

¥

P
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IFCGLY 131,135,131
131 CaLL GAINM2CU PoNTOTAPIR(GL 4GOGLP 4GNOFS)
CoaaeosPROPAGATE TU MIRROR 1,00000000008000000000000080000000000000000000¢
138 TFCRNPHC)SI 28,35
37 00 35 lsLimML,LInu
ARGECRAND (2D oRNPN2
U PLIdsy PULISCEXPLCPPLXCI.0,ARG))
35 CONTINUE
36 CONTINUE
SUPARES 0
00 141 IsiLINL,LINY
149 SU2PANaSUPARIUPCLI)«CONJGLUP(]))
XDENSLINU=LINL*Y
AVFLXSSURPAM/XDEN
D0 14y 1=9,NT0T
IF(PRDGS ,GT. CouDIWRITELH,201)L,UP(L)
2yl FORMAT(” AT 140 UP(”,16,")2°,2E20.12)
140 u(1d=y p(1)
TECPHAMZ o NEe DeTICALL PHSER(PNAPZ yPHCY2 4 NMPIRINTOT i)
XINANPESQRT(XININT)
IFCRNM2F .EQs 0.0) GO TO 1044
IFCLINLL «6Te LIMUU) GO TO 1044
00 1043 1sLImMLL,LIMUY
VCI)sUCI)«CEXTR
IFCXININT oEQs 040)GO TO 1243
Xi=]1
ARG=(XTI=XMID) /XNMIR*2,(C
DLPH sPISFRINFOARG®**2 ¢ (XWITR=1.0) * RTPHS
DLPHI = DLPH ¢ (X1=XMID)/ANMIRe ,yePI#BNT]IN
ARGC=COS(OLPHI)
ARGS=IIN(DLPNHI)
CARPSCMPLXCARGC o =ARGS)
UINCREXINAPP*CARP
WRITECS,1080) 1 UINCR,DLPH,DLPHI
10060 FORMAT(IXN,14,4E20.12)
ull1d = u(1) ¢ UINCR
1043 CONTINUE
1064 CONTINVE
1265 CALL PROPCBIUNTOT ,XNF2T,XPAVE)

TECCEPLLPT14GTe Jed) oANDe ((XNITR +EQ¢ XMITR) +OR.
1 (STOPT o4GEs STPII) (ORCPLLPY GT.140))CALL NFLFPLUo14aTIT,PAYL2, i
a1 INCPL XMITR)

TFCCFFLD o6Te 1.0)CALL FRFLDIC(U oNTOT (NMIR,EPSL,XMAG2,AT0A2,
IXMLITR G IMXFFoFFEMANQCFFLOoFNFCS,SPCLFFFRCMSK)
CernrnINTERPOLATE YO GET U Py IoEe AMPLITUDE RECEIVED AT MIRROR V,000000
CALL INTRPCU U PoLIMLOLIMUGOFSTI o AT0ALXNTOR,XMAG2)
CooeeeeGET POWER RATIOSHonwe
SUIPAM®( )
0C 145 IsLIML,LIMV
145 SUtPARSSUIPAROY P(L)oCONJGIU P(1))
SUTAR = 2,9
" 06 144 I ,NTOT
144 SUTAM = SUTAR ¢ V(1) » CONJGILE1))
OUTCP = 1,0 =(SUIPAR/SUTAM » A%002)
CAMATESUIPAR/SUIAN
SAVUIPRYUPCLITEST)
CovconGETY COMPLIX RATIOS OF AMPLITUDES AT PIRAOR CENTERS ovecctntesncase




e e o

RATIeSAVUIP/SAVYY
ARGSAIPAGIRATI)/ZREAL(RATY)
RATIPHSATANCARG)
RATIANECALSC(RATY)
WRITECE O 1INNITRRATIAN RATIPH GANPT AVFLR,OLTCP
TESTYSRATIAM/RATITS =10
RATITSSRATIAN
AUTSSABS(TEST)
TFCABTS=CVTST)II59,159,158
158 sTO0PY=0,0
60 10 160
159 STOPTsSTOPT+1,0
160 CONTINUVE
CoonvaolALCULATED VALUE OF TVBQL 1S RATIO OF CENTRAL FAR-FIELD
CoonoeoINTENSITY ARISING FROM GEOMETRIC-OPTICS PORTION OF BEAN TO
CeesonsYALUE «MICH WOULD RESULT IF OUTPUT WERE UNIPNHASE.
TFCLTVBA oGTe 0,0) JAND, (CANITR oEQe XMITR) LOR.
F(STOPT o6Te 1.0))) CALL BQUALINTOT N%IR,U)
1F(STOPT~ STOPN) 169,190,190
169 1F(XNITR=XPITR)IO9, 191,70
170 XPITR=XNRITRY,C
CovnveRENEN VU (1) FOR NEXY ITERATION **tteescenaeeetoRegdnente
TFCELIVT4,273,174
173 20 172 1=1,.nT0T
U (I)su pC1d/rAtY
1FC(PADES 6T, 0. COMRITE(S,202)1,uP (1)
202 FORMAT(® AT 172 UP(*,16,")=",2E20.,1])
172 CONTINUE
€0 10 17¢
176 00 175 1s=91,NTOT
U (1)=y P(D)
175 CONTINVE
17¢ 60 70 128
190 WRITECS,70)
GO T0 192
181 WRITE(G,71)
192 CONTINUVE
CreeeaQPTIONAL FARSFLIELD CALCULATION 20000 200¢0eeeaeedteteetdtnatoacteds
IFCCPFLD oGTe 0,0)CALL FRFLDIC(V oNTOT JNMIREPSL o RPAG2,AT0A2,
IANITRGINXFP,FFRAX CFFLD FNFCS ,SPCLFFFRCNSK)
1F (CFFLD oGTe 1¢0) CALL MFLPPUIMXFF , FERAN XNITR, ISKNF,
TANF24XPAGY)EPSL ¢ XNRIRSYSEED JPCHPF)
60 70 1
99 WRITEC(S,?78)
9031 sTOP
£nd
SUBROUTINE PROPCBCUNTCT (XNFT  XPAVE)
CeeeoDOES COLLIMATED BEAM PROPAGATION OF COPPLEX ARRAY VU, WITH NTOT
ConoepESH POINTS. XNFT 1S TOTAL FRESNEL NURBER, XPAVE 15 NUMNGER OF
CooaePOINTS USED IN AVERAGING OF PROPAGATION KERNALLINOFINALLY UNETY),
LEVEL 2, V
BIPENSION WORK(1D3),MNEY)
OIWENSION U(NTOT)
COPPLEN U,FPTC
DATA PI/3,14159265%¢/
NN(1)=NTOT
INTOTONTOT
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;
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ANTOTENTOT /2
NPAVGSRPAVE
FACTS1,C/C16,50P 0 ANFT)
CALL FOURTCU NN, 1,01, ,40RK)
00 132 1=1,aT07
Rls]
FFTCoCRPLACC 00D 0)
00 120 J=1,nPAVE
K2in182e -1
RIISUANTOT=X 01 .5°R2JM1/2.,0/XPAVC
RASGS(XNTOT=ABS(NLI1))eeg
PSO=4,0eplee2exASG
ARGE=PSQeFALCT
ARGC=COS (ARG)
ARGS=SINCARG)
122 FFTCoFFTCOCMPLRCARGC ,~ARGS)
FFTCRFFTC/XPAVG
132 YCIdsuIdefFrTC
CALL FOURTIU AN, 1¢=1,7,WORK)
00 134 1=1,NT0T
134 UCI)syuCId/XNTOT
RETURN
(1.1
SUBROUTINE INTRPCU,UP LINL,LINU,0FST ,AROAS,XNTOR XPAG )
CoeaBESSEL FORMULA FOR INTERPOLATION BY WALVES, SCARBORO P 83 EQ VI,
LEVEL 2, UUP .
COMPLEX UCT1)UPCT) 4CINTICINT2,CINTS, VAL
ARG2ARS (XMAG)
RTIPAG=SQRT(ARG)
XNIOSCRLOATCLINL) SFLOATI(LIMUY ) /2.0
00 136 I=LIAL,LIMV
Xi=t
ARGE(NI=XNID=0FST )/XMAG *AROAS+XNID
TARG=ARG
RIARG=IARG
FRACTSARG-XIARG
VERACSFRACT-D,S
CINTISUCTARGe1)=U(LARG)
VALRCUCIARGIQUCIARG* 1)) /2,09CINTIeVFRAC
IFUXNTOR=2.G) 139,138,137
137 CINTISUCIARGH2) =3, 0¢UCIARGE1)¢3, DoyU(IARG)I=ULIARG>Y)
VALSYALOCINTS/6,00VFRACO(VERACH22-0,25)
138 CINT22CUCIARC*2I=UCIARG* 1) =ULIARG) *U(1ARE~1))22,C
VALSVALOCINT2/2,0°(VFRAC?+2=0,25)
139 UP (3)svAL
136 UP (I)sUP (1)/RTMAG
RETURN
[ 1Y ] ’ :
SUBROUTING PHSENCPHANPHCY NMIR NTOT W)
LEVEL 2, U
CONPLER UCNTOT) CYAR PHSE
PATA P3/3.,1415920633¢/
INTOTENTOT
ENNIRaNALR
ANIOBCRNTOTOE, D) /2,3
00 197 1ei,nT0T
i1=3




ARG o(NJ=NRID)/XNMIRePIOPNLY ¢,
YARG sPHAR «(COSCXARG )=1,0)
CYAR osCRPLX(C,0,YARG )
PHSE sCEXPICVYAR )
ULEdayt])ePNSE
117 CONTINUE
RETURN
L {Y ]
SUBROUTINE NFLPPCCU,MMINJNMAX ,PATI2,IPOSINCR,XNITR)
LEVEL 2, CU
DIMENSION GRAPNC(ICY)
COMPLEX CDENM,CARG
COMPLEX CLINMAX)
76 FCRPATCING)
77 FORPMAT(INT)
H 79 FORMAT(S4X,gNPOSITIONs13)
| 80 FORMATCION 43HGaC 32X, " XXX RELATIVE Je5 INTENSITY Xxx°,
131%, 301, 0D
EV FORPATCIOXN ¢3HGQ 932X “ XXX RELATIVE o5 AMPLITUDE xXX°,
131,381, D)
85 FORMATCIBX ,SHPL1/2433X,"%¢ RELATIVE OJsC PHASE *47,36X,5ueP1/2)
89 FORMATCOSX,9MNITERATION,14)
117 FORMAT(EO0X,101A1)
112 FORMATLIZIN,15,2X,109A10)
DATA P1/3.161562654/
| DATA BLANK/IH /oDOT/ 1N/ o X/ INX/,2EROZING/ (PLUS/ THe/
‘ NGRAPK=101
‘ ANGRMIENGRAPH=T
CownensapPRINT HEADING
WRITE(6,77)
ITERSXMLTR
WRITE(L,B9)ITER
; WRITE(6,76)
i WRITE(S,79)1P0S
' WRITE(6,76)
b ! IF(PAYIIZ oLie 1:0)60 TO 7
! WRITECE,80)
Go TO &
7 MRITE(S,81)
8 WRITE(S,76)
WRITE(E,85)
WRITECG,70)
00 10 I391,NGRAPM

} : 10 GRAPH(I)®BLANK

] 00 11 11 ,NGRAPH,1D
] 11 GRAPH(I)wDOT

4 WRITE(O ¢ 111)GRAPH

y o WRITECO,111IGRAPH

00 15 1=1,NGPAPH

15 CAAPN(L)®DOT
WRITEC(S,111)6RAPN
00 16 11 ,NGRAPH

16 GRAPH(I)=BLANK

CooeooeGET NORRALIZATION

mAN® )L
DO 32 JsNMIN,MPAN
PARGSCU(T)*CONIGLLU(SI))

1
{
1
1
}
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LT NI
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AR g A WY R R B BT

TPCRARG oGTNNAX)IXMAXSRARG

33 CONTINUE
XMARSSQRT(XNAX)
ICNTRE(NRINONRAND /2
PHSE SATANCAIPAGCCUCICNTRI ) /REALCCUCICNTRIY)
CARGSCRPLX (G S yPUSE) '
COENPEXNAXSCEXPLCARG)

CovesoeSET YP MAIN PLOT LOOP

00 200 ISNMIN,NMAX,INCR
GRAPHINGRAPH)=DOY
CARGSCULT) /COENN
PHSESATANCAIMAGICARG) /REAL(CARG))
AORISCARS(CARG)
TECPAILZ €Y, 1,0)A0RISAORTee2

ConconeePRINT AN X

JEAQRISXNGRMY ¢1,(
1FCJ +GTo NGRAPH) JSNGRAPN
GRAPH(J )=
KSANGRNT/72.U*PHSE/PIoXNGRNT+1,¢
IFCK oLTe 1) K=
IF(K 6T, NGRAPH) K=NGRAPH
GRAPH(K)I=PLUYS
GRAPH(1)=DpOT
WRITECG6,112)1,GRAPH
GRAPH(J ISHLANK
GRAPH(K)eBLANK

200 CONTINUE

00 211 1=1,NGRAPH

211 GRAPH(I)S=DOT

WRITECO,111)6RAPH
00 .212 I=1,NGRAPH

212 GRAPNH(I)=BLANK

00 213 I=1,NGRAPNH,1]

213 GRAPN(I)=0OY

WRITE(O,111)6GRAPH
WRITECOH,111)6GRAPH
RETURN

End

SUBROUTINE GAINM2(UZP,NTOT,NMIR,GLC,QDGLP,6NOFS)

CoresSMALL=SIGNAL GAIN IS GLC AT CENTER AND REDUCES OQUADRATICALLY TO

GLC*(1,0-QDGLP) AT EDGES(PROVIDED GNOFS=(.0)e IF GNOFS JNE. 0.0,
CENTER OF GUADRATIC GAIN PROFILE 1S SHIFTED BY THE FRACTION GNOFS
OF THE HALF=WIDTH OF MIRROR 2,

LEVEL 2, v2r

COMPLEX U2P(NTOT)

KNniReNnlQ

XNTOTENTOTY

ARIPe(ANTOT+1,03/260

LIRLe(NTOT=NRIR) /G 1

LIRUENTOT = TN ¢

00 2045 IsLimL, LIMV

16 Ca06LP .20, 0.0060 TO ?

AXMIOSXNID=GNOFSLANPIR/2.C)

Xie}

BREs((XLI=RXNID) /ANP IR 2)00?

CL=GLL*(1,0-0RE*Q06LP)

60 10 8
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? GLaGLC
S BETIsU2P (1) eCONIGCL2P(1))
1CNTe
BET4sgETY
1 SAVE=PETS
BETLRGLIRETI=J S*ALOGLRETYA/EETY)
BET4As(BETLOSAVE) /200
TEST=ADS(PETL=SAVE)
4 TEST MADE RELATIVE: ON 1=31-383
VESTSTEST/SAVE
IFCTEST=Co3uBL102042C,10
10 ICNT=ICNTeY
IFCICNT=S33)17,150,10C
17 TFCBETAI1LD,100,1
100 JCNT=q
RETA=BETY
' 1C1 SAVEspETS
: XARGE(GLOBETI=BETAL)*2,0
BET4ASBETI*EXP(XARG)
BETLs(BETLOSAVE) 2o
TEST=ABS(BET4=SAVE)
TESTSTEST/SAVE
IFCTEST=0,0U001)20,20,110
110 ICNT=ICNT 1
IFCICNT=50)1C1,18,18
18 WRITECE,83)GLBETY,BETA
q 83 FORMAT(IX,1SHPROBLEM IN BET4,5F1C,.5)
sSTOP
20 ARGSSQRT(RETS)
<065 U2P(1)=y2P (1) /7CABSCURP (1)) *ARG
RETURN
€ND
SUBROUTINE BQUALINTOT,NRIR,U)
; LEVEL 2, V
| CORPLEX UINTOT) (CARG
ANNIRENMIR
i LINLE(NTOT=NNIR) /241
LIMUSNTOT=L 1ML
CARGoCMPLX((eQ004D)
RARG=C .
RINTSS0,9
00 1C IsLIML,LINV
CARG=CARGOU(])
RARGERARG*CSORT(UCTI ) CONIGUC])))
XINTS = XINTS ¢ U(l)eCONJGCU(L))
. 10 CONTINUVE
! TVAALSCARGPCONIJGI(CARG) /RARG e
. WRITE(E,92)TVRAL
: 90 FORMATCIND6NTVEALS,F10.5)
; CARG=CARG/ XNMIR
t

o

NINTSSXINTS/XNMIR
TVvBaT = CARG * CONJGCCARG) /XINTS
‘ WR1TE(6,91)TvEQT
91 FORMAT(® TVEGTe",$19,5)
4 RETURN
‘ ({1
! SUBROUTING FRELDT CUNFLD oNTOT NMIREPSL I RNAG2,AT0A2,RNITR,

e
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VINRFE L FFRAN GCEPLO o FNFCS SPCLFFFRCMSY)
CotoeoTENPORARY CHANGES MAVE BECcN MADE ON Ci=12-81 1IN ORDER VO Vlll'
C"Oﬁﬁ’lﬂ’lilthh FROR ONE MALF OF FULL OUTPUT aPgERTURE,

:""'NYOYN 1S NALF OF NTOT,

ConeooNPIRN 1S NALF OF XNRIR,

¢

CoroasoYPPER LINITS OF SUMMATION CHANGED FRON NTOT TO NTOTH AT FR203?7 awd
CovowefR2J63s XNMIRN REPLACED XNNIR AT FR2.55.,FP2CSE,AND FR2IBY,
CeenenplLSO FAKTR AT FR2022¢1 AND FR2025 AND FR21CC

L)
144
11
112

1244

LEVEL 2, UNFLD

DINMENSION UNFLDINTOT)

OIMENSION IMXFF(200) FEMAXC200)
DIMENSION GRAPW(IQ1), FFICILY)
COMPLEX CPCN FIFCTLAFFARLBFFARAPCPYX ,
COMPLEX UNFLD j
COMPLEX CFCTINF ;
DATA PL/3,141592654/

FORRATCING)

FPORNATC(INY)

FORMAT(ZOX,121A10)

FORRATCIN, F10.5, &X, 13, 2X, 101A1)

DATA PI/3.,1415926536/

OATA BLANK/IN /4D0T/ N/ X/ 1NX/

NFFLD=10Y

ANMIRsNRIR

XNTOTENTOT

FACTRSXRBAG2/AT0A2
OFFSTOEPSLOXNRIR/ 2,00 CFACTR=1,0)/FACTR
XRID=(XNTOT*1,0)/2.0

R2=ANID=OFFST=ANRIR/2,0/FACTR
X3oXRID=OFFSTOXNRIR/2,0/7F5ACTR

NRDFF=(NFFLD*1)/2

FAKTR=29,0

TFCSPCLFF EQ. 1.0)FAKTR22,0/7(1,0=A10A2)

TFCSPCLEFF oEQs 2.0)FAKTR=1,0/FRCASK

TFCSPCLFF EQ. 2.C)FaCTR=1,CE1D

XCNTR = XANTOT/2.,0

IFCSPCLFF  oEQe 1.C)XCATREXCNTR=XNRIR/ &N (1.,0¢1.0/FACTR)
XNM] = XNMIR

XNMIRNSXNMIR/Z .0

JFCSPCLFF o6Te GoO)XNNI = XNPIRN

LiFRL=Y

LINPAY = NTOT

NTOTH=NTOT/2

IFCSPCLFF JEQe Te0)LIPPU = KTOTH

I¢ (SPCLFF JNE, 2.006C TO 777

RPIOLEANTOT/2:D = XNRIR/ 400 (1,L*A10A2)

IRGASK = XNMIR*FRCMSK/2,C

LimmLe XMIDL = IREMSK

LINRUa XNIDL ¢ 1RGMSK

ANNL = LIRPY = LINML o ?
VRITECO,BCIIRGMERLIRPL,LIMNPUHXKAR]E
FORMATC(336,F1001)

cConTInve

90 362 1s9,nFELD




RARGeI=KPOFF
TNETPoRARG/ 0. 00 FAKTR
ConconFAR=PIELD ANGLE IS5 IN UNITS OF LARBOA/WIDTN, WIDTH 135 GEOPETRIC-e
CoononOPTICS SIZIE OF ENITTED BEAM, ., Eo WIDTH OF LAST REFLECTINGecCeceee
Coraen(LARGER FOR CONFOCAL CASE) PIRROR TINES RAGNIFICATION INevweceotces
CooveaPROPAGATING PASTY OBSCURING PIRROR TO FOCUSING MIRROR(IF ANY)ooveee
ARGE=THETP . y*Pl/XNMLR
ARGSSSIN(ARG)
ARGC=COS (ARG)
CRCASCMPLRCARGC ARGS)
FEFCTaCNPLX(1.0,3.0)
AFFAR sCRPLXCCe0,040)
BFFAN sCRPLXCQeC00e0)
00 350 JELIMML,LIMMY
X4=y
XJ=xd=0,5%
CFCTRF = CPPLX(YeUyed)
IFCENFCS +EQs D.0)60 70 332
ARGPH = ((XCNTR=XJ)/XNNIR*2,0)e02ePIoFNFCS
ARGCF = COSCARGPN)
ARGSF = SINCARGPH) i
CECTRF = CMPLXCARGCF*ARGSF)
302 FFECTSFEFCTACFCN
FCTR={ 0
TF(XJI=XE*1.0)32G,320,310
311 FCTRaXJ*1,0-x2
60 10 318
312 TFIXJ=X303.C)313,3%4,3%4
313 PFCTYR=1.L
60 TO 318
316 1F(X9-23)315,320,320
31S FcTReX3=xJ
320 CONTINUE
318 BFFANM sEFFAN SFFFCYSUNFLOCJ)*FCTR » CFCTRF
AFFAN sAFFAR SFFFCTAUNFLDC))*CFCTRF
350 CONTINUE
AFFANSAFFAN/XNN]
BFFANSBEFAM/IXNMN]
AMCPRSAFFAR~BFFANM
FEICI)®REALCARCPX) 0020 IMAGLANCPX) *e2
360 CONTINUE
CoeossCALCULATE AVERAGE NEARSFIELD POUER .2vetctacnnescansetodatedadaetde
ASGNF=0,.0
asanf=Q,9
00 352 JsLIMML,LINMY
XARGSREAL CUNFLD(J) ) ooZeAIMAGCUNFLD ) )02
xJsg
Rjang=0.5
TFCXJ=N29143)330,33Co386
326 1FC¢RJI=N2)321,321,322
321 FcTRexIe 1 Q=x2
6o 10 3:8
322 1P CXI=R321.0L0323,326,324
323 FCTR=1,D
60 T0 328
326 TF(XJ=R3)325,33C,330
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372

CovesaGET NORMALIZATION

30

388

CreawesaPRINT MEADING

79
78

i 10
3 1

15

16

CeeerneSET UP ™AIN PLOT LOOP

- GRAPHINGRAPH)=DOT

FCTR=X3=NY
BSONFERSONFOXARGEFCTR
CONTINUE

ASONFEASQNFOXARG

CONTINUE

PAVNFSASGNF=RSQNF
PAVNFSPAYNF /XNN]
PAVNFSPAYNF/(1.0=143/7FACTR)
DENSPAVNF*(1,0=1.0/FACTR) 002
00 370 l=1,nfFLO
FFICI)SFFLICI)/DEN

CONTINUE

ITEREXNITR

XMAX = Q.0

IMXFFCITER) = 1

00 30 1 = 1, NFFLD

IFCFFICLI) oGTe XMAX) IMXFF(ITER) = ]
TFCPFICLI) 4GY¥e XMAX) XMAX = FFI(I)
CONTINVE

FFPANCITER) = amax

TFCCPFLD oGTe 2.0) GO TO 392
FFINTsSC,C

DO 328 I=1,NFFLD
FFINTSFFINTOFFI(])
FEINTSFFINT/10,0°FAKTR
FEINT=FEINT*(V1,0=1,C/FACTR)
NGRAPH=101

XNGAMI=NGRAPH=1

WRITE(6,?T7)
WRITECG,79)1ITER
FORMATCO3X, “ITERATION,I4)
WRITECH,78)

FORMAT( 60Xy “FARFIELD INTENSITY?)
MRITECE,78)

00 10 I=1,NGRAPH
GRAPH(]I)=BLANK

00 11 I=1 ,NGRAPH,10
GRAPH(I)=DOT
WRITECG111)GRAPH

WRITEC(O ,111)GRAPH

DO 15 1=V ,NGRAPH
GRAPN(I)=DOT
WRITECO,111)GRAPH

00 16 1=t ,NGRAPH
GRAPH(I)ISELANK

00 20G 1 = 1, NFFLD
GRAPH(1)=DOT

K s FPIC1)/ZRPAX » KNGRFT1 o 1,{
1F(R oLTe 1) K=
IF(K «GTe NGRAPH) KENGRAPH
GRAPHI(K) = 2
WRITE(S,112) FPFIC(1), 1, GRAPN
GAAPMIK)®BLANK




T ——

r— e e

203
219

212
213

3

390
39

CONTINVE

86 211 ist,nGRaPw

GRAPN(]1)=DOT

WRITE(S,111)6RAPH

20 212 1s1,uGRAPN

GRAPNL]IISBLANK

90 293 1Isi NGRAPN,10

GRAPN(]I)=DOT

HRITECO,Y11)GRAPH

WRITECO,111I6RAPH

WRITECG,391)PAVNF

'o.ﬂ"(’l."‘v“"‘.i's.s’ .
WRITECO39CIFFINTY

FORMATCIX , “FPINT= E15,5)-

CONTINVUE

RETURN

End

SUBROUTINE RELPPUIPXFFoFFRAX XPITR, ISKNE,

TXNF2 JXRAGT JEPSL XNMIR,YSEED PLCHNE)

OIMENSION IRXFF(2C0),FFRMAX(200)

DIMENSION GRAPH(IOY)

DATA BLANK/IN Z7,00T7 0ol o X/ INREZZEROIINLY ZPLUS/INS/
FORMATE®  MODE~FORMATION FAR=FIELD RESULTS.”)

FORMATCIN )

FORMAT(INT)

FORMATC”  XNF2= 14T I XRAGs “eF10.5,° EPSLE=

1F10.%,° XNMiRs “oF10:1,° YSEED= *eF2C.0)

iC.

14

13

FORMATCIOX 4 3HC . 0e37K,y XXX 1p/10 ANN 437X e3N0,0)
'0'!!7(18!.6“°5.0.37l.'000 THETA 000'.3?!.3“5.0)
FORMATC(219,5F10.5)

FORNAT(” ITERATION IMXFF FFRAX(I)®)

FORMAT(2CX,10141)

FORMATCISX 13,2X,101A1)

ITER = XMITR
WRITECS,77)
MRITECH,75)
WRITELS,70)
WRITECS,86)
WRITECE,78)

90 160 1=1,1ITER
MRITECO,85)1,2mXFFLL),FEMAXC(T)
CONTINUE
WRITECO,7T)
WRITECS,79) XNF2,XMAGT EPSL ¢XNKIR,YSEED
WRITE(6,76)
WRITECH,80)
WRITECS,78)
NGRAPH=1CY
ENGRAISHEGRAPH-1

90 10 121 ,NGRAPH
GRAPHLI)ISBLANK

86 11 1ot ,N6RAPN,10
GRAPN(I)®DOT
dRITECO,11VI6RAPH
RiTECo,,11108RAPH
00 15 1=1,NGRAPH
GRAPHCL) = 50T




e o At e e 5 S i e NN
et e e -

WRITEC(E,111)GRAPN
DO 186 181 ,NGRAPH
15 GRAPH(2)SBLANK
90 293¢ 1s1,1T¢en
GRAPH(Y)=pOY
GRAPHCNGRAPH)SDOT
4 = INXFFCY)
TFC¢J «GTo NGRAPM) J = NGRAPHM
GRAPN LI ) =PLUS
K = FERANCI)OXNGRMY ¢,
IFCK oLT 1) x = 1
IFCK oGTe NGRAPH) K ¥ NGRAPH
GRAPH(K)®x
WRITEC(6,112)1,GRAPH
GRAPH(J)=BLANK p
GRAPH(K)=ELANK
IFCISKMF JEGs 0) GO TO 235§
00 19C IS®1,1SkMF
19C WRITE(S,76)
230 CONTINUE
50 211 I=1,NGRAPH
211 GRAPK(1)=3DOT
WRITECE,111)GRAPH
DO 212 1=1,NGRAPH
! 212 GRAPH(I)=BLANK
00 213 Is1,NGRAPH,10
213 GRAPN(I)=DOT
WRITEC(O,111IGRAPN
WRITELO,VT11)GRAPH
WRITE(S,76)
WKITE(6,81)
. 1FCPCHNF oLE. 0.2)G0 TO 274 )
WRITECY,61C)XMITRIXNF24XMAGT)EPSLoXNMIR,YSEED
417 FORPATIS(F160057),F14,.5)
DG 320 Is1,ITER
i RCOUNT s ]
AMXFF = IMXFF(I)
WRITECY ,4COIRCOUNT RPXEFF,FFRAXC])
400 FORMAT(3IFI10,S5)

WHERE IV AND J1 RUN FROM 1 TC NNC1), AND
32 AND J2 RUN FRO™ 1 TO NNCD), ETC,
AND

EORRa J2a

at 5 EXPCISTIONOIaPIeSQRT(=1)/NNCY)) o ETC,

i 3J0 CONTINUE i
{ 214 RETURN
: END
¥ SUBROUTINE FOURT(DATA NN NOIM,ISIGN,IFORM,WCRK)
‘ ¥ LEVEL 2, DATA
‘ 4 DESCRIPTION
¢ FOURT PERFORMS AN N=DIMENSIONAL FAST FOURIER TRANSFOR®™ ON AN
: ¢ NeDIMENSIONAL ARRAY OF COMPLELX DATA. THE TRANSFEORM PERFOPNED
. ¢ MAY BE EXPRESSED AS FOLLCWS -«
.
5 ¢ TRANSFORMCIV 00000 )SUMIDATALLIY 22 00e)okl0e((It=1)els121))
3 ¢ swcee((12=1)0C 221))
b 4 LIYYY)
4
* ¢
‘ ¢
¢
{ ¢

TR

107




—— A .S, -

O OO OOANTOO OO OO OO OO OO AN MO MNN

FOR ONE DIMENSION, TME TRANSFORM 15 PRECISELY
TRANSEGRM(JT) = SUMCDATACI ) oulee((11=1)e(J1=1)))

FOURT 15 FASTEST wHEN TME MUMBER OF DATA VALUES IN EACH

DIMENSION IS A MIGHLY COMPOSITE (FACTORALLE) NUMBER,
INPUT

GIVEN AN N=DIMENSIONAL CCMPLEX ARRAY OF DATA

UATA == COMPLEX ARRAY IN WHICH THE DATA TO BE TRANSFORMED
1S PLACEDs UPON RETURN TO CALLING PRCGRAM DATA
CONTAINS THE TRANSFORM VALUES,

NN = INTEGER ARRAY GIVING THE (POSITIVE) NUMBER OF POINTS,
OR VALUES, IN EACH DIMENSION, RESPECTIVELY,

NOIM = NUMBER OF DIMENSIONS (INTEGER) NOIM,GE.1

ISIGN = INTEGER GIVING DIRECTION OF TRANSFORM TO BE DONE.
= =1 IMPLIES FORWAKD
= 41 IMPLIES BACKWARD

IFORM = INTEGER PARAMETER DESCRIBING THE FORM OF THE DATA,
= | IMPLIES THZ DATA IS COMPLEX (NON=TRIVIALLY).
= § IMPLIES THE DATA IS ACTUALLY REALe leEey THE

IMAGINARY PART OF EACH COMPLEX ELEMENT OF DATA
1S ZERO, FOURT 1S SIGNIFICANTLY FASTER WHEN
1FORM=(,

WORK = COMPLEX WORK ARRAY, WORK MUST BE DIMENSIONED AS
LARGE AS THE. LARGEST DIMENSICN OF DATA WHICH 1S NOT
A POWER OF TwO. IF ALL DIMENSIONS OF DATA ARE
POWERS OF TWO THEN WORK IS A DUMMY ARGUMENT,

ouTPUTY

TRANSFORMED VALUES OF DATA AKRAY.IF COMBINED FORWARD AND

BACKWARD TRANSFORMS ARE MADE IN SEQUENCE,THE VALUES IN

THE DATA ARRAY ARE THE ORIGINAL VALUES MULTIPLIED BY

NNCI)enNNC2)e o , o NNCNDLIM)

REMARKS
CONTROL DATA 6603 VERSION

CONSULT REFERENCE IN MAKING CHOICES OF TRANSFORMED VARIABLES
OR FREGQUENCIES IN DOING CALCLLATIONS IN THE TRANSFORMED
PLANE
REFERENCE
THREE FORTRAN PROGRAMS TMHAT PERFORM THE
COQLEY=TUKEY FOURIER TRANSFORM
Ne M, JORENNER
Me Io Toe LINCOLN LABORATGRIES
TECHNICAL NOTE 1967<2
2% JuLy 1967
AD 657519
SUBROUTINE FOURTU(DATANN¢NDIM ISIGNoIFORYMORK)
DIPENSION DATACI) yNNCE)GIFACT(32),WORK ()
TWOPI = 6,28218530717659
RINLF = 0,7,710678Y18655
NT0Ts2
DO ¢ IDIMSI ,NDIM
NTOTeNTOTenn(1DIM)
NPiIs?
DO 91C 101IP=Y ,NDIN
NeNh(IDIM)
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'quaqﬁﬁm’

r{y

3J

3
32

53
51

690
¢

NP2BNP1eN
IFCNecQe1)60 TO 950
YsN

NTwOsNPY

1fs9

103vs?

1QUQTsM/ DLV
IREM=N=IDIVeIQUOT
TFCIQUOT=IDIV)ISI,11,11

1 IFUIREMI2C, 12,20
¢ NTHNORNTROSNTWO

IFACTCIF)=]ID]YV
IFalFe1

»s1QuoT

6070 10

101ve}

INONZ=1F
1QUOTsM/IDIYV
IREM=M=IDIVeIQUOT
l'(IQUOT'IDXV)6°.I'|31
IFCIREMIL0,32,40
IFACT(IF)=101Y
IF=]Fe

“z1QUOT

60T0 30

101v=1ID]IVe2

GOTQ 39

INONZ=LF
IFCIREMIB0,51,60
NTWOENTWwOSNTHO

GoT0 70

IFACT(IF) =M
NON2PENP2/NTHWO
ICASE=1

IFMIN=1

T1RNGsNP1
IFCIDIM=4)74,100,170
IFCIFORMIZT, 71,170
ICASE=2
LIRNG=NPC e (1oNPREV/2)
IFCIDIM=1)72,72,100
ICASE=Y

T1RNGaNPY
l'(hTUO-NP1,1QO'1U°.7:
ICASE=S

1FMIN=2

NTWOsNTWO/2

NaN/2

NP23NP2/2
NTOTsNTCT/2

1s9

8G 8¢ J!i.NTO?
DATACJI)I=DATAL(])
I=1e2
TFINON2P=1)121,101,200
NP2HFSNPR/2

Jeod
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. S et B e n.

121

125

141

263

r &)
32
3.5

b3 L

00 1Su ISV NP2, NPY
TFCI=12)051,130,13¢
TINAXBT2oNPI=2

D6 128 19s1.,11MAN,:
0G 125 1I3sI1,NTOT,NP2
Jinge ey,
TEMPRSDATA(IS)
TEMPISDATA(I 1)
DATACI3)=DATA(YSI)
DATA(I3e1)=2DATA(I3+Y)
DATACI3)=TENPR
DATACIZ*V)sTENP]
MaNP2HF
1FCI=MII5L,150u, 141
Jsj-p

MaM/2

IF(M=NPTIDI5L, 140,140
Jujop

6070 30y

NMORK=2eN

D0 272 11=1,NP1,2

00 272 I3=11,NTOT, NP2
J=13

DO 60 I=1,NWORK,¢
IFCICASE=~3)c10,225,21C
JORK(I)=DATACY)
WORK(141)=DATACI*T)
GOTO 240
WORK(I)=DATACJ)
WORK(I+1)=22,0

1FPEZENP2

IFSIFNIN
IFPI=1FP2/1FACT(IF)
IsjelFP1
IFCI=I3=1FP2)260L 255,255
Jaj=1FP2

1FPZ=]FPY

IFalFe
IFCIFP2-NP1)26%,200,25C
CONTINUVE
I2PAXSIIONPc~NPY

1=1

00 270 12=13,12MAX NP1
DATACI2)=WwORK(])
DATACJ241)=wORK(Ie¢1)
I1s]e2
SFINTWO=NP1)6.0,600,2(5
NPITUEAPTenpPY
IPARENTWO/NPY
IFCIPAR=2)257,332,2:4C

' IPARSIPAR/G

GOT0 313

00 340 I181,11RNG,2

00 34U KISII NTOT,NPITH
x2egtenprt
TEPPR=DATA(K2)
TEPPISDATA(K2*Y)




DATAIKZ)I®DATA(KY)=TENPR
DATA(KZ*T)=pATA(K I )=T NP
DATACKIISDATA(KI)OTEPR
DATA(L Y1) upBATA(KY@Y)eTENP]
wpAXSNPY

TP MPARSNTWC/ED37G,650,609
LPAXSMAXC (NPT TW,"NAX/L)

DO STu LeNPI,LMAXGNPITY

wsy

SFUMMANNPY &L 4 420,350
THETAR=TUWOPI*FLOAT(L) /FLOAT(LoenMpAX)
TFCISIGNY&CIG 3924390
THETA==THETA

WRECOSCTHETA)

WISSINCTHETA)

NeR®WReyRoyloy]

W2ls2.0euR*N]
WIRsW2ReWR=W2I*N]
W3IsW2Rowlew2Ioun

00 S3C IV=1,11RNG,2
KMIN®]1TOIPAR®N
TF(MmAX=NP1)43C,430,440
KMIN=]Y

KDIFSIPARTPNAX

KSTEP=LeKOLF
TF(XSTEP=NTW0)460,4060,530

DO S20U KI=KMINATOT KSTEP
K2sKkVexDIF

K3=K24KDIF

Kb=KIexDIF
1F(MMAX=NP1)4T0,470,480
UIRSDATACKI)*DATA(K2)
VIISDATAIKI®T)ODATA(KZY)
U2R=DATACKI)*DATA(KSG)
U212DATA(KI*1)ODATA(KG*Y)
USREDATACKI)=DATA(KZ)
USI=DATA(KT*1)DATA(K2T)
TFCISIGNILTY 472,472
UARSDATA(KZ*1)~DATA(KG*Y)
USISDATA(KA)=DATA(KS)

GCTO0 S1¢
UAPEDATAIKL*1)=DATA(KIY)
U41sDATA(KI)=DATA(KS)

G0TO S51C
T2ReW2ReDATAIK2)=u21eDATA(KSSY)
T2IBUIRODATAIKRZO 1) 0w *0ATA(K)
TIR2WRODATA(KI )=l opATA(KI®Y)
TIIouRODATA(KI®1)ogleoDATA(KS)
ToRsuSReDATA(KL) =3 epATA(KRA®Y)
ToIsUIRSDATAIKL*TIouT10DATALKS)
UIRSDATA(KI)OT2R
UILeDATA(KIe9)0T2]
USPsTINeTAR

ValeT3le741]

USRaDATAC(KYI)=T2R
USIesDATACIRT*1)=T2;
IFCLSICNDAD ,9575,5%5




|
}
\
|
|
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\

520

533

S40
559

560

570

6ul
ea1

610

61t
612

613
614

UbAsY3]=T4]

U4 1eToR=T IR

6070 510

ULRsT4I-T]]
UeInT3IR=TéR
DATAIKY)sUIRSY2R
DATALKTI*1)ey11 042
DATAIKZ)ISUIROULR
DATALKZ R )=US1oUAL
PATALK Y )suIR=y 2R
DATA(K3I*V)syY1=y2}
PATALKA)OYSR=ULR
DATA(KSGe1)=uSLl=ysl
KDI1FeKSTEP
KRINsLe(RNIN=11)211
GOoTo 45y

CONTINUE

naneLnAX
TFin-NMAX)S54D,540,570
1FC13IGNIS50,56C,560
TEMPReUR
WRE(WReW]I)eRTHLF
WIs(ul-TENPR)*RTNLF
6070 410

TENPR=NR
URS(UR=WI)IORTHLF
VISCTEMPROUWL I *RTHLF
6070 410

CONTINUE

IPARS3=1PAR
MNAXSHMAXSNRAX

60T0 36
IF(NON2P=1)T0L,7CC,601
IFPYaNTWO

I¢6sINON2
IFP2sIFACTCLIF)IFPY
THETA®=TUWOPLI/FLOATC(IFACT(IF))
TFCI816NY612,601,611
THETA=THETA
WSTPR2COSCTHETA)
NSTPI=SINCTHETA)

00 6350 J1s1,1FP1,NPY
THETNS=TYQPLeFLOATCIT=1)/FLOATCIFPD)
IFCISIGN) 014,613,013
THETPE«TNETN
WRINRSCOS(THETH)
URINESSINCTHETN)
LInARS) (o] TRNG=2

00 65C 31229,11mMAN,2
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LR ALY

uisuming
dimARsliefFPR=1FPY

90 040 J2013,J2RAR,1PPY
Tubuftsynoyn
d3rAReEenPR=1TP2




BO 6335 J3mY2,430ANR,18P2
drInel=y2el)
JEIRINCLIFP2=TFPY
SRepATACY)
SIsDATA(S+Y)
; oLOSReD,T
oLDSIst,.0
t e iid]
: 629 STmPResA
: STHpI=s]
SAETWOMRSSR=OLDSRDATALY)
i SISTHOWR*SI=0LOST*DATAL 1)
- OLOSRaSTRPR
Lo oLbSIaSTRP]
) Iu)=2FpPY
i 16C0I=dPINI621,651,62C
; 621 WORAKCL)SWReSR=uI2SI=CLOSR+DATACY)
: WORKCI®1)awleSRenReSI=CLDOSI®DATACI+Y)
632 Ismle?
WTEMPEWROWSTP]
WREUReUSTPR~W] #WSTPL h
640 WISuI*WSTPROWTENP
1s1
' 00 650 J2=I3,J2MAK,1FP1
: JIMANRJI2ONPL=1FP2
00 650 J¥=J2,43MAK,1FP2
DATACIS)=sywORK(S)
DATACIS¢1)suORK(I+Y)
1Fslfe
650 Isle2
) 1¢ePIslFP2
[ [rC1FPl=NpP2)810,700,70C
R 7G93 6OT0(90C,8C0,9CC+7C1),1CASE
7)1 NMALFsN
; NsNeN ]
£ THETAS=TWOPI/FLOATND
¢ LFCISIGNITO3,702,1732
. Tu2 THETAS=THETA
7.3 wSTPASCOS(THETA)
WSTPISSINCTHETA)
HRsySTPR
wiswsSTPL
INIned
JMINm2eNNALE~Y
s0TC 725
710 Jsimnln
00 720 1oLMIN,NTOT NP,
X SUNRTCBATACI)BATACI) I/ ed
SUPIECBATALLIO1)oBATALIO NI /5 we
{ PI7Re(PATALII=BATALIIIV20d
- DIPI0LOATALLI* VY =BATALI® )20
] 1 TEMPReR*SUP ToNL R 1IN
TEPLsulesuNIouReplrn
DATACS IoSuPROTENS)
1 DATA(S99)001F50TENP]
0ATACS)SSUPR=TINPY
l DATECIoT )T o T ?P]

e
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728
732
731
38
%)

%5

739
?55

?¢5
mn

778

750

800
805

812
s2¢
830

86?
333

%)

Jsjenp?

InINeIrENeG?

ININSIR]IN=2
WTENP AR 4STP]
WRTRRONSTPR=U] eySTP]
WisulewSTPROUTENP
TFCIMINSININIPIG, 730,740
TFCISIGNITIN,740,74¢

DO 735 1ISININ,NTOT NP2
OATA(I¢1)==DATA(L*Y)
NP2=NP24NP2
4TOTSNTOTONTOY

JENTOT Y

IMAXSNTOT /204
ININSIMAX=2oNNALF
IsININ

GO0TO0 755
DATACI)I®DATALY)
DATA(JI*1)s=DATA(I+Y)
1e1e2

Ing=2
1FCE=1MAX)?5C,760,760
DATACIISDATACIMINI=DATA(ININGY)
DATA(J*1)=3,C
IFCEI=d)77Q,780,780
DATACJI)ISDATAC])
DATACI®1)3DATA(]L*Y)
1=1=2

isg=2
lF(l'lHlN)??S.??S.?GS
OATA(JISODATACIMINISDATACININGY)
DATA(J*1)s(,0

IMANSIWIN

GOTO0 745
DATACI)=pATAC(1)*DATA(2)
DATA(Z)=0,.0

60T0 96T
IFCIIRNG=NP1)80S,900,900
00 360 13s1,NTOT NP2
I2NARS]3ONP2=NP

DO 8¢ 12313,12MAxX,NPY
IMIN®12¢3IRNG
IRAXSI20NP 12
JRAXBZOLIoNPI=INLN
1FC32-13)82000820,81¢
INAREIMAR GNP
IFCI0Im=2)25C,080,830
IBJMANONP

D0 240 I=IMIN,IMAX,2
PATAC(I)=DATALY)

‘DATACI*1)8=pATAC oY)

8=

ndmax

DO 80C ISIPINIRAR NP,
DATACI)SRATALY)
DATA(}01)a=pATALIY)
Jsdenpl




115

NPIsNP2

900 weQsupl

918 nPREVSN

920 RETUAN
END
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LIST OF SYMBOLS
a active media dimension
a, feadback mirror hslf dimension
® magnetic induction vector
c speed of light in vacuum
1) electric displscement vector
a laser aperture output dimension
E electric field vector
1 F resonator waist scale parameter
F* scaled resonator focus distance
| fluorescence
Feq equivalent Fresnel number
I £ parabola focal length
b feedback mirror focal length
h ‘ , f, primary mirror focal length
! _ g 8, 8, resonstor "g" parameters
{ 8, > 82 statistical weights
g(v) normalized absorption lineshape
i magnetic field vector
b { nu Hermite polynomial of order m
:. BR. Hermite polynomial of order &

K Ruygens kernel

k propagation nusber

{
i
t 1,1, 1,1 {ntensity
i
{

[ e T T S




LIST OF SYMBOLS (Continued)

L resonator mirror separation
active media gain length
M resonator magnification
m mesh point size
m, feedback mirror (unless otherwise stated)
m, primary mirror (unless otherwise stated)
NT tube Fresnel number
N, lower laser level population
' N, upper laser level population
n Anan'ev round trip number
n” diffraction limited round trip number
! P Fourier spatial frequency component in x coordinate
q Fourier spatial frequency component in y coordinate
R, feedback mirror radius of curvature
R, primary mirror radius of curvature
| S resonator geometric outcoupling
Tx Fourier transform in x coordinate
Tx,y inverse Fourier transform in x and y coordinates
tspont spontaneous emission lifetime
' U° lowest loss eigenfunction
1 Un’ Un. Umz resonator eigenfunction
‘ "o beam waist of symmetric confocal resonator
W beam waist of a stable resonator
{ 20 laser beam dimension
: | Yo 8, small signal gain
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LIST OF SYMBOLS (Continued)

saturable gain

Kronecker delta

electric permittivity

index of refraction

round trip angular radiation distribution
lowest loss eigenvalue
complex eigenvalue
wavelength of light

magnetic permeability

photon frequency

time after threshold

complex amplitude

transformed complex amplitude

radial frequency
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