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This is the final report covering work performed
for the Naval Surface Weapons Center under contract
N60921-75-C-0007. The purpose of the contract was to
analyze simplified propagation codes and recommand

improved models for characte?izing the propagation of high

energy CW laser beams. The work was performed under the
direction of Mr. Larry Jobson of NSWC.

This report documents the work performed during
the period January-March 1975. 1I. also provides a review
of the earlier work (July 1974-January 1978). The earlier
work was described in detail in interim reports SAI-74-587-
WA (October 1974) and SAI-74-622-WA {January 1975).

The authors wish to express their appreciation to
Dr. Tom Tuer of the SAI Ann Arbor office for his develop-
ment of the multi-line absorption coefficients., We alse

thank Mrs. T. Peckham tor implementing the numerous code
modifications.
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Section 1
INVROBUCTION

In support of the Systems Aralysis Team of the
Naval Surfsce Keapons Center, Scisnce Applications, Imc.
(SA1), perfuormed a series of tasks designed to develop

@ bettnr understanding of the modeling alternatives

available to laser yystems analysts and to assist in the
continua) improvement of the WOL Engeugemant Cude {NOLECL).
Ewmphasis was placed on the resolution o¢f propagation
issues of {aterest to systems analysts. The tasks
involved quantitative comparison of simplified REL
propagation codes uted by DOD analysts, clarvilication of
the beam quality problem, development of heam distoriion
and displacement models, development of a simplified

'optica! tratn model, and expansion and improvement of

the AFWt COMBO code.

The work wae divided into six tasks., The first
four tasks are reviewed in this rveport {Section &), but
are covereg move extensively in interiwm reports [Re’erventes
1 and 2):

First Interim Raport - July-Seatember 1974,

SAT-74-587-WA, October 1974 {Pefercnce 1)

Task 1. Quantitative Comparison of
SimpYified Propagation Code=x

Task 3. Beam Quality Nudeling.

Second Interim Renort - September 107§-
January i§f§r_§hf?7a-§?§-wh. January 1975
TRefevence 2)

Task 2. DRean Shape and Displacement
Due to Thermal Lensing.

Task 4. Effect of Truncation and
Obscuration on the Far-Field Beaw Profile.
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Task 5 reguirced the developwent of a simplified
optical irain model!. This work {s described in Section 2
of this report. Task 6 involved wodification and extension
0f the AFNL COMBO code and included ihe iacorporation of
models developed in the earlier tasks., The new version
of the code was named SAICOM, Section 3 describes the
modifications and provides a user's guide to SAICON,
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Section 2
A SIMPLIFIED OPTICAL TRAIN MODEL

When performing lacer application studies, the
system analyst all too freguently assumes that the
characteristics of the beam leaving the transmitting

optic are the same as the characteristics of the beam
leaving the laser cevice without regard for any changes
induced by the optical elements and/or components required
to get the beam from the laser device to the transmitting
optic, i.e., the optical train. It is kiown, however,
that significant changes to the characteristics of the
beam do occur as it propagates through the optical train
(see for example References 3 and 4). The finite absorp-
tivity of the high power mirrors, clipping and blockage

of a portion of the high power beam, and diffraction
effects all reduce the available powrr in the beam at the
transmitting optic. In addition the optical quality of
the beam is affected by nearly every component or element
through changes in the phase and amplitude distribution of
the beam. Therefore, if realistic estimates of the per-
formance of candidate laser systems are to be obtained
during these application studies, it is important to include
the effect of the opt 'cal train on the characteristics of
the laser beam.

An accurate assessment of the impact of the ptical
train is a tedious and difficult calculation requiring a
wave optics approach and sophisticated analytical tools for
modeling each of the eiements in the optical train. Obviously
these are not very practical for use in systems analysis

2-1
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application studies in which a large parameter space must
be investigated., Therefore, if the effect of the optical
train is to be included in such analyses, the development
of simple but reasonably accurate models is required.

One such model has been developed by the AFWL
(Reference 5) which is used in their simpiified propagation
code (COMBO). However, its use is somewhat restrictive in
that most of the compdnent effects are left for the user
to specify. PFrescriptions for scaling these effects in
terms of system parameters are not given. In addition, the
impact of the optical train on the beam quality is assessed
in terms of peak intensity reduction. Based on work under
this contract, it is felt that an assessment in terms of
the far-field power distribution provides a better charac-
terization of the beam quality (see Reference 1 and Sec-
tion 4.3 of this report).

We have developed a more comprehensive "simplified"
optical train model which can be used to estimate the
degradation in system performance caused by the optical
components required to direct the beam from the laser
device to the transmitting optic (i.e., aerodynamic window,
mirrors, beam expander, etc.). The intent of the model is
not to provide detailed engineering design data but rather
to provide the systems analyst with a rapid assessment
capability which will allow him to perform more realistic
systems analyses of candidate HEL systems. Hence, emphasis
is placed on formulating simple but reasonably accurate
models fowr the various facters influencing the perfecrmance
of the laser system. The approach is similar to that taken
by the AFWL in their simplified model but with new addi-
tions and modifications to make the model more flexible.

The model has been implemented in a subroutine called OPTRAIN

and is included in the SAICOM code as described in Secticn 3
below.
2-2
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2.1 MODEL FORMULATION

Conceptually, the optical train may be viewed as a
"black box" located between the laser device and the trans-
mitting optic. Yhe input to the box is the output beam
from the laser. The model operates on this beam according
to the number and type of elements in the train, and its
output, in the form of certain performgnce parameters,
provides the input to an atmospheric propagation model.
The performance parameters are: (1) the power available
at the transmitting optic, (2) beam quality, (3) beam
divergence, and (4) beam jitter. 1In addition, the actual
diameter of the beam at the exit aperture is computed for
use in the propagation model.

The essential features of the model are illustrated
in Figure 2.1. The optical elements and components include
(1) an aerodynamic window, (2) a beam clipper, (3) several
high power mirrors, (4) a beam expander, (5) an exit aper-
ture, and (6) a focusing element for transmitting the beam
to the target plane. In most practical cases the beam
expander and focusing element are combined into a single
telescope. However, it is convenient for the present anal-
ysis to separate them into an ideal beam expander which
simply expands the beam and a separate element which applies
the curvature to the beam phase front for focusing purposes.

2.1.1 Input Beam

Although it is not an optical element or component,
the input beam is necessarily an integral part of the model
since it has strong influence on the behavior of the "est
of the cptical train. In order to simplify the analysis
of i1ane components in the optical train, it is assumed that
the beam from the laser is. circular. However, because of

2-3
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the widespread use of unstable resonator configurations to
extract power from high power devices, the possibility of
-% central obscuration in ‘the input beam is incorporated
into the model. 1he inner and outer diameters of the input
beam are eDB and DB respectively. An tnobscured input beam
profile can be realized by defirning ¢ = 0. Other parameters
required to specify the input beam are (1) the power in the
beam, P, (2) the pulse length; at, (3) the curvature of
the phase front, RL' and the beam jitter, O .

In order to evaluate the effect the beam has on the
high power mirrors in the optical train, it is also nec-
essary to characterize the intensity profile entering the
optical train. This is achieved by specifying both the
magnitude and scale size of the intensity fluctuations,
the magnitude being specified as a fraction of the average
intensity (AI/Iave) and the scale size as a fraction of
. .the beam diameter (QI/DB). Thus the input beam profile
may be visualized as having a uniform intensity Iave with
fluctuations Al superimposed upon this level.

The optical quality of the input beam is specified
by a wavelength scaling factor, n - Unfortunately, this
definition of beam quality does not allow one to easily
incorporate the other beam quality degrading factors induced
by the various eiements of the optical train. Therefore
this parameter is converted by the model into an equivalent
root-mean-square phase distortion, oy -

Two alternative approaches for this conversion were
investigated for use in the model. The first approach is
to define the equivalent phase distortion 50 as tn match
the reduction in the peak intensity, IP. According to the
analysis presented in Reference 6, the peak intensity reduc-

tion is (for a gaussian beam containing small scale random
phase variations)

: i
i Aottt i i i bl s el ;
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where lg is the ideal on-axis fntensity. Accordidg to the
wavelength scaling definition of beam quality

}5.

3 |=
™ N

so that

O-L :m . f.," : (1)

It should be noted that this approach is equivalent to the
power scaling definition of beam quality and is also the
approach taken by the AFWL in their optical system model
(Reference 5).

The second approach investigated was to define the
equivalent phase distortion to match the power in the
"bucket" (RA/D = 1) predicted by wavelength scaling. This
is given by (Reference 1):

P(RA/D) = P (1 - exp(-w2/2nl_2)}.

Again, following the analysis of Reference 4, the power in
the bucket for a non-diffraction-limited gaussion beam is
given by

P(RA/D) = Po exp(-cf) {1 - exp (-WZ/Z)}

assuming ¢11 of the quality degradation can be characterized
as a scattering loss. Equating these expressions and solving

for oL yields,

2-6

i e

g
i

Jealir

55 ke ottt s 08

AT A




oy :s»-m.‘_ﬁ.,-\.-:vu;»-nnx»:-«i:stqﬁﬁkﬁ*ﬁiénﬁﬁi&ﬂﬁmfﬂr

‘ 1
1 - exp(-—szZnL) "?
% " {"‘“ T - &xp (-7 972) } (@)

Intuitively 1t would seem that both of these approaches
should yield approximately equivalent results. Quantita-
tively however, substantial differences were found. These
are illustrated in Figure 2.2 which compares the phase dis-
tortion computed from Equations {1) and (2). The phase
distortion based on matching the peak intensity reduction
is always considerably higher than that based on matrhing
the power-in-the-bucket, e.g., over a factor of 2.5 for a
1.5 times diffraction-limited input beam. The reasons for
these differences are not clear. One possible explanation
is the equivalence of wavelengih and power Scaliny methods
of defining peak intensity reduction. It was found during
previous work under this contract (Reference 1) that power
scaling was always more pessimistic in its predictions of
the beam quality than wavelength scaling. Therefore,
matching the peak intensity based on & method that is
equivalent to power scaling might be expected to produce
more pessimistic results (i.e., higher cL) than matching
the power-in-the-bucket based on wavelength scaling.

Whatever the reasons for the differences, we
recomnend the use of Equation (2) because the power-in-the-
bucket is a more meaningful measure of laser performance
than peak intensity reduction. The latter suffers from
jts sensitivity to defocusing errors and difficulty in

experimental measurement.
2.1.2 Aerodynamic Window

The first componernt in the optical train is the
aerojynamic window isolating the oprical cavity of the laser

oo
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from the atmosphere. Basicaliy there are two types of
aercdynamic windows currently being considered for HEL
applications: (1) focused and (2) unfocused. In both
cases, if the window is properly designed, there shouuld
be little or no power loss when the beam passes through
tt. In addition, it is also assumed that no spherical
distortion to the phase front will be induced by the aero-
dynamic indow. The shock waves supporting the pressure
rise and the turbulence generated by the aerndynamic win-
dow will, however, induce a loss in the beam quality. An
expression for this loss is given by {(Reference 4)

. 2
D
AI/T = 2.4 x 10-10 (22 B
by X

where Ap is density change across the shear layer and Pq

is a reference density at STP. Again this formulism of
beam quality degradation is not convenient for use in the
model and is converted into an equivalent phase distortion,
°fw by use of the Streh! furmula (Reference 4):

S
Al = Oaw'

Solving for the phase distortion yields

D
e .5 B Ap
Ggy = 1.69 x 10 (T ﬁ)

A typical value of Oaw for a 10 ¢m beam from a chemical
laser (A = 3.8 um), assuming up/ps = 0.25 for the density
variations, is Uaw = 0.11 radians. This corresponds to an
intensity reduction of AI/!l = 1.2%.
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For the focused acrodynamic window, the beam
diameter will typically be very swall (<0.1 cm) s$o that
the phase distortion can be reglected, {.e., o,,6 = 0.

2.1.3 Beam Clipper

For MEL systems ia which the laser device and the
pointer/tracker are not closely coupled, & beam clipper or
scraper will nrobably be employed near the pointer/tracker
to contvrol the size of the high power baam entering the
transmitter. The beam clipper will influence both the
power available at the transmitting optic and the beam
Guality. the latter by limiting the maximum diameter at
the transmitting optlic.

The loss in power at the beam clipper is due pri-
marily to diffractive sproading of the beam as it propagates
between the aerondynamic window and the beam c¢lipper. In
genera., tha diffractive spreading will depend upon the
phase aund amplitude aberratinans in the input bezam profile.
An accurate assessanent of the actual losses reguires a
detailed calculation favelving numerical solutions nf the
Fresnel diffractiur integral or spatial frequency approaches
;0 ootical proprgation (i.e., Fouriar Qotics). These tech-
niques are ve.ry time consuming and wern nct considered as
viable caadidates vor the “simplified" model. Instead, an
empirical approach based on curve fits of available data
in the literature was taken, Unfortunately very little |
data wore available for examination. Only two Sources were
found (References 4 and 7). The data obtained from these
sources are illustrated in Figure 2.3 which shows the vari-
ation in power diffracted into the geometric shadow of «
uniformly illuninated aperture as a function of the propaga-
tion distance from the aperfure. The AFWL data were calcula-
ted for a one-dimensional beam profile while the HAC (Hughes

A o
o

latedid Sl

St A s 2B R A Tomtena I AR e

il s

oon




[ ———— — B e L — S —— o Ty
YT TR e T R i i & e Ao T A

$S3$S07 42a0114dS Ary3ORAs44Q ‘£°2 danby g4

wa\uj: « M/t

4 8: 2 oe° 9L’ 2L’ 80" v0°

L4 | 4 s [ T

Nipr

(@ - 1)
vive MY

2-11

(% ur) $5071 4amoy

(g - 2)
viva Jv¥H

+ gy

S

Ppehieumyiag R

"
L]

..;&.&&%&wﬁzﬁ%,i.f 5 R SRl AT bt 32 1 WS RRL  tit i e 4L G osie e+ + s a0
s Y e " N

b " fian Gkl R Ll e

i

iy




Afrcraft Company) calculatioas wery performed for ¢ round
beam. Thevefore, the Jata must be adjusted for these
differences before a dirvect comparison can be made.

Intuitively one would expect a factor of two
difference between the data based on simple geometrical
arguments., For example, 2 square beam profile would haeve
twice the loss of o one-dimensional prnfile becdause of the
two additional edges. For a round beam, however, the ratio
i not quite as straightforward, Assuming circular symmetry,
the fractional power loss is

2:/1(0) gdo
3

niz lo

b0

where a4 is the radius of the apertur~ and ‘o is the inttia)
intensity. The major contribution to the integral occurs
near the edge of the aperture, Thus over this ragion the
radius can be taken as being approximately constant (= a)
and removed from the integral withoul affecting its value,
i.e.,

2
AZ_D = STO— / X(G) do.

a
For the one-dimensional beam profile the fractional power
loss is givea by

Jr I{x) dx (1)

h)
Ayop T T T, T

2-12

F
1
i
1




g et oy T T T Y O~ T

30 thatiif one further assumes that the intensity proftlas
at the aperture plane arc the same in efther case, f.e.,
I{v) = I{x), then cne again gets > factor of two difference

‘batwean the pouer losses.

The actual ratio tndiceted by the data was somewhat
higher than a factor of 2 as shown by the corvesponding
curve fits of the data. Woth sets cf dats correlated very
well as a function of the reciprocal of the square root of
the Fresnel numder. However, the proportionality constant
for the HAC data was found to be 23.6 versus 11.1 for the
AFNL data.

In order to use these results tn the optical train
model, the power l10ss was assumed to be related to an
effective increase in the beam diameter at the aperture
piane, i.e.,

D
8 172 0.112
-= (1 - loss) 1l -
%, ey

where DB is the new diameter of the beam at the beam
0

clipper station and FN . D§IAALC is tha propagation Fresne!l
number. It was also assumed, for the case of an obtcured
beam, that the hole in the beam filled in as much as the
diameter of the hole would grow were it a uniformly illu-
minated aperture {i.e., Babinet's Principle). Thus the
inner diameter of the obscured beam, Dai' is computed by

oai » 208 (l - 0'112,8 VF“).

ccbibe s laesdission. . o Mo




1f oc is the diameter ¢f tha beam clipper, then the power
transmission through the aperture is

1.0 10, S0

Te® )(0./0, ) 1f bx >0
¢ )
< Bo 80 ¢

L Y

In the latter case, the beam diameter is set equal to the
clipper diameter for the remaining calculations in the
model,

2.1.4 Hiqh Power Nirrors

The mirrors in the optical train will affect all
the performance parameters. Although ft is not necessury
we assume that all of the mirrors are identical in order
to reduce the number of inputs,

3 A mirvor alters the amplitude of the beam by
absorbing a fraction of the incident radiation. For a
series of N mirrors each having a surface reflectivity R,
the transmission factor is
Ty = /Y
It should be noted that in the present analysis N includes

A1 of the mirrors in the optical train, i.e., relay,
steering, secondary and primary.

E The beam quality degradation is due toc (1) surface
5 roughness and manufacturing errors in the mirror figure,
and (2) surface distortions due to absorption of power from
: the incident beam. The former are indeperdent of the power
§ in the beam while the latter is a function of both the
) power and the ircradiance distribution. In aldition, {f

e
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cooled ﬁirrors are used, there will also be distortions
induced by the pressure variations inside the coolant
passages. However, these distortions will depend upon the
details of the mirror construction and their characteriza-
tion is felt to be beyond the scope of this model. There-

fore, for this analysis, distortions of this type will be
included in (1) above.

The beam quality degradation induced by the mirrors
is incorporated into the optical train model through an
equivalent phase variance, oy Where

oﬁ = Nog + [(N - 1) op * oI/M ] -

The first term on the right hand side of the above expres-
sion represents the uncorrelated sum of the phase distortion
due to fabrication ervrors such as surface roughness, figure
error, coolant passage distortion, etc. The remaining terms
represent the correlated sum of the irradiance mapping phase
distortion. The distortion of the primary mirror is reduced
by the square of the magnification of the beam expander to
account for its reduced thermal loading.

In practice, O is not known but is instead specified
as a tolerance on the manufacturing process. Therefore,

for modeling purposes this parameter was left to the user
to specify.

The approach taken to model op was to assume that

the distortions scale directly with the irradiance fluctua-
tions. That 1s,

op = KI

rms
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where K is a constant which depends upon the physical
parameters of the mirror, the cooling scheme, etc. If we
assume that the peak to peak intensity fluctuations speci-
fied in the input beam description are uniformly distributed
and random in character, then

1 - Iave Al
"M viz \ave

where, for a circular beam,

-
I
~

*ave

Expressions for the evaluation of K depend upon
whether the mirror is water cooled or not, i.e., for cooled
optics

K(mZ/watt) = 5 x 10-'% (1 - R) (2n/})

whereas, for uncooled optics

K = 4r (1 - R) aAt/ACp
where
o = the thermal expansion coefficient of the
mirror material
C = the specific heat of the mirror material
p = density of the mirror material.
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The expression for cooled optics is based on the
NPT/Chemical Laser Compatibility Study conducted by
Hughes Aircraft Company for NSWC (Reference 8) in which
similar expressions were employed to compute the phase
distortion caused by the NACL irradiance profile. The
expression for uncooled optics is based cn a simplified
one-dimensional heat transfer analysis (Reference 9).

Local surface distortion is not the only performance
degrading factor caused by the finite absorptivity of the
mirrors. A bending distortion is also induced by the
differential growth of the front and rear mirror surfaces.
For properly designed, cooled mirror configurations, this
distortion can be kept small. However, for uncooled mirrors,
it may be important.

To first order, the bending distortion is primarily
a functior of the total beam power and not the irradiance
distribution. In addition it produces mostly a spherical
phase front distortion. Thus in the optical train model,
we compute this distortion mode as a beam divergence instead
of a quality loss since, in theory, it could be corrected by
the focusing optic (if detected).

For an uncooled mirror that was initially flat, the
change in the focal length with time can be approximated
as (see Reference 9)

2 0 . 1/2
. DB L cos_i_: DpK
ZAE P (1 -R)a |t

where

% is the mirror thickness
@ is the beam angie of incidence on mirror

2-17
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Table 2.1 for both the on-axis and off-axis cases.

1
f
[
¥

o
Bt
-

K is the thermal conductivity of the mirror
material

f is the focal length of the distorted mirrowr.

The mechanism by which the defocusing errors
induced by the individual mirrors are accumulated through-
out the optical train is explained later.

2.1.5 Beam Expander

In the formu.ation of the beam expander model, we
allow for two types: (1) an on-axis or (2) an off-axis
system. Either type system affects the available power
at the transmitter, the beam quality, beam jitter and beam
divergence. A discussion of the methodology for computing
the transmission factor and beam quality is given below.
The beam jitter and divergence are discussed in a later
section.

The power transmission through the beam expander
is computed by projecting the exit aperture (defined by
the user) onto the plane of the beam clipper station.
Simple geometry then allows one to compute the power lost
due to a mismatch between the beam diameters and exit
aperture diameters. The formulas are iliustrated in

The beam quality is not affected by the off-axis
system except to the extent that the limiting diameter is
MDB < Dt for spot size calculations at the target plane.

0

This is also true of the on-axis case. However, the on-
axis system also introduces a central obscuration e, which
reduces the beam quality. The expressions used in the
model to compute the final obscuration of the beam leaving

the optical train are also given in Table 2.1. Lo

H
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Table 2.1.

Summary of Beam Expander Transmiscions
and Obscuration Calculations

TRANSMISSION OBSCUR
02 . p?
0 1
2 2 D;/0
D¢ - D 0
B B.
0 1
0 - o}
. i Dy /D
0
B B
0 1
17 axis .
D¢ - D¢
B, i D,/Dg
B, B,
D, /D
Bi Bo
D, /D
Bi 0
_OFF
AXIS
1.0 D, /D
B "B,
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 The effect of the obscuration on the beam quality
" {s again computed by relating it to an equivalent phase
distortion. This relationship was derived empirically
based on the results of the previous work under this con-
tract (Reference 2), and is illustrated graphically in
L Figure 2.4. Within the computer code, this relationship is
represented by a third order polynomial developed from a
%? "1east-SQuares" regression analysis of the data presented
2 in Figure 2.4. Also shown on the figure is the effective
scale size of the phase distortion. Its use in the model
will be explained below. '

2.1.6 Exit Aperture

Provisions were aiso made in the optical train
model for an exit apuerture downbeam of the pointer/tracker.
It can be either a material window or open port, with an
aerodynamic curtain protecting the optics from the environ-
ment, based on user specified option parametesrs. Do

T TR T T Y I T

In either case the 10ss in power through. this exit
aperture will be

-8L,,
Tp = e (1 - AS/AR)

L I A TP TP

vhere
] B = absorption coefficient of material window
Lw = thickness of material window
AS = area of struts supporting window or secondary.

mirror in the case of an on-axis beam expander

p-J
]

beam area (nMZD2 /4).
B B0

AR ST T T e T e

GG i e

i,
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Note that an open port can be simulated by setting 8 = 0,

For simplicity, the phase distortion indused by
the material window s assumed to be proport?onal to the
local intensity fiuctuations in the beam profile. Vhat {s

patl I
Oy ® (%F) o ® [(n = 1) a+ %%] aﬁ%i
M

where (in addition to those parameters previously defined)
n is the refractive index and T is the temperature. The
r-Jjnification appears berause of the assumed location of
the window downstream of the beam expander, In order to
minimize the number of inputs to the model, the raterial
constants were lumped into a single parameter defined as

v [(n.n“.g.;]

whi. varies between &4 x 10"12 m3/j for the fluoride win-

dows aFp, MgF,, Srfy) to 15 x 10-'2 mn¥/j for the salt
windows (NaCl, KC1). A value of § x 10']2 m3/j was hard-
wired i1 .0 the model as being representative of current
window *technology. .

The presence of struts in the beampath will also
cause a reduction in the beam quality. To first order,
this loss will be directiy proportional to the area of the
beam blocked by the struts. Consider, for example, the
on-axis intensity which, in the context of scalar diffrac-
tion theory, is given by th: integral of the complex field
leaving the transmitting aperture, i.e.,

2
I(o) ~‘l[7m(x.y) d x dy\ .
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Thus, for a constant field aperture strength, the integral
ts simply the area of the clear aperture. That is

o) ~ (A - A)?

$0 that the intensity reduction relative to no struts is
simply '

1 A\
0 S
3t - Vogg] = Ts (1 Ag/hg)

For modeling purposes, this intensity reduction was con-
sidered to be separable into (1) a power loss due to the
transmission of the aperture, T ., and (2) a beam quality
loss characterized by wide angle scattering, (1 - As/AB).
The Yatter can be related to an equivalent phase distortion
via the Strehl equation "

o, * (As/AB)k .

The phase distortion induced by an open port is
not intensity dependent but instead a function of the tur-
bulence level inside the beam expander and aerodynamic
curtain. Because of the presence of turbulence, this
effect is treated as an adaitional source of beam jitter
in the model. The magnitude of the jitter is estimated
from (Reterence 8)

' 1/5

-7 Lg AT6
,eJ = 2.14 x 10 —
A Dt
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where L. is the pata length through the beam expander and
AT is the magnitude of the temperature fluctuations within
the beam expander. Some representalive values of the
Jitter are tllustrated in Figure 2.5 for a U.7 meter trans-
mitter diameter. For example, a 1°C temperature fluctuation
produces approximately 4.5 urad of beam jitter for a

3.8 um wavelength heam.

.2 ASSESSMENT OF OVERALL PERFORMANCE

The previous discussion was primarily concerned
with the influence each of the elements has on the
characteristics of the laser beaw as it traverses the
optical train. In the following section we show how these
individial effects are accumulated to arrive at an overall
assessment of system parformance.

. 2.2.1 Traasmitted Power

The power available at the transmitting optic is
simply the input power from the laser device modified to

account for all of the power losses that have occurred
along the optical train. That is

where T is an uverall transmission factor. Since the

power losses are multiplicative, the overall transmission
facter is

T = (TC) (TN) (Tae) (TE)

i
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3
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where Tt is the transmission factor of the beam clipper,
Ty 15 the transmission factor of all the high power mir-
rors, TBE is the transmission factor of the beam expander,
and T£ is the transmission factor of the exit aperture.
Formulas for all of these factors were given previously.

2.2.2 Beam Quality

The quality of the beam at the transmitting optic
is characterized by the two beam quality paraneters, L)
and m, (see Reference 1 and Section 4.3 of this report).
Unfortunately, the calculation of L and m, is not simple.
The basic problem is to combine the effect of al) the
quality degrading factors occurring within the optical
train. This is somewhat complicated because the phase
distortions induced by the individual components do not
add up in a straightforward manner but instead depend, in
a complicated manner, upon the distribution as well as the
magnitude 0of the phase distortion. For example, a “"smooth"
distortion behaves differently than a very "rough" distor-
tion even though their magnitudes are the same,

To circumvent this problem, a statistical approach
s used within the model to accumulate the phase distortions.
This approach is somewhat loosely based on the theoretical
investigations of nondiffraction-limited gaussian beams by
8. Hogge at the AFWL. Briefly, the approach is to consider
the overall beam profile at the focai plane as being com-
posed of two gaussian beam profiles of different relative
amplitudes and widths, That is, a certain fraction of the
energy in the beam is propagated completely unaffected by
the phase distortion, i.e.,




N T o

where We {s the diffraction !t;iaed walst paremeter, l°
ts the on-axis intensity and o ts the varfance of the
phase distortion (assumed to a gavssian random variable).
The remaining energy s smeared or spread by the phase
distortion into a somewhat larger beam profile, f.e.,

2

1.(r) = (1 - .'°!) -,-—-—n"* exp -q.‘;--—-,-a,»"*"‘2 1
$ ﬁf + 19 f ﬂf + 29 ' °

where O is the angular spread of the scattered Leam.

The problem thus reduces to characterizing tne
overall phase varisrce, o, and beam spread parameters, O,
that "best™ mode) the summation of all of the phase
distcrtions in the optical tratn.

A true claracterization of o and 0 is, in reality,
not possible, Some theoretical arguments can te made for
isolated phase ditributions such as the random gausstian
noise model investigated by Hogge. In the real world, how-
ever, optical systems do not produce such amiable distor-
tions. Nevertheless, using these results as being at least
qualitatively correct, we compute the total phase distortion
as simply the uncorrected sum of each of the individual
distortions, i.e.,

2 . 2,2 ., 2,2 .. 2.,.2
-] °L + Oaw + oN + UBE + 05 + GH‘

Instead of computing the beaw sproad, o, it is wmore
convenient tc compute an effective scale size or correlation
length of the overall phase distortion, L. This scale size
is related to the beam spread via 02 = (A/ut)z. In the
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aforemaentioned work of Nogge, 1t was noted that the
effective correlation length for a numder of sources of
phase distertion was found to be an average of the correla-
tion lengths of the individual sources, eiach weighted by

its respective vartance. Again, taking the inductive leap,
we compute L from

i 2 2 2 2 ., .2 ?
t fz !"L"L Y tawoan t AWt taeae ¥ %9t Ryoy)

-~ .

In practice very little is known about the magnitude of
the scale sizes characterizing the tndividual componants.
Therefore, for the presant mode), w2 have made some addi-
tional assumptions regarding their respective sizes. For
example, the irradiance mapping phase distorlions such as
91 and gy dre assumed to have the same scale size as the
intensity fluctuations in the input beam profile. For
other components, such as the laser device, the aerodyanmic
window and the struts, we assume that the scale size is
zero, In eaffect this is assuming that each of thesa com-
ponents scatters the eneryy in the beym beyond a usabdle
radius in the focal plane and therefore is somewhat conserva-
tive, The scale size of the heam expander was determined
empirically since the effect of abscuration on the near-
field beam profile was readily calculated (see Figure 2.4).

Nithin the mo“el this relationship is represented by a
third order polynomial,

The computed values of the phase variance and
scale size are used to evaluate the power distridbution at
two radial positions in the far-field. namely r = w; and
ro " wa‘ These power points are then used to gererate
the beam ¢ ity parameturs m and my. The procedure for
doing this is outlined {an Reference 1.
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2.2.3 Beam Jitter | | -

The beam jitter is accumulated throughout the
optical train by assuming that the sources of beam jitter

3
are independent of each other. Thus they may be root-sum- E
squared to gev the total jitter. The primary consideration g
for the beam jitter calculation is whather or not the 3
source of the jitter is upbeam or downbeam of the beam -é
expander. The beam expander reduces the jitter by a k
factor of 1/M% where M is the magnification. 3
The sources of beam jitter considered by the model %
are b
(] Tracking jitter,ﬂTR :
() Boresight jitter, @BS :
. Autoalignment system jitter, o, 4
° Servo jitter, @S '%
) Device jitter, o, f
] ' Exit aperture induced jitter, 9. ]

The jitter of the input beam and the jitter induced by the
beam steering mirror in the autoalignment system are

assumed to occur before the beam expander. The remaining
jitter sources are assumed to occur after the beam expander.
Thus the total jitter leaving the optical train is given by:

2 2 2 . 2 2 . 2\ ,.2.%
oy = {Orp *+ Ogg + Og *+ Op + (B + 0pa)/M7}=.

2.2.4 Beam Divergence

The beam divergence represents the spherical phase
curvature in the beam as it enters the transmitting optic
and results in a larger spot size at the target than one
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would expect had the beam been collimated when it entered P
the transmitting optic. As an example, consider a colli- E
mated ideal gaussian beam which has been focused to pro-

duce a spot size of We (actually a radius to the e"2

intensity point) at a target. If the beam is instead

diverging (or converging) with a radius of curvature -RB

(+RB)~as it is reflected from the same transmitting optic,

the new spot size w%'is larger than the original by

w% 2 Tng 2
— =1 + e
We 4)\RB

where Dy is the (e'z) diameter of the ideal gaussian beam
and X is the wavelength. For example, 0.1X spherical phase
error will increase the spot size approximately 20% for a
100 c¢cm diameter optic transmitting at A = 3.8 u. For the
present study we assume that any phase curvature in the

output beam from the optical train behaves in a similar
manner.

The change in the curvature of the phase front of
the beam as it propagates through the optical train is
computed by employing a simplified geometric optics calcula-
tion through the optical elements preceding the beam
expander. The usual simplifying assumptions, i.e., paraxial
rays, thick lenses, etc., are made in order to make the
calculation tractable.

Following the ray matrix approach of Reference 10
we first obtain the equivalent ray matrix of the optical
train illustrated in Figure 2.6 by multiplying together the :
individual ray matrices of the individual elements, i.e., :
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where (going from right to left) the first matrix represents
the propagation distance between the aerodynamic window and
the beam clipper, the second matrix.represents the reflec-
tion of the beam from the first relay mirror in the optical
train, tre third matrix represents the propagation distance
between the first relay mirror and the second relay mirror,
the fourth matrix represents the reflection of the beam
from the second relay mirror, and so on until the beam is
incident upon the secondary mirror. At this point we
assume that the beam expander simply erpands the beam by
the specified magnification. The cur .ture of the phase
front at this point, Rp, is related to the phase front
curvature of the input beam, RL’ by

AR, + B
Rg = M EﬁL'I‘b '
L
The computed value of RB is then used to compute the new
spot size of the focused beam. In order to transfer this

~information to the propagation model, the beam quality

parameter, m,, which characterizes the spread of the beam
profile in the absance of other effects, such as thermal
blooming, turbulence and beam jitter, is internally adjusted
by the model to reflect the increased beam spread, i.e.,

nDZ 2
(m,) = Vi+ (o2 (m,)
2'final IARB 27
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2.3 'SAMPLE CALCULATIONS

As an illustration of how the optical train
1nf1uance§ the peﬁfphmance of a laser system, we present

~below a sample calculation for the optical train schemat-
“{cally illustrated in Figure 2.7.

- The laser device i< assumed to be operating in an
unstable confocal resonator mode with the power coupled
out of the device via a scraper mirror located in front of
the convex optic of the resonator. Accordingly, the output
beam contains a central obscuration. The parameters )
assumed for this beam are:

Beam Diamter 0.1 meters

Power = 400 kw
Wavelength = 3.8 microns
Obscuration = 0.5

In addition, it is assumed that the beam is essentially
collimated (RL = «») and contains peak-to-peak intensity
fluctuations that are 50 percent of the average intensity
(AI/Iave = 0.5). The scale size of these fluctuations is
taken to be 1 cm or £;/Dg = 0.1. We also assume that the
quality of the beam leaving the device is characterized as
being 1.2 times diffraction-limited (nL = 1.2). This
corresponds to an equivalent rms phase distortion in the
beam of o, = 0.16 radians or about A/40 (see Figure 2.2).

The output beam from the laser device is focused
through an aerodynamic window to a ccllimating mirror.
Since the beam size is very small (typically < 0.1 cm) at
the aerodynamic window, we neglect any phase distortion

induced by the aerodynamic window (i.e., o, = 0).

~2=-33
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'For the example, we assume that the beam expander

is located 50 meters from the aerodynamic window. Over %
this distance, diffraction effects cause the beam to ;
- expand somewhat. The Fresnel number for this propagation 3
distance is
40 ;
FN'TE-;=13.15
g so that the beam diameters at the entrance to the beam
E expander are ) 1
: A D, = B = 0.103 m |
; E B, 1 - 0.112ZNFy 1
i %
E and :
0.112 '
\ D = lg - D, = 0.047 m.
ot (- %) o

In this example, we have assumed that the diameter of the
beam clipper is 16 cm so that no power loss due to clipping
occurs, j.e., Tc = 1.0.

The nine (9) mirrors employed in the optical train i
are assumed to be water cooled with a reflectivity of
Ri = 0,986, We also take the fabrication error as being i
xv/8 where Av is 0.564 microns. Accordingly, the power
lost to the beam due to the finite absorptivity of the
mirrors is -

Ty = (0.986)% = 0.88,

2-35
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The phase distortion induced by each mirror depends upon
the rms intensity fluctuations, which for the case being
considered are

4P Al/l

1 = —-2Y¥8 . 7.35 106 w/mz
rms ;B-g 12

s0 that
oy * 5 x 10714 (1 - R)(2n/2) T = 0.0085 radians.

Combining this with the fabrication error yields (for all
of the mirrors in the optical train)

oy * 90% + [80I + UI/MZ]Z = 0.3454 radians.
The beam expander is an on-axis system of magnifica-
tion. M = 4,375, The inner and outer diameters of the
clear éutput aperture are Dt = 0.7 and Dt = 0.252 meters
0 i
respectively. Since the beam entering the expander is not
perfectly matched to the reduced clear aperture dimensions

(i.e., Dy = 0.16 and Dti = 0.576), there is a power lcss
0

induced by the beam ~-:ander. From the geometry of the
case being considerzid, chis loss is computed to be approxi-
mately 13 percent or TBE =~ 0.87. In addition, tae beam
expander has altered the obscuration of the input beam
because of clipping. final obscuration of the beam
leaving the beam expa: ¢r is ¢ = 0.0576/10.3 = 0.558. Note
that the final obscuration is not the observation of the

. 2-36
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te!escoﬁe {D“/Dt = 0,36) because the input beam was not
. 0 _

large enough to {11 the transmitting optic. The effective
phase distortion of the actual beam is therefore much
larger than one would compute based on the obscuration of
the telescope. For the example being considered, this
equivalent phase distortion is O ° 0.72 rvadians.

The exit aperture was assumed to be aa open port
so that the only power loss is that due to blockage by
the struts required to suoport the secondary mirror of the

beam expander. Thus, TE = 0.95. The quality loss due to
the struts is -

\
N

O¢ © (As/Aa)k = 0,2236 radians. R

Within the model, the open port would also induce jitter
into the beam. However, for the purpcses of this example,
we have ignored any performance loss caused by beam jitter.

Combining the above losses, we get for the overall
transmission factor

T=Te * Tgg° TE = 0.727.

Thus, the power from the device that is available for
propagation to the target is

J

Pt = 0!727 PL = 290 kw'

The totz) distortion is

' i
o= (q: + ogE + o§ + 0.433) = 1.06 rads.
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mitting optic, i.e., DB = N DBO < Dt .

This phase distortion is characterized by a scale size

) ) e
2 BE 2 i g
. -%- Ope *+ g= (N =« l)o, ¢ - l . 0.196* = 0.114
b o 53 8t 58 { é?

in terms of the two parameter descriptions of the beam quai-
ity employed by the model ot 0.3536 and m, ® 1.1076. For
this example, there were no defocusing errors induced by

any of the components in the optical train so that no‘adjust-

ment was made to the beam spread parameter LY Note that the
constraints in the last two equations (0.433 and 0.196) are
needed to ensure the proper conversion of ¢ and &; to m and
ny.

In order to quantify the impact® of the optical
train, we evaluate the power delivered to a particular spot

in the focal plane, namely r* = f)_\/Dt . In the absence of
)

atmospheric effects and beam jitter, this power is simply

2
P(r*) = Pymy ‘1 - exp[ - xl ;hL l}
l . W to/

where DB is the actual diameter of the beam on the trans-

0

The results of this calculation for the example
being considered is shown in Figure 2.8 along with some addi-
tional calculations made for various input beam diameters.
For the conditions described above, only 83 kw of the initial
400 kw are delivered to the target. Note, however, that
by expanding the input beam a significant increase in power
can be achieved. The initial beam size of 10 cm was too
small to effectively use the entire diameter of the trans-
mitting optic. Hence, the beam profile at the target was
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larger than 1t should have jeen. In addition, because of
the mismatch of device output bheam and deam expander cleaw
aper .ure, a significant power loss occurred. As the deam
diameter is allowed to increase, both of these effects are
reduced. Of course, at the point where the bcam begins to
spill-over onto the beam clipper, the near-field power i

again reduccd resulting in the performance fall-off shown
in the figure.

It is recognized that a true perfurmance evalualion
cannot be made without including the propagation effects
between the transmitter and target plane. Houever, the
example does point out the necessity of including the effects
of the optical train in any application study, since it
indeed has a substantial impact on the near-field characteris-
tics of the beam. In addition, the model also should pro-
vide some insight into the problems of integrating lasers
and pointer/tracker systems, It is interesting to note that
a detailed study of a similar system using 2 wave optics

code resulted in an additional beam expander (N = 1.3) being
placed in the optical train,

The simplifiod optical train model has been developed
using state-of-the-art knowledge of the contribution of each
element (windows, mirrors, etc.). It should be noted, how-
ever, that the mode! has not been verified using the more
detailed wave optics codes. Such comparisons would be use-
ful to not only verify, but also to improve, these simplified
models.
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Section 3
"CREATION UF SAICOM

One 0¢f the High Energy Laser (HEL) propagation codes
commonly used by the laser systems analysts is the COMBO (or
AT™) code developed by the Atr Force Weapons Laboratory
(Reference 11). ATH {3 the propagation wmadel! documented in
Reference 11, COMBO s a code which combines ATM with the
Atr Force HEL weight and volume prejections {Reference 12).
COMBO also includes .ome additiona) features such as the
ability to perform reverse calcuiations in which tha user
specifieos a desired intensity and tae code determines the
range at which the intensity can be delivered (given the
power) or the power required (gqiven the range). The primary
asset of CONBO f{or ATH) is its ability to make variable al-
titude calculations, including propagation paths extonding
to or from space.

. One of the tasks performed under the present contract
was devoted to modifying COMBO. The objectives were to re-
duce execution time, improve computitional accuracy and to
incorporate several of the newer developments resulting
from the other tasks of this contract. A number of other
minor additions, corrections and deletions were also made.

Al of the primary modifications are discussed in
Section 3.1. Collectively, they are sufficient to warrant
a new code name -~ SAICOM. A brief user's guide to SAICOM
is provided by Section 3.2,

3.1 MODIFICATIONS OF COMBO

The primary modifications are dealt with in individ-
ual subsections below. The basic structure and organization

3-1
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of the code rematn essentially the same as ta the original
version (Reference '1}. A summary of the more important
wquations s given in Section 3.1.9.

3.1 Improvements to Computationa) Speed

and Accuracy

A substantial part of the COMBO modification effort
was devoted to improving the speed of the calculations.
Several modifications simply involved improvements in cocing
techniques. These included: (1) reducing the number of
cslls to MEGAIR (the subroutine which provides altitude de-
pendent paramoters such as temperature, pressure, etc.);

(2) lYumping several blooming parameters (viz., n, 3n/aT,

and cp) into a single curvefit {(GALTIN); (3) using a better
search algorithn in the reverse calculations; and (4) reduc-
ing the subroutine calls.

Most of the improvement in both speed and accuracy
was obtained by developing a completely new algorithm for
performing the double integration required to compute tne
blooming parameter, NI. The expression for NIl is of the
form

2

L [ ]
NI = Cf;.-r}ryf 6{2")dz"d2’
0 0

where C is fixed for a given set of conditions (Reference
13). The integration paths are along the beam., In the
original code, the double integral was evaluated by assuw-
ing the integrals to be constant between uniformly spaced
points along the beam. The evaluation was successively
repeated with reduced spacing until the results for consec-
utive evaluations agreed with 10 percent. This procedure




was found to be inefficient ani often inaccurate. This
should be readily apparent from Figure 3.1, which shows
the important elements of the integral for a particular
case of a highly focused beam. Note that the value of

NI is dominated by the conditions within the last few per-
cent of the ranye.

The new algorithm examines the local behavior of
the integrand and chooses an efficient scheme and mesh
spacinyg dynamically. It selects either a locally quadratic
5r locally exponential representation of the integrand. If
neither is satisfactory, it reduces the mesh spacing and
tries again. On the other hand, iT the local convergence
exceeds the accuracy requirements, it incrcases the mesh
size to increase speed. Both intcgrations as well as a third
implicit in G are performed in a single loop.

When th2 new algoritnm was used for the éevere ex-
ample illustrated in Figure 3.1, the calculation required
1.49 seconds; the original COMBO exceeded a time 1imit of
200 seconds without cempleting the caiculation!

As mentioned earlier, an additional improvement in
computation time was obtained by modifying the convergence
‘algorithm used in the reverse propacation calculation where
the range is successively adjusted to obtain a desired tar-
get planc intensity. The ranae R' for one iteration is
determined by modifyina the previous range, R, viz.,

R' = XR {1/01

where OI and I are the desired and computed intensities,
respectively. In the oriainal COMBO, the constant K was
always 1.0, whereas in SAICOM, it varies between 0.7 and

1.0 to accelerate convergence. In addition, the convergence
criterion was relaxed from 1% to 5%.
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"3.1.2 Beam Quality

The SAICOM code includes a significant innovation
in the treatment of beam quality. It essentially replaces
the usual onec parameter concept of an "m x diffraction
Timited" Leam by a two parameter representation. The two
parameters, designated m, and m,, are used to specify a
gaussian representation of the focal plane intensity profile
so as to approximate the actual integrated power distribu-
tion. The two parameter model is inherently capable of in-
cluding effects leading both to beam spreading (ma) and to
power loss due to wide angle scattering (m}).

The ovigin and interpretation of my and m, are dis-
cussed in soite detail in Refevence 1 ana in Section 4.3 of
this report. Their use in characterizing the effects of
beam truncation and obscuration is discusscd in Reference 2.
In general, they are calculated in the new optical train
model which is an integral part of SAICCM (see Section 2). .

SAICOM incorporates the two parameter approach even
though the user is only required to stipulate a single
parameter, m. If the device power (PD) and beam quality _ :
(m) are stipulated, the optical train portion of the code 1
converts them to the appropriate aperture or transmitted
power (P.) and beam quality (m], and m,). If the optical
train calculations ave bypascsced because the user specifies
PT' the specified becam quality is assuwmed to be pure
beamspread.

The SAICOM intensity expression for a focused beam
is of the form

[T - (1 - 0.865 uy z/L)] PTe‘“Z
ﬂrz(z)

3-5
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The term in the numerator that decreases as z increases re-
presents the power losses that may be thought of as wide
anale scattering. The 0.835 factor is present because the
basic propagation equation used in the ccde is based on the
llezradiance of an infinite Gaussian beam. Since m, and mz-"
are used to account for the effect of different beam pro-
files as well as phase perturbation, thase terms may be not
the unity even for perfect beams. This situation is clari-
Fied in Table 3.1. In this table the M1 and M2 terms are _  .: | - 4
the paramet2rs computed in the optical train subroutine
while m is the user specified beam quality for the total
system. Note that if the optical train is bypassed (the

user specifies PT) and m=1, m, and m, are 0.89 aad 1.29 ;
respectively for a uniform beam and nol unity because the é
basic propagation eaquation is based on an infinite gaussian ' b
model. But if the optical train is not bypnassed, my = j
M1=0.83 and m2=M2=1.29 b~cause the basic profile used in

the optical train subroutine is uniform.

3.1.3 The Optical Train Model

The development of an improved optical train model
was the prime objective of Task % and is discussed in de-
tail in Section 2 of this report. The model has been in-
corporated into SAICOM as subroutine OPTRAIN. It computes
power losses, jitter, and beam quality degradation associ-
ated with transmissicn of the beam from the laser through
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the final t- smitting optic. It accepts 3 quite general
specificati of the optical train through a list of input
parameters. OPTRAIN accounts for beam truncation and ob-
scuration and for various contributions to phase pertur-
bations. The output includes the two beam quality para-
meters my and my described above,

o ialN can be bypassed simply by specifying the
transmitéed power, PT. rather than the device power in
the i-put. In this case, beam quality is based on wave-
length scaling as usual.

3.1.4 Multi-Line Propagation

Since many of the lasers of intaerest for high enerqgy
applications emit several lines simultancously, it is de-
sirable to include these multi-line characteristics in the
simplified propagation cudes.

The approach used in SAICOM is to compute the amount
of energy absorhbed by the air on a ]1nh-by line basis. This

means that eyp|{ - fR d(z")dz" '}

vy P R . o v -
gi; pi exp {-‘[ ai(z“‘)dz“'l‘ A
i T 0 K .
zll
and a(Z“)exp{:,P a(Z")dZ“} in the integrand of the

0
expression for the blooming parameter becomes

le

2“' ; (l")exp{f aei(zn')dzu'}

0
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where

o " absorption coefficient of the ith line

o, " extinction coefficient of the 1th line.

In SAICOM, the 3.8 um DF propagation has been extended
to include three distinct families of lines. These encompass

ten lines of the DF laser, and represent 80% of the outpu.
of the BUL device. With the basic modification having now
been made, it is straightforward to include multi-line HF

or CO propagation.

The derivation of the DF absorption coeificients s
given in Appendix A and is based on the BDL spectral data.
The resulting SAICOM equations are

e-A]+h(-A2+A3h)

. =
a; = A,

| -h(6.738x107°+9.61x10™h)
vhere A =1+ (0.9446 RH-1)e R
for groups 1 and 2
=1, for group 3
A] = 10.047, 10.082, and 9.948 for group 1, 2 and
3, respectively

A, = 6.388x107%, 6.952x10"%, and 2.199:07%
2.25x10"8, 1.55x1078, and -1.96x1078
h = altitude in meters,

~

>
L7
L]

These equations imply that at sea level a varies between

0 and 0.0409 km'] as relative humidity varies between 0 and
1007, a, between 0 and 0.0395 km']. and aq is a constant
0.0478 k™!,
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The above equations are only valid to around h=13 km;
for the higher altitude the original COMBO coefficients are
used. Unfortunately, a discontinuity existed at the 13 km
altitude; so transition equations were created to connect
the multi-line data below 13 km with the single-line data
above that point. Figures 3.2, 3.3, 3.4, and 3.5 plot the

voua ki
Qps Qps Ogy and @rasultant ?flfziq”s where

Aeesultant = T3

The scattering equations are the same as those used
in the original COMCO (Reference 11).

3.1.5 Modification of Tucbulence and Jitter

to Include Short and Long Term Effects

During the code comparison work in Task 1 of this
contract, it was noted that one of the useful features of
ESP was the flexibility of including beam jitter in the
blooming calculation if the frequency were high enough and
excluding it othervise (References 1 and 14). This feature
has been included in SAICGH. Tha output jitter factors in
SAICOM are high-frequancy jitter (GJHF) and Yow-frequeucy
jitter (GJLF)' The former is used in the calculation of
the blooming parameter and both are combined to give the ‘
total beamspread due to jitter. Similarly, the turbulence
calculations are exnanded to include the total, long-tarm
turbulence (OTLT) and the high-frequency, short-term tur-
bulence (UTST). The turbulence equaticns in SAICON are
based on work of Yura (References 15 and 16) whareas the
COMBO code was based on Fried's work (Reference 17), but
the results differ only slightly in the regions of interest.
The equations used are
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k=4
9

These equations are gonevalizations of the co-altitude ex-
pression devoloped in Raference 16, In the Dleonming caleu-
lation oTST is used instead of the long-term cxpression,
but it should be noted that soeme research ifadicates that

no turhuwlerce should be included in the heamspread before
the blooming calculation (Reference 18).

3.1.6 Far-Field Intensity Mistribution

In COMBO the standard calculation of the avorvace
intensity is based on the llcz intensity radius in the far-
tield with a Tew other radii available for user specivication
(e.q., Ve and 172 intensity points}. Since SAICOM Vs based
on & gaussian approximation to the actual far-fieid distri-
bution, it is a simple matter to usc the llez results to
deseribe the complete fav-field profile. In addition (o
I(l/cz), the peak intensity lp*2.3l?x!(1!c2). is printed
along with contour data. These contour data assune a
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bivariant anormal profile of the beam due to blooming dis-
tortion 4s developed tn Reaference 2. For each 10% coatour
(tlvlp. v=0.9, 0.8, ..., 0.1) the arca wieXin that contour,

nr 1l
A(l>ylp) 1

the total power within that area,
-P(I>!p) @ P(1-y)

and the corresponding average intensity are printed., In
addition, the beam displacement due to non-linear bending

into the wind and the eccentricity of the resulting elipti-

cal profile are ceomputed and printed. e

3.1.7 Calculation of Optiwun Power

Ono of the more usetul bits of information that
comaes irow laser offactiveness studies is soogitication of
gptinum povor basad on maximizing energy on thoe target
(Raference 19). UYsiag the Gabhardt and Smith curve-fit for
the intonsity roduction due to bigoming {Refarconce 20), the
far-field intensity is velated to transmitted vower, “T‘ by

U= aPy Ipg (N)

where N=bPT and a and b are constants (independent of power).
Setting BI/aPTaO lcads to

ain(IREL) =:alnN S

as the optimum condition. For the Gebhardt and Smith curve,
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this condition is satisfied when N=5.54. Therefore, the
optimum.power is given by

I

5.5’3PT

Poptimum TN v

where N is the value of the blooming parameter corresponding

to the power PT' The corresponding maximum intensity is

I . 1.20571
optimum N KIP

(KIP is the computcer viriable represen®ing IREL)‘ It should
be noted that ths ontimization does not include the possible

effects associatcd with the optical. train, i.c
not involve an iterative recall of OPTRAIN.

., it does

SAICOM prints the optimum power as derived above

unless the corresponding intensity exceeds the air brecakdown
threshold. In that case, it prints the power at which break-
down would occur as the optimum powecr. The breakdown power

level is estimated on th. basis of peak .intensity without
blooming.

3.1.8 Miscellaneous Modifications

Several relatively minor additions, deletions and
corrections are described below.

3.1.8.1 Variable Turbulence in Bloomina Comnutations

In COMBO the turbulence is not varied as the bloom-
ing along the beampath is computed; instead only the final
value is used. In SAICOM the distributive nature of tur-
bulence is included in the integral calculation of the
blooming parameter.
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3.1.8.2 Extinction Calculations in Blooming Integral

In COMBO the linear powér losses due to absorption
and scattering are computed using exp[-ae(h)z] in the inte-
grand whereas the cxpression should have been

2
exp[-Jf ae(h)dz].
0

This error causes an over-ostimate of the extinction losses
when firing downward and an under-estimate when firing
upward. The appropriate correction has been made in SAICOM.

3.1.1.3 Power Variation

The reverse calculation option in COIBO involving
calculation of the requiréd power to deliver a desired in-
tensity at a given range has been replaced in SAICOM. Now,
whenever the intensity is calculated in 2 normal propagation
run, the power is automatically variad between on2-tenth the
spacified value and twice the original power. The output
then Tists the average intensity within theo ‘l/ea intensity
area, the area over which the iatensity is above a spacified
minimum vaiue, and the total power available within that
area. The equations used in these computations were dis-
cussed in Section 3.1.6. 7The user is allowed to stipulate
the minimum intensity of interest through the input para-
meter O0I. If the user doe: not specify the desired minimum

intensity contour, the program automatically sclects
10 kw/cmz.

3.1.8.4 Deletion_of Meight_and Volume Calculations

The technology projection portion of COMBO is an
interesting but seldom used facet of the code. Therefore,
it has been eliminated.
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3.1.9 Summary of Equations
The basic equations used in SAICOM are as follows:
Average intensity in the 1/e2 intensity radius
ol .
g f
 Kot1.0. 8¢ z, i E
h-(1-0.865 mlL)] Py kge 5 1
1(2) = ;
mr°(Z) - 3
where kB = intensity reduction due to blooming
(som. times written as KIP) . :
= f(1) | | i
2 [ aramn o\ 2
p _ 2 ’(’ 2 ? ( 0. 3]8\-“.ll? > 1
Z) = k,rS + Koy 1é4ay R
r<(2) 2! 32 |L-%] Z l \ 4
2 2
Ponr *f UJ]
2 _ 2 -2
%) = %9HF T 9aLF
[ L 3/5
5/3
_e.sa0 72 L-7 :
RCLRTER Y ¢y (2) (’L‘*) d
-0
The blooming paramcter, N, is computed by é
L

ISR P S RO R 0,7 ) 116
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Zl‘ 7 .
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where

3.2

Zante

F(Z")

r2(z")

OrsT

G(Z")

"

ZM
- [ g, (2)a2"
TPy N,
Prdeg 77 ar(Zhle
1 .
2 A 2
‘2 ro 2 ’ 2 0.3]8m2A
kors + k3:m |L-2]¢ + a2 («——5————
2 2
* Orst Y %guF
20 1/3
1 - 0.37 ‘[T' UTLT
'[ L < 3/5
1.439 2
e 408 (2)d2
k].Z i'} N
.0
2/
3N u
ST(Z )
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A USER'S GUIDE TO SATCOM

A brief description of the key features of the
SAICOM code is given along with a discussion of how to

operate the code.
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Users familiar with COMBO (Reference 11)
should have little trouble with SAICOM since many cof the
subroutines are unchanged and the same modular format has
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been retained. The basic structure of the executive routine
(SAICOM) is shown in Figure 3.6. A substantial portion of
this routine is devoted to initializing the input variables.
As with COMBO, most of the input parametérs are defined

through a defoult namclist which requires the user to specify

only those paramneters which will differ from the deTault

"values. However,. it should be noted that cven if the propa-

gation and optical train namelists are not used, namelist
cards are required which read $INPUT § and'SCASES $, respec-
tively. The optical train is called if the user specified
PD; if PT is given, this subroutine is bypassed. A subtle
point worthy of neite is that when PD is given, SIGHF is
assumed to reovoer to tha device jitter only, and this term

is combined with the Tour lo jitters (THiR, THES,'THAA, and
TH3Y) given in namelisi CASE to determine ‘Lhe high-freauency
Jititcer of the taval sysian.

lierate For NRUNS

Read '
Namelist Call

OPTRAIN

{
{
v

Read .

Required Call

.. . N . JN ——d ), A

s nsrrmer v, cmm——— v

Namelist
Case

Figure 3.6 SAICOM Flow Diagram
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Following these inftialization activities, control
is transferred to ATM, which handles the propacation calcu-
lations; control returns to SAICOM only after the calcula-
tions are completed and the results printed, Then SAICOM
cycles through the same process until all of the specified
cases have been completed.

In Table 3.2 a complete list of the SAICOM subroutines
is given along with bricf descriptions of their functions.
Three of the subroutines, OPTRAIN, ATM, and BB, are dis-
cussed in further detail since they are the more important
and complex portions of the program.

3.2.1 OPTRAIN

_ The calculation procedure within the Optical Train
Model (OPTRAIN) is schematically shown in Figure 3.7. AIl
inputs to the subroutine aroe passed through a labeled COMMNON/
OPTIN/statement and must be defined by the user prior to
calling the subwroutine. Fo]]owing some initial calculations
characterizing the input beam, tho effact that ecach coempo-
nent within the optical train has on the transmitted pouer
and beam qualtity is ovaluated in a step by siep manner,
Although the specific elements within the optical train
are fixed, i.e., aerodynamic window, beam clipper, mirrors,
beam expander, and exit aperture, the user is allowed to
specify, through the input parameters, different types of
individual components such as cooled or uncooled mirrors,
on-axis or off-axis beam expanders, and open port or
material window exit apertures. ‘

The output from the model is returned to the calling
program via the labeled COMMON/OPTOUT/ and consists of (1)
the diameter of the laser beam at the exit aperture, (2)
the power in the beam, (3) the total beam jitter and (4)

3-22
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OPTRAIN

ATM

AA
AG
BA
8t
ALFSET

ALFFAC
ALFAAD
ALFALYX
CNSQ
KI

GALTIN
MEGAIR

vX

Table 3.2 SAICOM Subroutines

DESCRIPTION

Calculation of Power Loss and Beam
Degradations in the Optical Train.

Initialization of Propagation Para-
meters and Iteration of Reoeverse
Calculatiuns.

Calcuilutions Tov Lasar and Target
Above 700 L.

Calculaiion fTor Lozer Abovze 100 %
and Tecget Below 100 Km.

Calculation fer Laser Below 100 km
and Targeil Above 100 km.

Calculations for Laser and Target
Below 100 km.

Sets Power Ratios for Multi-Line.
Propagation.
' -a, 2 ~a, 2

Caicu1ations of ape € ande ¢
Single Line Absorption Cocfficionts.
Single Line Scattering Calculation.

Atmospheric Structure Constant,

Computer Reduction in Intensity Due
to Bloowming.

Altitude Dependent Paramcters Used
in Blooming Intcgral.

Pressure, Density and Temperature as
a Function of Altitude.

Calculation of Total Crosswind.
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two parameters (m‘ and ma) charactertizing the optical quality
of the beam. The beam gquality parameter m, is internally
adjusted to account for any defocusing ervor induccd by the
high power mirrors in the optical train.

3.2.2 ATH

Part of the initialization process in ATH is to
determine if the user has specified a negative wavelength
(e.g., -1.06E-5 or -3.8£-6) which means the user is speci-
fyina his own single line absorption and scattering
coeeflicients

a, ® RBL * EXP {-ADC * 1)
tg * SCL * EXP (-SCE ™ W)

or his own powayr ratins for the multi-line 3.8 um propana-
tion (sce Finuve 3.8). Note that single-line 3.8 um propa-
gation is available only if the user spccifies his own co-
efficients. Also note that if one wishes to alter the
power vatio, PLINE(I), I = 1, 2, 3 without altering the
built-in muliti-line coefficients, simply set LAMDA equal

to -3.8E-6 and leave the absorption and scattering coeffici-
ents off namelist USPEC. The three power ratios necd not
tatal unity since the program is self-normalizing. The
heart of ATM is the call to AA, AB, BA, or BB where the
intensitics for the pathlengihs of interest are calculated.
If AB or BA are called, they in turn cai. BB for those
portions of the propagation path that Yie below 100 km.
Folluwina the return to AT™, the becam displacement, eccen-
tricity, contour data, breakdown power, optimum power, and
effects of oower variations are determined for straiaht
propagation unless the propagation path is totally exo-
atmosoheric (AA), or the bloominu parameter NI is less
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than 10'8. It should be noted that when the power {s varted
‘to tompute the impact of propeqatina a beam that is more or
‘Jess powerful than the specified level, the beam quality is
‘not altered; this afves some error tu the results since
‘beam quality is affected by the total power transmitted
 thrrough the optical train,

: It the reverse propagation option (ITYPE = §5) has
“been chosen, the calculations are repeated using different
taraet rances { = focal ranges for ITYPE = §) unti) the
‘calculated intensity is within 5% of the desired value.

If converqence is not achiaved within 20 iterations, the
program returns control to SAICO™ and goes to the next case.

3.2.3 BB

In Fiauve 3.9, the YTou ¢ Tlow Tur Lhe B0 svhroviine
is shova, all cases extept AN use this subrovtine to compuic
“the eimespheric effects on the high-vewer bheam propagation,
The svbroutine pvevforms colculativas at discrete poinis
Valong the beampath. For calculetions of the lincar propa-
qation effects, the pathlerath intervals ave fixed (NSTLP =
30 is the defeult value) while in the bleoming loop the
intervals are increased or decreased as required (o migimize
time and increase accuracy of the calculation. A series of
linear or exponential extrapolations for the it interval
based on the ith - 1 interval are made and compared with
the cctual calculation for the ith interval, It the conpari-
son is unfaverable, the interval is decreased, If the com-
parison is favorable, the contribution from the interval is
, incorporated into the integral'if the comparison is unnecessarily
- good, the interval is jncreased. This proceduvrc replaces
the time-consuming multiple interations uscd in CONRO.

3.2.¢4 Input Data

In Table 3.3 a list of the input parameters and
their functions is gqiven. This reference list does not
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Table 3.3 Inpet Pavamctors

If ITYPE = § reverse calculation it
called with OI and PD or PT specific.
A1l othor entries will result in
straighl propagaiian,

User may stipeletn cilher davira
puver o telasce.a anovey 18T 1

- ST L AR S S BERY T P |
Speactiice LoTh e s Pypavsad

tesived datepsiiv o ITYPE - Ry other-
wise it s taw ranrata iateasity con-
tour in the varichle power caloculation.

Range from laser Lu ihe target if ITYPE
7 53 i ITVPD = &, L is a first guess
for the range.

OPTION! . - RAMELISTZINIUT,

CHI

DEPUG

L
GL
HTM
HOM

0 > Collimated, 1 ® Focused.
Horizontal projection of heampath with
respect to the diccriicn of platform
movencnt,

1 2 no extra diagnostic statewent,
2 2 extra diagnoesiic stateoment.

Focal lengih.
Ground level.
Target altitude.

Laser altitude.
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Table 3.3 {Continued)

OPYIONAL - MAMTLIST/ LNPUT, (Continued)

LANDA

M
NSTEP

OMEGA
ouT
PHT

PROP

RI

RI

RO
SIGHF
ve
vxe

HTHR

Wavelength

3.8x10°%, 5.0x10°%, and 1.06x10°% are
the acceptatle values. A natative sign
in front is a {lag that the user will
sbegify the multi-line power ratios ar
the single Tine absorption and scatter-
ing coafficients.

seam quality,

Beampath intervals in the linear calcu-
lation.

Slewing rate.

)
4

= staadard output, 2 D extra outhut.

Sirdar angloe with vespoot to zenith,
I8 PHO is specified Hid should not be
Jiven aand vice versa.

» l/ez
= rlann vave, oruncadad Gaassian
infiniie Gaussian.

L) 15 wmd

s

atacive hymidivy,

Radius of ebscuration.

Quter radius of exit aperture.
Highfrequency turbulence.

Platform velecity.

Total crosswind across beam. If it is
specified VP, OMEGA and natural wind
are inoperative. '

-1 > high tuvbulence, low natural wind

0 < neminal turbulence and natural wind
1 % low turbulence, hiah natural wiad,
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Tadie 3.3 (Continued)

OPYIOHAL - NAMELIST/ CASE/ L

DB
EpPs
DL
XRI
DIOVI
DLI
DELTAR
RREF
e
DC

‘ N

REFL
SFAB
ITyps:
XLMIR
XAG
ITYPER

XLTA
BETA
ASAB
ITYPEA

“Palse Tength.

Beam d{ameter coming from the Jaser.

Obscuration ratio.

Phasé front curvature.

Peak-to-peak intensity fluctuation.
Scale size of Tluctuation wrt beam size.
Acrowindow.

Revowindow aensity diviasze by ambient
density.

vistence From laser exit to beam ciipper.
Clipper diameter.

Number of mirrors in optical train.
Reflectivity of each mirror.

Mirror fabrication ervor.

Mirror type: 1 = cooled, 2 % uncooled.
Distance betweoen mirrors.

Telescope magnification.

Tetescope type: 1 = on-axis,
2 % off-axis.

Exit apertiure width.
Exit aperture absorption coeificient.
Strut arca/beam area.

Type uf exit aperture: 1 2 material
window, 2 = open port.
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L Table 3.3 (Continued)
OPTIONAL - NAMELIST/CASE/(Continued)
THTR Tracker jitter (10)
 THBS - .. Boresight Jitter‘ (10)

THAA : | ;AuLoa11gnment J1Lter (10)
THSV Servao jitter (lag).

OPTIONAL - NAMELISI/ZUSPEC/

PLINE (1) Percent (or actual) power in Tine:l.
PLINE (2) Percent (or actual) power in lina 2.
PLINE (3) Percent (or actual) power in line 3.

ABL : Usar specified Tincar absorption
coefficient.

ABE User specified exponantial absorption
coafficient, ' '

- SCL User specified lincar scaiter ng
coevficient. :

- SCE User sracified exponential scatlaving
' coefficient.
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{n¢clude the first two cards which must precede each set of
runs. The first uses I2 format in columns 1 and 2 to state
the number of cases (NRUN) which will be run, the second
uses free-field format to allow the user to title each of
the runs. The first card appears only once while the 5

title card must precede each new case. Hence, the data f
stream is as follows: L
s e 3

NRUN CARD ) ' e 3

Title R . S k
Required Inputs ; g
Namelist INPUT | Casel 3

Namelist CASE ' i
Namelist USPEC (if requircd) ;

Title

Required Inputs
Hamelist IHPUT Case 2
Nemelist CASE

Namelist USPEC (1f rcquired)

/I.

Table 3.4 provides a convenient work sheet format
that may be used to specify each casa. It includes a list
of the default values and units. Those familiar with COMBO
will recoanize a change in some of the default Va]ues; the
defiult statements now reflect sea level anplications.
Note that either PHI or HTM may be specified, but that PHI
should always be given as a positive angle (mecasured from
the zenith). A neoative PHI is a flaa that HTM was specified,

For additional convenience, Table 3.5 lists several
of the important oroqram flags which may be of interest Lo
the user. A complete program listina and sample run is supplicd
along with a sample problem output in Appendix B,




Table 3.4 Sample Input Form with Default Values

Required | Type [ Position

T(VPE (3,5) 12

Po? or (3.5) | n-20

PT (3,5) 21-30

o1’ (3,5) | 31-40

L (3) 41-50

Namelist

“THPUT™ Default

Optional

BEAM ’ 1 (focused)

cit 0.52

FL L

L 0. m
HOM 50, n
HTM 10, m
TLAHDA 3.26-6 n
M 1.5

wster 7| o0
“OHEGA 0.

out / 1 (short)
eutd 1.0-6

PROP ¥ | 1 (Gaussian)

RH 0.5

R1 .08

RO .35

SIGHF 5.6-6

SIGLF 5.6-6

' 15.

VX8 0.

HTHR 0 {normal)

i i

acian

R i
v




 Table 3.4 (Continued)

e m——— i YT e
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Hamelist ' )

. a Default : Units | Case ) | Case 2 | Case )
Optivaat : -
ASAB 0.05

BETA 0.01 wl

bl 16 n

ve 0.106 n

DELY 1.0 M 4 '
DELYAR ol
THTOVT 0.5

Ll 0.1 L/wT

3] . 2.0 scconds

1433 38 —

(4
YTYPAW * | 1 {focused)
ITYPEA ° | 2 (open)
1TYPEB ¥ | 1 (on-axis)

“

ITYPEN 1 (cooled)
N “1s )
CRETL 0,685 '
N} 1.L70 [}
RRLF a5 N
SUAB 1./, vis Yerido
THEA 5.t-6 rad
CWies 5.8-0 rad : _ —
TVHSY 5.&-6“‘ —"vl‘cd
THTR &.[-6 ’ rad
X< ta. m I .
XLEA 0.05 O}
XLMIR 15 n
XMAC 4.375
r..__—.._ — e - et ——
Kamelist
*uspect Default Units Case 1 Casc 2 Case 3

Opticonal

Pline (1) .338
Pline (2)] .32
Pline (3)] 342

AGE 0. - W
AL 0. ml
XN 0. nt
scl. 0. w

Check mark (V) indicates "I" format is requircd.

User may specify either power exiting the device or telescope,
PIT nced not be specified if HIM is given.

Although data on SINPUTS card are optional, the card must be
present even when all default values are to be used. The same
applies to data cavd SCASES. The nameiist card $USPLCS s only
read when a negative lamda has been inseried on data card
$INPUTS as a flag.

If YTYPE = &5, OI is the desired intensity for the reverse cal-
culation; otherwise it is the minimum useful intensity for the
variable power tabulation (default value of 107 w/m?).
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LR St Ll

FORM

Inputs
Nogative LAMDA

Negative PHI

Internal
CHVRGD

ENDED
ERR

FINAL

FRACT

LAM

0K

Table 3.5 Flags

MEANING

The users will specify the multi-line
power ratios or the single-line absorp-
tion and scattering coevficients.,

HTM is specified (Default). -

TRUE => the last bluoming interval
passed over thne end point.

TRUE => this is the last blooming interval.,

TRUE => tha revarsa calculasions have not
convorvged in 20 iteevations.

1, the reverse calculations have not
convargad yat;

= 2, last pass thraouwgh the propagation
calculation.’

Taells the fraction of the last blooming
incterval that is within L.

10.6 um

3.8 ym (imulti-line)

5 um (single-line at present)

, user will specify single-line
absorption and scattering confficients.

. w

o8
W N -~

TRUE => save previous values Tor multi-
line absorption and scattering calcula-
tions.
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Table 3.5 (Continued)

FORM MEANING

Internal (Continued)

TYPE 1, AA
2, 8B
3, AB
4, BA.

UNIFRM TRUE => last two blooming intervals
were the same.
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Section 4
SUMMARY OF TASKS I-1lv

The purpose of this section is to briefly review
the objectives and results of the original four tasks.
Specific details may be found in the first and second
interim reports (References 1 and 2). The primary
objective here is to highlight some of the issues which
arose during the course of the work and to indicate some
of their implications as they relate to propagation
modeling in general.

4.1 REVIEW OF TASK I. CODE COMPARISONS

The objective of Task I was to quantitatively
compare the results obtained from three propagation
codes over a parameter space representative of realistic
engagement conditions. The codes were: NOLEC (Naval
Surface Weapons Center); COMBO (Air Force Weapons
Laboratory); ESP-I (United Aircraft Research Laboratories).
The comparisons were presented at the First DOD Conference
on High Energy Laser Technology on 3 October 1974 in
San Diego (Reference 14). An unclassified version of this
paper is included as an appendix in the first interim
report (Reference 1). The major conclusions from these
comparisons were that all three codes give comparable
results for situations in which thermal blooming is not
severe, but that ESP-1 gives intensities up to an order of
magnitude or more higher than the other two codes when
blooming is significant. NOLEC and COMBO agree reasonably
well under most conditions.
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A secondary objective of Task ! was to ascertain
the reasons for major discrepancies between the codes.
The effort was concentrated on COMB0 and EsP-1 since there
is considerable dispaiity in their results even though
they both use essentiaily %the same approach for ralculating
thermal blooming. NOLEC uses an entirely different ;”#
approach. In reviewing the theoretical Sasts of the codes, ‘
several issues were raised whose significance goes beyond
the immediate objectives of the present work.

The blooming subroutines in both COMBO and ESP-I
are based on the theoretical and experimental work of
Gebhardt ard Smith (Reference 20). The essence of the
basic approach is the representation of the ratio of
the bloomed and unbloomed focal piane peak intensities,
IREL' as a function of a single "blooming parameter," N. -
N is a theoretically derived, dimensionless, similarity
parameter. However, the relationship between IREL and N
was obtained experimentally. Both (OMBO and ESP-I use
the same empirical relationship for IREL (N). They yield
different results in blooming calculations becauc<a they
compute N differently. The differences in the .~~ipes
for calculating N were identified explicity in %the First
Interim Report (Reference 1). The question as to which
method is more “correct" could not be resolved on
theoretical grounds for several reasons.

1. An approximation to the theoreticaily derived
expression for N was used in correlating the experimental
data. The approximation was not generally valid even for
the conditions of the experiments. It is even more
questionable for realistic engagement-scale conditions
such as those for which the simplified propogation codes
are used.
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2. COMBO uses the theoretical expression for N
except for a relatively minor ad hoc correction. In
principle, this has some important advantages, such as

an inherent capability to treat non-coaltitude engagements.

Unfortunately, it s not consistent with the empirical
relationship used to correlate the experimental data.

3. ESP-] uses the same expression for N as
was used for the empirical correlation., In that sense,
tt is at least consistent, However, it does not engender
much confidence in the extrapolation from small scale
laboratory experiments to realistic engagement conditions.

To summarize the situation, both COMBO and ESP-I]
use a semi-empirical blooming model which is flawed
by a basic inconsistency between its theoretical and
empirical components. The First Interim Report implies a
preference for COMBO simply because it was in closer
agreement with NOLEC. It should be emphasized, however,
that this may be, at least to some extent, fortuitous.
Furthermore, there does not exist sufficient data to
provide convincing validation of any of the codes.

Evaluation of the codes on theoretical grounds
in any kind of absolute sense was beyond the scope of the
study, but two observations are in order. First, the
consistency problem with the Gebhardt and Smith blooming
model does not necessarily reflect adversely on its
basic approach; the deficiencies are primarily associated
witn its implementation. Secondly, there are no clear
and obvious theoretical reasons why either of the basic
approaches should be superior in accuracy to the other.
All of the codes incorporate numerous simplifying
assumptions and approximations, both explicit and implied,
and rely to some extent on heuristic arguments.
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4.2 REVIEW OF TASK II. BEAM SHAPE AND BISPtACEﬁENT )

The objective of this task was to deve!op empirtect
models for predicting beam shape distortion and displacement

in the focal plane due to thermal lensing. Results from thc;47

NRL non-linear propagaticn code were used as he data base
for the analysis.,

Since beam distortion and displacement both are
closc!y related to thermal blooming, IREL ‘(the reduction
in peak intensity due to blooming) was used as the primary
correlation parameter. This automatica!ly apcountq_for
much of the deépendence on the independent parameters and

has the further advantage of being readaly computed from
the NRL scaiing law.

 The beam displacement mode! is repvesented by

fd\ .29 _ 0.519 ¢ ((0.519)2 + 1,500 1n (W1 )
s 0.750

where d is the displacement of the peak intensity into the
wind, ag is the e -1 beam radius (without blooming) in the

focal plane, a1 Y5 the e -1 beam radius in the source plane,
and n = afl 2y- |

-The beam shape model represents the constant inten-

sity contours as ellipses and the intensity distribution
as B
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This modei automatically gives the correct peak in*ensity
and conserves total power, It also provides an excellent
representation of the data in terms of the area within a
given constant intensity contour and the eccentricity of the
constant intensity contours,

These models, of course, are subject to the same
limitations as the data from which they were derived. For
example, they do not apply (unless suitably modified) in
the presence of J1tter or turbulence or when slewing
is not in the same plane as the wind. Actually, the
most significant result of this task is that both distortion
and deflection are probably too minor to have a significant
impact on system effectiveness.,

4.3 REVIEW OF TASK IIl. BEAM QUALITY

The objective of this task was to develop an
approach to modeling the effect of phase and amplitude
aberrations in the aperture plane on the far-field beam
profile. In more general terms, it was desired to obta1n
a rational approach to represent1ng beam quality., -

"The recommended approach involves approxwméting
the far-field intensity profile (neglecting blooming) as a
Gaussian distribution of the form
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The parameters m, and mé are the proposed beam quality
parameters and aré determined so that the integrated power’
distribution corresponding to the above expression matches
the actual distribution at two specified points, e.g.,

v = Qf and r -'wa.'where We is the beam waist.

This two parameter representation of beam quality
is a significant advance over the usual "m x diffraction
limited" concept. It can account both for power loss due
to wide angle scattering and for beam spreading. It should
be fully adequate to represent all situations in which the
far-field beam profile is dominated by a central lobe.
Furthermore, the general approach is sufficiently flexible
that it can include effects associated with beam truncation
and obscuration (see following sectinn) as well as with
other amplitude perturbations and with phasg aberrations,
For example, the simplified opticél train model (OPTRAIN)
described in Section 2 provides a method of estiMatfnq~m,
and my for a wide range of system parameters.
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4.4 REVIEW OF TASK IV. BEAM TRUNCATION AND OBSCURATION
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The effect of truncation and dﬁscufhtion;wéreiinvesJﬂ,
tigated both analytically and within the empirical frame-
work of the beam quality model developed in Task III,
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f.0., the results were presented in terms of the parameters
fy and LPY Detailud results of the analysis are presented
tn Reference 2. Since the degree of truncation and
obscuration is determined by the optical train, the mode!

ftself has been incorporated into the optical train mode)
(Section 2).
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Section 5
CONCLUSTONS

In any high technology program, like the DOD laser
program, it is important that technolodists and analysts
work together to resolve the issues and support the efforts
of the other group. During the early phases of a new
program the technologists severly bound the problem
under study to facilitate modeling of complicated processes.
On the cther hand, the analysts use extremely simplistic
models for the elements of the system under study because
they must address every aspect of the problem albeit in a
naive manner. As time passes these two groups move closer
together with the theoreticians studying ever increasing
segments of the problem and the systems analysts improving
their models and studying the issues in greater depth.

The atmospheric propagation coding studied under
this contract is really second generation modeling.
Improving the speed and accuracy of a program, adding
multi-line propagation, and studying beam shape are exemplary
of the movement of HEL system analysts toward increasingly
complex modeling. One of the other areas investigated --
the optical train analysis -- is less well developed.

The detailed tools ‘or modeling the beam propagation
through the optical train have been operatiocnal only
recently. Hence, the simplified codings developed under
this contract are first generation models. The authors
hope that both of these modéTing tasks will contribute to
the continuing covergenco of laser technology and systems
analysis. ‘
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APPENDIX A

Molecular Absorption of DF Laser Radiation

A INTRODUCTION

This appondix was written by Dr. T. Tuer of the
Ann Arbor SAIl office. This work was undertaken to provide
better values for the molecular absorption coefficients
used in the thermal blooming code. These coefficients
are required as a function of both altitude and of
atmosrheric water vapor content for several “typical" DF
laser line groups. Here, “typical" means a characteristic
laser propagation-altitude function (this will be clarified
in SectionA.3). For convenience in the thermal blooming zode,
the coefficients are given'as a simple analytical function
of altitude and water content, with different sets of
coefficients (i.e., one for each typical group).

A.2 APPROACH

Due to time constraints, it was decided to use
McClatchey's DF absorption coefficients (ReferenceA.l)
rather than re-calculating them with our own line-by-line
codes. The ten BDL laser lines that McClatchey considered
were selected for this study (see Table A-1). However,
since McClatchey did not include the water continuum
absorption in his calculations, it was necessary to add
thi. component. A simple computer program DAFT (DF
Altitude Fitting Code}, was written to: (%) evaluate
this centinuum component for the freguencies, altitudes
and model atmospheres desired, (2) add this to McClatchey's

A-1
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results, and (3) plot the total absorption coefficient as
a function of altitude.

Table A-1. List of DF-BDL Lines

Lagzr Freq“ef§’ Rg]ative bycggé;gigggy
Line (cm ") ower and Here
P3(8) 2546.37 10.7 yes
P3(7) 2570.51 10.2 yes
Pz(lo) 2580.16 6.2 yes
P3(6) 2594.23 7.7 yes
P2(9) 2605.87 9.7 yes
P3(5) 2617.41 1.8 yes
P2(8) 2631.09 12.9 ves
P2(7) 2655.97 10.0 yes
P](IO) £665.20 3.9 yes
Pz(a) ¢680.28 6.2 yes
P](Q) 2691.41 9.1 no
P](B) 2717.54 6.6 no
P](7) 2743.03 3.5 no
P](G) 2767 91 2.0 no
The water cortiuum absorption coefficicat is given ‘
by (Reference A.2). | ‘ii‘.

where Py is the partial pressure of water vapor, P is the
total pressure and the * indicates the censity-equivalent-
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pressuresl; This reference also oives measured values of
c:'. as a funccion of frequency at 294° K2, and recommends
valug of c: w® 0.12 Co w' The absorption coefficient n

1 ] L

differs from the usuai coefficient k by:
k = nU/L

where U is the absorber thickness and L is the path length,
Values for p*, P* and U were calculated as a function of
altitude using data given by the Handbook of Geophysics
and Space Environment (Reference A.3).

The attenuacion of most of the DF lascer lines is
dominated by atmouspheric water absorption (i.e., H20 or
HDO line absorption, or H20 continuum absorotion). In
order to account for different atmosphkeric water content,

the calculated absorption coefficient was normalized by:
Vk* = k/p*

Here p* is a normalized water density-altitude profile
which varies between a ialue of p; at sea level, to unity
as h+«. The gquantity Pa is the sca level density of the
model atmosphere under consideratiorn, rormalized to that of
the midlatitude summer model atmosphcre. The form of p*
was arbitrarily taken to be:

p* = 1+ (o - 1)10%/2

1. Since the pressures are genevally less than one
© atmosphere, we used the usuval pressure in place of
the density-eyuivaient-pressure.

Since the temperature dependency of this quantity is
uncertain, its velua at 2949 was used throughout.
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where R is the normalized water density profile based on
the data in Reference A3 (see Figure A-1). An example of’
the effect of this scaling is shown in Figure A«2, where
the absorption coefficient profiles for the five different

model atmospheres are seen to collapse nicely into a narrow
band.
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Figure A-1, Water Concentration Profiles for Five Model Atmospheres

and Analytic Fit,
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A3 DETCRMINING TYPICAL GROUPS

Normalized profiles for all the water Jominated
laser Yines were plotted on a common scale. Nf course
the lines which are deminated by other species (e.q.,
nzo line abscrption), were not normalized in this fashion
but simply plotted. These plots tend to collect in three
general groups. Those laser lines which are dominated by
water at low aititudes, but happen to fall on underlying
absorption lines (Type A), have a knee in their profile
(see Figure A-3). Those that doc rot have underlying
lincs (Type B), de not have a pronovnced knce but continue
to decrease with altitede, a. least foo ne altitude rance
considered here {see Figure A-4). Lines whith &re not
dominated by water (Typo (), have a0 kree but fall off
Tess vapidly with altitude {sce Fioure A-5).

The mechanism for gach type con be clucidated by
ex2mining the details of the absorbing lines and continuun.
Figure A-6 shows components of the absorption coefficient
of a Type A laser lire at sea level. HNotice the under-
iying CH‘ absorption line (M2), which vill bhecome important
at higher altitude as the absorption by water diminishes.
Figure A-7 shows a Type B laser line where there is no
important underlying absorption lines., Fipally, a Type C
laser line is shown in iaure A-8, which is domiratod by
N20 absorption ecven at sca level, and is aftfected little
by water.

A.4 RESULTS

A least squares fit was applied to each group of
Yasur lines (i.e., Types A, B and C). Yhe analytic foim
used was:

In k* = AD + A‘h + Azh

2
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Figure A-7, Contribu'..rs to the Molecular Absorption of the P2(9)
DF Line (Midlatitude Summer, Sea Level).

A
Example of Type B Absorption, Extracted from Ref. A.4 ‘ (
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where k* is the normalized absorption coefficient (km'l) and h is the

altitude (km), The results of this fit for sach group are shown in

Figures A-9 tlnough A-11, and the determined coefficients (i.e., 1‘0’
1, A )} given in Table A-2, K

Table A-2, Coefficients of Least Squares Fit

Type DF Laser Lines A

0 Ay Ay
A P,(8), Py(7), Py(10) | -3.138 | -0.6388 0. 0225
B Py(6), Pyl9), Py(5), Py(6) | -3.173 | -0.6952 0. 0155
C D,(8), P,(7), P,(10) -3.039 | -0.2i99 | -0.00196

Tor Type C laser lines this normalized coefficient k* is identical to the
wn-normalized ccefiicient k (since water absorrtion is incignificant):
k = k* {lor "Cype C)
A and 3 lues must be un-normalized by:

k = p*X* (lor T5pes A & B)

: . _»,{.,___... IS Ly
where p¥ s 1 + (p‘; - 1) ”_']QR/Z and: = ! '“‘f(a-l> n / “a A S

o

R= Cjh+ Cyph? |

2 \

= 0.058%75 and C, == 0.00835.

with C 9 =

1
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