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Section 1

INTROOUCT ION

In support of the Systems Astalysis Team of the

Naval Surface Weapons Center, Science Applications. nt.

(SAL). performed a Series of tt•kt devdgned to tieve10or

" better understanding of the modeling alternatives

available to laser systeems analysts and to assist in the

continual itrprovemrnent of the H40L Engtge'nent Code (NOLEC).

Emphasis was placed on the resolution of propagation

issues of interest to systems analysts. The tasks

involved quantitative comparison of simplified MEL

propagation codes used by DOD analysts, clarification of

the beam quality problem, development of beam distotion

and displacement models, devylopment of a sim'lified

optical train model, and expansion and improvement of

the AFWL COMBO code.

The work was divided into six task6, The first

four tasks are reviewed in this report (Section 4), but

are coverec more extensively in interim reports (Rejerences

I and 2):

First Interim Report - Lu v-Se)temher 1974,

Task 1. Quantitative Comparison of
Simpflfied Propagation Code,
Task 3, Beam Quality Modellng.

ndInterim R•o :t Septemribe 1•7S-

TW&1irehce 2)
Task 2. fleap, Shape and Displacement
Due to Thermal Lensing.
Task 4. Effect of 'Truncation and
Obscuration on the Far-Field Beam Profile,

-. -- -----

--.-.---- =- .-. ,



Task S required the development of a simplified

optical train model. This work Is described in Section 2
of this report 1  Task 6 involved wod(ilcation and extension

of the AFWIL CONGO code end included the intorporotion of
models developed in the earlier tasks. The now version

of the code was named SAICON. Sectioti 3 describes the

modifications and provides a user's guide to SACON.

1-2i
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Section 2

A SIMPLIFIED OPTICAL TRAIN MODEL

When performing larer application studies, the

system analyst all too frequently assumes that the
characteristics of the beam leaving the transmitting
optic are the same as the characteristics of the beam

leaving the laser device, 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 k:'-wn, 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 Dower mirrors, clipping and blockage
of a portion of the high power beam, and diffraction
effects all reduce the available powpr 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 Plements 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 spacp 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 simplified propagation
code (COMBO). However, its use is somewhat restrictive in

that most of the component effects are left for the user
to specify. Prescriptions 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 for the various factors influencing the performance

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 mdke the model more flexible.
The model has been implemented in a subroutine called OPTRAIN

and is included in the SAICOM code as described in Section 3

below.

2-2



2.1 MODEL FORMULATION

Conceptually, the optical train may be viewed as a
"black box" located between themlaser device and the trans-
mitting optic. The 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 performance 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. In addition, the actual
diameter of the beam at the exit aperture is computed for
use in the propagation model.

T.he 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 tioe components in the optical train, it is assumed that
the beam from the laser is. circular. However, because of

2-3



&--

*~ 0-*3

in "aS 'c4

to I I

: >/

I a-

l~E

Io

II S-

I II i2-4



the widespread use of unstable resonator configurations to

extract power from high power devices, the possibility of i
1 rentral obscuration in 'the ieput beam i incorporateJ

into the model. fhe inner and outer diamete's of the input

beam are cDB and DB respectively. An unobscured input beam
profile can be realized by defining c - 0. Other parameter-,,

required to specify the input beam are (1) the power in the

beam, PLI (2) the pulse length; At, (3) the curvature of

the phase front, R,, and the beam jitter, 0L

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/ae and the scale size as a fraction of
-the beam'diameter (tI/DB). Thus the input beam profile
may be visualized as having a uniform intensity Iaye with

fluctuations AT superimposed upon this level.

The optical quality of the input beam is specified

by a wavelength scaling factor, nL. Unfortunately, this

definition of beam quality does not allow one to easily
incorporate the other beam quality degrading factors induced

by the various elements of the optical train. Therefore

this parameter is converted by the model into an equivalent

root-mean-square phase distortion, aL.

Two alternative approaches for this conversion were

investigated for use in the model. The first approach is
to define the equivalent phase distortion so as to 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)

2-5



gp/ exp(-02

where I is the ýdeal on-axis intensity. According to the

wavelength scaling definition of beam quallity

U-i

so that

°L •tn(nL) ": I

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" (RX/D = 1) predicted by wavelength scaling. This

is given by (Reference 1):

P(RX/D) = P0 l - exp(-T2/2n2)}.

Again, following the analysis of Reference 4, the power in

the bucket for a non-diffraction-limited gaussion beam is

given by

P(RX/D) = P0 exp(- a) {1 - exp (-w /2)}

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

for aL yields,

2-6
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S" 1-- 1/2( I A exp1-TIr/cnL)
U ~ [ 1-exp 2

Intuitively it 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 wavelength and power scaling 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 a method that is

equivalent to power scaling might be expected to produce

more pessimistic results (i.e., higher aL) than matching

the oower-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

its 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 optical cavity of the laser

2-?
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A from the atmophere. basically there are two types of
aerodynamic windows currently being considered for MEL
applications: (1) focused and (2) unfocused. In both

cases, if the window is properly detigned, there shuuld

be little or no pmwer loss when the beam passes through

it. 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 aerodynamic win-

dow will, however, induce a loss in the beam quality. An

exp.ression for this loss is given by (Reference 4)

AMIX/ 2.P x 10-O (A-P- )
Is

where AP is density change across the shear layev and p
is a reference density at STP. Again this fort.1ism of

beam quality degradation is not cotvenitnt for use in the

model and is converted into an equivalent phase distortion,

2
aw by use of the Strehl formula (Reference 4): .

AI/I a w

Solving for the phase distortion yields

0 aw 1.69 x 0p

A typical value of aw for a 10 cm bean, from a chemical

laser (X 3.8 !ur), assuming ap/p 0.25 for the density

variations, is 'aw 0.11 radians. This corresponds to an

intensity reduction of Al/I z 1.2%.

2-9



For the focused aerodynamic window, the beam

diameter will typically be very small (<0.1 cm) so that
the phase distortion can be Peglected, i.e., I V O0

2.1.3 Beam Clipper

For HEL systems iA which the laser device and tht

pointer/tracker are not closely coupled, a beam clipper or

scraper will probably be employed near the pointer/tracker

to con'rol the size of the high power beam entering the

transmitter. The beam clipper will influence both the

power available at the transmitting optic and the beam

quality. the latter by limiting the maximum diainrter at

the transmitting ogtic.

The loss in power at the beam clipper is due pri-

marily to diffractive spreading of the beam as it propagates

between the aerodynamic window and the beam clipper. In

genera'o the diffractive spreading will depend upon the
phase and amplitude aberratinns in the input beam profile,,

An accurate assess~nent of the actual losses requires a

detailed calculation i,0volving numerical solutions of the

Fresnel diffractiur: integral or spatial frequency approaches

,o ootical propagation (i.e., Fourier Optics). These tech-

niques are vcy timi consuming and werc not considered as

viable caaididates for the "simplified" model. Instead, an

empirical approact. b~see on Lurve fits of available data

in the• literature was tdkpn. Unfortunately very little

data were available for examination. Only two sources were

found (ReferencLs 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 d

uniformly illuminated aperture as a function of the propaga-

tion distance from the aperture. The AFWL data were calcula-

ted for a one-dimensional beam profile while the HAC (Hughes

2-10
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Aircraft Company) calculatioAs werv performed for a round

beam Therefore, the data most be adjusted for these
differences before a direct comparison can be *ad*.

Intuitively one would expect a factor of two

difference between the data base4 on simple geometrical
argiments. For example, a square beam profile would have

twice the loss of a one-dimensional profile because of the

two additional edges, For a round beam, however, the ratio

is not quite as straightforward., Assuming circular sy'nmetry,

the fractional power loss is

af I (a) ado

•2-0 2 . ...

0

where 4 is the radius of the aperture, and I is the initial

Intensity. The major contribution to the integral occurs

near the edge of the aperture. Thus over this region the
radius can be taken as being approxinmately constant (* a)
and removed from the integral without affecting its value,

i.e.,

"- - 2 1(o) do.
a

For the one-dimensional beam profile the fractional power

loss is given by

-o a" (x) dx (1)

2-12



so that if one further assuwi that the intensity profiles
at the aperture plane art the t4Se in either case- i.e,,

1(r) 1(A), then one again gets 3 factor of two difference

botwee" the power losses,

The actual ratio indicited by the data was somewhat

higher than a factor of 2 as shown by the corresponding
curve fits of the data, %oth sets Cf data Correlated very

well as a function of the reciprocal 0f the square root of
the Fresnel number. However, thO proportloitality constant
for the HAC data was found to be 23.6 versus 11,1 for the
AFWL date.

In order to use these results in the optical train

model, the power loss was assumed to be related to an
effective increase in the beam diameter at the aperture

8 ( 1/2 0.112.. o (I loss) I

0

where i is the new diameter of the beam at the beam
o

clipper station and FN - 1/4ALc is the propagation Fresnel

number. It was also assumed, for the case of an obgcured

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 di•aeter of the obscured beam, DWi, is computed by

OBe- (1 0 0.112/c - 1VM).

2-13



x.If is the diameter of the beam clipper, then the powerctransmisslon through the aperture Is

. 10 B if 0 S 0€•.i:Te" (OCIODo if Obe 0 0

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

2.1,4 Hiqh Power Mirrors

The mirrors in tht optical train will affect al1
the performance parameters. Although it is not necessiry
we assume that all of the mirrors are identical in order
to reduce the number of inputs.

A mirror 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

It should be noted that in the present analysis N includes
all of the mirrors in the optical train, i.e., relay,
steering, secondary and primary.

The beam quality degradation is due tc (1) surface
roughness and manufacturing errors in the mirror figure,
and (Z) surface distortions due to absorption of power from
the incident beam. The former are independent of the power

in the hvam while the letter is a function of both the
power and the Irradiance distribution. In A,4ition, if
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cooled mirrors are used, there will also be distortions,I 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, aM where

2 ~2 22.G2 Na+[N 1 , + a• i

The first term on the right hand side of the above expres-
sion represents the uncorrelated sum of the phase distortion
due to fabrication errors 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 reducea thermal loading.

In practice, af is not known but is instead specified

as a tolerance on the manufacturing process. Therefore,

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

The approach taken -to model a, was to assume that

the distortions scale directly with the irradiance fluctua-

tions. That is,

C T I K I1..rms
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r.( , -A.

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

"Ive (A~i.ve)
rms e a

where, for a circular beam,

4 PL

"ave
SB

Expressions for the evaluation of K depend upon

whether the mirror is water cooled or not, i.e., for cooled

optics

K(m 2 /watt) = 5 x 10"1 4  (1 R) (2•/X)

whereas, for uncooled optics

K = 47r (1 - R) aAt/XCp

where

= 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
*i 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 on a simplified
one-dimensional heat transfer analysis (Reference 9). A

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,I 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

I. as (see Reference 9)

2 cos 0 1/2

= 2.44 P (I - R) At

where

kJ is the mirror thickness
0 is the beam angie of incidence on mirror

2-17
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K is the thermal conductivity of the mirror
material

f is the focal length of the distorted mirror.

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 ExpanderA

In the formutation 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.

section.

Tepower tra~nsmission through the beam expander -
is computed by projecting the exit aperture (defined by

the user) onto the plane of the beam clipper station.I.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 illustrated in

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

The beam quality is not affected by the off-axis

system except to the extent that the limiting diameter is

MD B :SD for spot size calculations at the target plane.I

This is also true of the on-axis case. However, the on-

axis system also introduces a central obscuration c, 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.
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*Table 2.1. Summary of Beam Expander Transmissions N
and Obscuration Calculations

Y T TRANSýMISSION QOaSCU.RATIQN....1-1
0 -

2 2

o D1 D/DO

10 B B
ON --- 0 1

SAXIS

DBO 1 B0 i/

Bo B1  ]
1.0 DB/DB

1 0

0 /

OFF

AXIS

1.0 D28/D2
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The effect of the obscuration on the beam quality
is again computed by relating •t to an equivalent phase
distortion. This relationship was dcrived empirically
based on the results of the previous work under this con-

tract (Reference 2), and is illustrated graphically in

Figure 2.4. Within the computer code, this relationship is

represented by a third order polynomial developed from a

"least-squares" regression analysis of the data presented

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 also made in the optical train

model for an exit ap.erture 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 parametes.s.

In either case the loss in power through- this exit

aperture will be

- 8 Lw
TE = e (1 - As/AB)

where

= absorption coefficient of material window

Lw = thickness of material window

A area of struts supporting window or secondarys mirror in the case of an on-axis beam expander

AB beam area (wMfDB 2/)2
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IA
Note that an open port can be simulated by setting A 0.

For simplicity, the phase distortion indu-.ed by
the material window is assumed to be proportional to the
local intensity fluctuations in the beam profile. Th1t is

( , -( ntLw 1) [ + n ] M

where (in addition to those parameters previously defined)
n is the refractive index and T is the temperature. The
ir.]nlflcatlon appears because 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

constznts were lumped into a single parameter defined as

ya - [ (n-I) +

whi, •arles between 4 x 11-2 m3/j for the fluoride win-

dows aF2 , MgF 2 , SrF2 ) to 15 x 10-12 m3/j for the salt

windows (NaCl, KCl). A value of 5 x 10-12 m3/j was hard-

wired ii .o 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 directly 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.,

1(o) - (x,y) d x dyl.
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Thus, for a constant field aperture strength, the integral
Is simply the area of the clear aperture. That is

1(o) - (A8 - AS) 2

so that the intensity reduction relative to no struts is
simply

/ Ag

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 latter can be related to an equivalent phase distortion
via the Strehl equation

1 Os -(AI/A)

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 adoitional source of beam Jitter
in the model. The magnitude of the jitter is estimated
from (Reference 8)

2.14 X i L0-T6]7

I I
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where L Is the path length through the beam expander and
AT is the magnitude of the temperature fluctuations within

the beam expander. Some representative values of the
jitter are illustrated in Figure 23 for a 0,? meter trans-
mitter diameter. For example, a 10C temperature fluctuation

produces approximately 4.5 prad of beam jitter for a

3,8 Jim wavelength beam.

2,2 ASSESSMENT OF OVERALL PERFORMANCE

The previous discussion was primarily concerned

with the influence each of the elements has on the

characteristics of the laser beani as it traverses the

optical train. In the following section we show how these

individual effects are accumulated to arrive at an overall

assessment of system performance.

2.21 Transmitted Power.

Tht, power available at the transmitting optic is

simply the inp'at power from the laser device modified to

account for all of the power losses that have occurred

along the optical train. That is

Pt T PL

where T is an overall transmission factor. Since the
power losses are multiplicative, the overall transmission

factor is

T (Tc) (TM) (TSE) (TE)
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where T Is the transmission factor of the beam clipper,
C

T it- the transmission factor of all the high power mir-
rors, TOE is the transmission factor of the beam expander,
and TE 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 parameters, m,

and m2 (see Reference I and Section 4.3 of this report).

Unfortunately, the calculation of m1 and m2 is not simple.
The basic problem is to combine the effect of all the

quality degrading factors occurring within the optical
train. T'&s 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 of 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
is 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

B. 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.,

1u (r) - e -c 2 exp (•2 !
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where wi is the diffraction 10owd waist param*ter, 10

is the on-axis intensity and a is the variance of the
phase distortion (assumed to a gaussian random variable).
The remaining energy Is smeared or spread by the phase
distortion into a somewhat larger beam profiles i.e,.

~If ),.'' ") ;0 0''
20 (w 20

where 0 is the angular spread of the scattered beam.

The problem thus reduces to characterizing toe

overall phase varianre. a, and beam spread parameters, 0,
that *best* model the summation of all of the phase

distortions in the optical train.

A true characterization of i and 0 is. in reality.

not possible. Some theoretical arguments can te made for
isolated phase ditributions such as the random gaussian

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.,

01 *2  ej #2 +. 2 + 02 2 + 02
L 0AW MN BE ~S ~W

Instead of computing the beam spread, 0, it is more
convenient tr 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 (/wL)2. In the
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aforementioaed work of Hogge, it was noted that the
effective correlation length for a number of sources of
phase distortion was found to be in average of the correls-
tior leogths of the individual sources, each weighted by
its respective variance. Again, t&king the inductive leap,
we compute L from

~.L AW AW N M BOE -S W W1

In praetice vtry little is known about the magnitude of

the scale sizes characterizing the individual components.

Therefore, for the present model, wi have made some addi.

tional assumptions regarding their respective sizes, For

example, the irradiance mapping phase distortions such as

a and a are 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 j
zero. In effect this is assuming thit each of these com-

ponents scatters the energy in the beam beyond a usable

radius in the focal plane and therefore is somewhat conserve- I
tive. The scale size of the beam expander was determined
empirically since the effect of obscuration on the 'ear-

field bpam profile was readily calculated (see Figure 2,4).
Within 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 distribution at

two radial positions in the far-field, namely r a wf and

r 2 a 2 wf. These power points are then used to generate

the beam q 'lty parameters m1 and mz, The procedure for

doing this is outlined in 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
are independent of each other. Thus they may be root-sum-

squared to geL the total jitter. The primary consideration
for the beam jitter calculation is whether or not the
source of the jitter is Upbeam or downbeam of the beam .

expander. The beam expander reduceI the Jitter by a
factor of 1/M2 where M is the magnification.

The sources of beam jitter considered by the model A

are

e Tracking jitter,.R

0 Boresight jitter, )BS

. Autoal-ignment system jitter, 0 AA

. Servo jitter, 0s

* Device jitter, OL

, Exit aperture induced jitter, 0 E.

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 oczur after the beam expander.

Thus the total jitter leaving the optical train is given by:

0= 2 +2 +2~ 2 2 2~ 0)/M2}½.
0., { + E)S + 0 + 0 + (0 + 0 ) ½

J TR 0BS 0S E (L AA

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

~ 2-29

IC•



would expect had the beam been collimated when it entered

the transmitting optic. As an example, consider a colli-

mated ideal gaussian beam which has been focused to pro-

duce a spot size of wf (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 wi is larger than the original by

(wi)2 TrB)22

where DB is the (e- 2 ) diameter of the ideal gaussian beam
and X is the wavelength. For example, 0.1), spherical phase

error will increase the spot size approximately 20% for a

100 cm diameter optic transmitting at X, = 3.8 i. For the
present study we assume that any phase curvature in the

output beam from the optical train behaves in a similarS~manner.I 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.,

4-3,
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[A B] 1 LM 1 0 1 0JIM1

M C

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, the 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 e:pands the beam by

the specified magnification. The cur .-ture of the phase

front at this point, RB, is related to the phase front

curvature of the input beam, RL, by

AR +B
(AL

RB MD •

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, m2 , which characterizes the spread of the beam

profile in the abs-nce 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.,

(m2)final = + ( B) 2 (i 2 ).
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2.3 SAMPLE CALCULATIONS

*As an illustration of how the optical train
Influences the performance of a laser system, we present
below a sample calculation for the optical train schemat-

ically illustrated in Figure 2.7.

The laser device is 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 ob:curation. 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 = c) and contains peak-to-peak intensity
fluctuations that are 50 percent of the average intensity
( ave = 0.5). The scale size of these fluctuations is

taken to be 1 cm or tI/DB = 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 GL = 0.16 radians or about X/40 (see Figure 2.2).

The output beam from the laser device is focused

through an aerodynamic window to a collimating 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., Uaw 0).
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For the example, we assume that the beam expender
Is located SO meters from the Aerodynamic window. Over
this distance, diffraction effects cause the beam to
expand somewhat. The Fresnel number for this propagation

distance is

Fm 4
FN 13.16

c

so that the beam diameters at the entrance to the beam
expander are

D!
IB

and 1~ - =D 0.103 mB 1 - O112WVFN

0N

andB 

*B
D8  " 01 DB 0.047 m.

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, i.e., T - 1.0.

The nine (9) mirrors employed in the optical train
are assumed to be water cooled with a reflectivity of
Ri a 0.986. We also take the fabrication error as being
Xv/8 where X. is 0.564 microns. Accordingly, the power
lost to the beam due to the finite absorptivity of the

mirrors is

TM = (0.986)9 = 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
\A

1 r 4PL AI/lave 7.35 x 106 w/i2rms •1
WD 12

so that

ai s5 x 10"14 (1 - R)(21r/X) 1rms a 0.0085 radians.

Combining this with the fdbrication error yields (for all

of the mirrors in the optical train)

2 2]2r 2 90 + [8aI + ai/M1 a 0.3454 radians.

The bear expander is an on-axis system of magnifica-
tion H•-4.3'•.The inner and outer diameters of the

clear oitput aperture are Dt 0.7 and D = 0.252 meters
to ti

respectively. Since the beam entering the expander is not

perfectly matched to the reduced clear aperture dimensions

(i.e., Dr = 0.16 and Dt = 0.576), there Is a power less
to ti

induced by the beam P":ander. From the geometry of the

case being ccnsider-?., Lhis loss is computed to be approxi-

mately 13 percent or TBE - 0.87. In addition, tne beam

expander has altered the obscuration of the input beam

because of clipping, final obscuration of the beam

leaving the beam expa, ,-.r is c = 0.0576/10.3 = 0.558. Note

that the final obscuration is not the observation of the

2-.36



M! al R-

telescope (Dti/Dl 0.36) because the input beam was not

large enough to fill 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 a 0.72 radians.

Ei The exit aperture was assumed to be ast open port

so that the only power loss is that due to blockage by
the struts required to support the secondary mirror of the
beam expander. Thus, TE * 0.95. The quality loss due to
the struts is

as *(AstAB)- - 0.2236 radians.

Within the model, the open port would also induce Jitter
into the beam. However, for the purposes 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 BE T 0.727.

Thus, the power from the device that is available for

propagation to the target is

Pt 0.727 PL- 290 kw.

The total distortion i.s

m + "BE + 0.+ 433) --. 1.06 rads.
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This phase distortion Is characterized by a scale site

B E(N + )oI + 0.196• 0.114

in terms of the two parameter descriptions of the beam qual-
ity employed by the model m1 - 0.3536 and m2 -k.1076. For
this example, there were no defocusing errors lnduted by
any of the components in the optical train so that no adjust-
ment was made to the beam spread parameter a2" Note that the

constraints in the last two equations (0.433 and 0.196) are
needed to ensure the proper conversion of a and to m! and

1
2*

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* v fX/Dto. In the absence of

atmospheric effects and beam jitter, this power is simply

P (r * ) - P tm i 1 - e x p [ - 2 ( ) 2 1

where 0B is the actual diameter of the beam on the trans-
Smitting optic, i.e., DB M Do Is to

0 to

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

2-..
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larger than it should have )een. In addition, because of

the mismatch of device output beam and beam expander clear

apeture, a significant power loss occurred. As the beam
diameter is allowed to increase, both of these effects are
reduced. Of course, at the point where the boom begins to

spill-over onto the beam clipper, the near-field power is

again reduced resulting in the performance fall-off shown

in the figure.

It is recognized that a trtoq performance evaluation

cannot be made without including the propagation effects

between the transmitter ind target plane. However, 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/trucker systems. It is interesting to note that

a detailed study of a similar system usting wave optics

code resulted in an additional beam expander (N - 1.3) being

placed in the optical train.

The simplified 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 model 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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oSocton 3

"CREATION OF SAICOM

One of the High Energy Laser (MEL) propagation codes
commonly used by the laser systems analysts Is the COMBO (or

ATP) code deteloped by the Air Force Weapons Laboratory
(Reference 11). ATP is the propagation model documented in
Referente 11. COMBO is a code which combines ATM with the

Air Force MEL weight and volue* prtJections (Reference 12).
CO480 also includes .ome additional features such As the
ability to perform reverse calculations in which the user
specifies a desired intensity and the code determines the
range at which the intensity can be delivered (given the

power) or the power required (given the range). The primary
asset of COMBO (or AT?) is its ability to make variable al-
titude calculations, Including propagation paths extondinq
to or from space.

One of the tasks perfo•-med under the present contrat.t

was devoted to modifying COMBO. The objectives were to re-
duce execution time. improve computational 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.

All of the primary modifications are discussed in

Section 3.1. Collectively, they are sufficient to warrant
a new code nam" -- SAICOM. A brief user's guide to SAIC04
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
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of the code remain essentially the same is in the original
version (Reference 11). A summary of the more important

equations is given in Section 3.1-9.

3.1.1 Improvements to Complitational Speed

and Accuracy

A substantial part of the COBO modification effort

was devoted to improving the speed of the calculations.

Several modifications simply involved improvements in codtng

techniques. These included. (1) reducing the number of

calls to 4EGAIR (the subroutine which provides altitude de-
pendent parar'lters such as temperature, pressure, etc.);

(2) lumping several blooming parameters (viz., n, WnIaT,
and C p) into a single curvefit (GALTIN); (3) using a better

search algorithml 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 N! is of the
form

L
HN cf f G(z")dz~dz'

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 assun.-
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 precedure
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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 range.

The new algorithm examines the local behavior of

the integrand and chooses an efficient scheme and mesh

spacing dynamically. It selects eithier a locally quadratic

)r locally exponential representation of the integrand. If

neither is sitisfactory, it reduces the mesh spacing and

tries again. On the other hand, if the local convergence

exceeds the accuracy recLuirements. it increases the mesh

size to increase speed. Both integrations as %,-ell as a third
implicit in G are perfornied in a single loop.

!When th.! new algorithm was used for the severe ex-

ample illustrated in Figure 3.1, the calculation required

1.49 seconds; the original CO!MBO exceeded a time limit of

200 seconds without completing the calculation!

As mentioned earlier, an additional improvement in

computation time was obtained by modifying the convergence

•algorithm used in the reverse propagation calculation where

the range is successively adjusted to obtain a desired tar-

get plane intensity. The range R' for one iteration is

determined by modifying the previous range, R, viz.,

R K:R F7 1

where 01 and I are the desired and computed intensities,

respectively. In the original 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 beknm quality. It essentially replaces

the usual one parameter concept of an "mi x diffraction
1 jini ted" beam by a two parameter representation. The two
parameters., designated m1, and mn,, 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 leoding both to beam spr-eading (in) and to

W: power loss due to vide angle scattering (mil)

The origin and interpretation of in. and m2 are dis-
cu,;sed ini soi.c. deta I in PReftrence 1 and in S cti on 4.3 of
this report. Their use in ch',,ract~eri zi n the effects of
beam, truncation and obscuraltion is discussod in Reference 2.
In general, they are calculated ini the new opt-Ical train
model which is an integral part of SAICOMI (see Section 2).

SAICO?1 incorporates the two parameter approach even
though the user is only required to stipulate a single
parameter, ni. If the device power (PjQ) and beam quality
(in) are stipulated, the optical train portion of the code

converts them to the appropriate aperture or transmitted
power (P and beam quality (i 1 ,V and ni 2 ). If the optical
train calcul z.tions arc bypassctd because the USNt Specifies

T'the specified beiiii quality is assunied to be pure
beams pr cad.

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

[1 0 1 0.865 niu z/L)i P 0.ez

2
7T r (.)
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where

r (z) 0 L 2 '+ 431 m2

2 2'

+ T2 +a(j

The term in the numerator that decreases as z increases re-
presents the power losses that may be thought of as wide
angle scattering. The 0.865 factor is present because the
basic propagation equation used in the code is based on the

l/e 2 radiance of an infinite Gaussian beam. Since mi and m2

are used to account for the effect of different beam pro-

files as well as phase perturbation, these terms may be not
the unity even for perfect beams. This situation is clarn-
.Fed in Table 3.1. In this table the Ml and M2 terms are
the parametirs computed in the optical train subroutine
while m is tile user specified beami quality for tile total

system. Note that if the optical train is bypassed (the

user specifies PT) and m-1, mi and m are 0.89 and 1.29
respectively for a uniform beam ard not unity because the
basic propagation equation is based on an infinite gaussfan
model. But if the optical train is not bypassed, m=

MI=0.89 and mi2=M2=l.29 V-•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 5 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 transmission of the beam from the laser through
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the final t smitting optic. It accepts a quite general

specificati of the optical train through a list of input

parameters. ,IPTRAIN accounts for beam truncation and ob-

scuration and for various contributions to phase pertur-
bations. The output includes the two beam quality para-

meters m, and m2 described above.

I N can be bypassed simply by specifying the

ttansmit.Td power, PT' rather than the device power in

the i put. In this case, beam quality is based on wave-

leogth scaling as usual.

3.1.4 Multi-Line Propagation

Since many of the lasers of interest for high energy

applications emit sev'eral lines simultaneously, it is de-sirable to include these multi-i ine characteristics in the

simplified propagation codes.

The approach used in SAICOH is to compute the -mount

of energy absorbed by the air on a line-by-line basis. This

means that epJ -JR d(z"I)dz"' i

•t..• e p -A0 (Xi zl"l)dz""1-4/ P
and c(Z")exp 1fc(Zh)dZ" in the integrand of the

0

expression for the blooming parameter becomes

ai
~~~~ i z le piz" )dZ"'

i 30
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where

a -absorption coefficient of the ith line

ae extinction coefficient of the th ltine.

In SAICOM, the 3.8 um DF propagation has been extended
to include three distinct families of lines. These encnmpass
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 DIF absorption coetffici c ts is

given in Appendix A and is based on the RDL spectral data.
The resultino SAICO'1 equations are

-A1 +h(-A 2 +A3 h)ai A Ae

-h(6. 78xl 0- 5+9.61 xl Oh)
where A = 1 + (0.9446 RH-I)e

for groups 1 and 2

1, for group 3
A1 = 10.047, 10.082, and 9.948 for group 1, 2 and

3, respectively
A2= 6,38R I0-4, 6,952xi0-4, and 2.199xi 4

A2  1 .8x0 4  . x0-8 and -1.l96100 4

A3  = 2.25x10", 1.55x10 8 , and -1.96x108
h = altitude in meters.

These equations imply that at sea level ci varies between

0 and 0.0409 km as relative humidity varies between 0 and
100%, 11 2 between 0 and 0.0395 ki" 1 , and "3 is a constant

0.0478 km"1 .
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The above equations are only valid to around h-13 km-;

for the hii.ihpr 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 sinqle-line data
above that point. Figures 3.2, 3.3, 3.4, and 3.5 plot the
c1' a2' (3' and aresultant e,<i..iatt.ns where

~re u t n A. .r s.]t~ 1) + Ct +

rcIPShI tant

The scattering equations are the same as those used

In the original COMCO (Reference 1i).

3.1.5 Modification of Tu,.bulence and Jitter
to Include Short and Lonq Term Effects

During tile code comparison work in Task 1 of this
contract, it was noted that one oF the useful features of

ESP was the flexibility of includinq beam jitter in the
blooming cnlcul ation iF the frequency %,:ere hipgh enot:9h and

excluding it otherwise (References I and 14). This Feature
has been included in SAICOHl. The output jitter fi'ctkrs it)

SAICOM are high-frequency jitt-r (kaH) and iow-frequeicy
jitter (aJLF). Yhe 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 expanded to include the total, long-term

turbulence (aTLT) and the high-frequency, short-term tur-
bulence (aTST). The turbulence equations in SAICOM are
based on work of Yura (References 15 and 16) whereas the

COM[BO code was based on Fried's work (Reference 17), but

the results differ only s-lightly in the regions of interest.
The equations used are
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0 tet , (z) (J

and 0TST - -03 (TLT

where 1.L439~ C2 M/
0 CN

k ?/
d0 div ILn. tr o f tL I~ L ks

The.se eq u Ljst are general $iatieons ef tVi co-'ltitudo ex-

pression d-vloped in Rafeo;enco 16. In thr bloomr; eIcaltu-

lation OTST is used instead of the long-term expression,
but it should he noted that sorit rese•:rrh itidicates that

no tarhulcrcr, shouild be" included 'i thr) heŽ isprrd befoVif,

the blooming calculation (Reference 18),

3.1.6 For-Field Intensity flistribution

in COMBO the stanidard calculatioin of thlc a\vorane

inteŽnsity is bzised on the 1 Ic2  nten- it y radiu-, ii t.he far-

field with a few othcr rodii available funr user s4pic iicat i

(e.g., lie and 1/2 intensity points). Since SAICOM is based

on a .4: ,.i-si.'n approximation to the actual far-field distri-

bution, it is a simple matter to use the lio 2 results to

describe thc complete far-fie16 profile. In additiott to

i0le2), the peak intensity IP1 2.31?xl(l/e2), is printed

along with contour data. These contour" data assune a
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bivarlant normal profile of the beam due to blooming dis-
tortion as developed in Reference P. For each 100 contour

t(~ylp y=-0.9, 0,8, ,,,, 0.1) the aroa w1Ot'h.n that contour,

,r In (

A(t>yI ~ap

the total power withit• thAt areat

S~~Pll>I ) "- 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 cvimputed and printed.

3.1.7 Calculation of Optiui Power j
nne, of the more useful bits of informaLion that

r0opios 1rot, laser cf1',-ctivc, ee.;s studies is s .c' itlcation of

optinum power basid on maximizing enprgy on the target

-(Reference 19). U,;ino the G)bhardt and Smit h curve-fit for

the in-Lcnsity redu'ction due L'o bQot-inmi (4Re er,_nce 20), the

far-field intensity is related to traeiiaitted power, T by

I - aPT IREL(N)

where N=bPT and a and b are constants (independent oF power).

Setting I/DP T"0 leads to

1ln(IREL) =-3lnN

as the optimum condition. For the Gubhardt and Smith curve.
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this-c--diti-n

thi coditonis satisfied when N=5.54. Therefore, the

optimum power is given by

optimum N

where N is the value of thec blooming parameter correspondingA

to the power PT The corresponding maximum intensity is

1 .2051
'optimum N KIP

( KIP is t he c o m, p r v~ r i a h repreos n--ing I [L it shouldVbe noted that thr onIm Lot 110o nt i 11C IU (. t m p oSssibLeI
effects associatc~ci iwith the optical trji n , i .e. it does
not involve an iterr~tLive recall 0-1 OPT R IN.

S ~ ~ ~ ~ClU COMN irint h p u oe s doeri ved above

threshol d. In that case, it pri nts the power at which break-

down would occur as the optimumfl powcr. The breakdown powor
level is estimate~d on th. basis of peak intensity without
blooming.

3.1.8 MiscellareouIs Modifications

Several relatively minor addit~ions, deletions and

corrections are described below.

3.1.8.1 Variable TU)!Urbulrnv it) 131oominnn Cornm tations

In COMBIO the turbuleonce is not varied as the bloomi-

ing along the beampath is computed; instead only the final

value is used. In SAICOMA the distributive nature of tur-

bulence is included in thc integral calculat4on of the
blooming parameter.
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3.1 .8.2 Extinclion- Calc-ulati-ons-An-Bloomin Integra

In COMBO the linear power losses due to absorption

and scattering are computed using exp[-ca (h)z] in the into-e
grand whereas the expression should have been

2

exp[-r %(h)dz].
0J

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

3.1 .1 .3 Rower Viciria~tion

The reverse calculation option in CO1?,O involving
ca 1 cul at ion o-f th e req u ire d power -t del i ver a des ired i n-
tensity at a given rangje has been replaced in SAICOM. INo w,
whenever the intensity is calculated in a normal propagation

run ,the power is automatical ly variw:I bnt%,'eefn on--tenth the
sp'cified value end twice the original power. Thle output
then lists th ave,:_rage intensity within tho e 1 intensity
are-a, the area over which the- intensity is, above a sp-:Ci Hd
minimum value, and the total power available within that

a rea . The equations used in these computations were dis-

cussed in Section 3.1.6. The user is allowed to stipulate

the minimum intensity of interest through the input para-

meter 0!1. If the user doe,- not specify the desired minimum

intensity contour, the program automatically selects

10 kw/cm2

3.1.8.4 Deletion of Weight and Vo~lume Calctilations

The technology projection portion of COM1BO is an
interesting but seldom used facet of the code. Therefore,

it has been eliminated.
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3.1.9 Sumimary of Equations

The basic equations used in SAICOM a're as follows:A

Average intensity in the / intan.sity radius

nr 2(Z)~dZ

I.M

w11Cre k intensity reduction due to blooming
I(soirni tivics written as K11P)

I.~~0 31TT J

2 J JH + 2

rTT~C (Z) dZJ +

The~ b0 0031 ng pDae .N i optd

L

JT iU jvZ) 2 ("

2 2-12



1-

where
"• ,"• • ' ") fe " 'et (Z")dZ"

2 -

vF(Z") " PT•, PT (All(Z~)

r 2 (Z,) = k 2 0 + k + 4Z

TST 0.37 jT

k s' r J3/

G(Z") =o)

302 A USER'S GUIDE TO SAICOM

A brief description of the key features of the

SAICOM code is given along with a discussion of how to
operate the code. Users familiar with COlMBO (Reference 11)

should have little trouble with SAICOM since many of the

subroutines are unchaiiged and the same modular format has -
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been retained. The basic structure of the executive routine

(SAICOMi) is shown in Figure 3.6. A substantial portion of

this routinn is devoted to initializing the input variables.

As with COMBO, most- (if the input paramiet"ers are de~fined

through a defi1.ult nameli s t wh ich requ ires the user to s pec ifyJ

only those paraiieters which will differ from the default
values. However,, it should be noted4 that oven if the propa-

gation and optical train namelists are not used, namelist

cards are required which read $INPUT $ and $CASES $, respec-
tively. The optical tra in is called if-the user specified

PD; if PT is givent this subr1outLine is bypassed. A s~ubtle

poinrt vwurthy of note is that %-,hen I'D is givyen, S IGHVF i s

1assuimcid to rul',- 1-o tLh.! dcviCý, jii-ttcr only, and this termn
Iis coPmbil`CU Vi -1h the fOUr- 10 ji-UterIS (T1!1!1, THESI Tl;AAJ, and

THS)V) Uivcn in n~lLCASIE tu doycermnnn h:he ~ fe'ee

jiticl' 01 the tok':a1 sys-Lom.

Iterate eor NRtJNS

PED

Ijjc I ist)Gvn

Fiur 3q SA'O Flo DdIsP alraI
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Following these initialization activities, control
is transferred to ATM, which handles the propagation 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 brief 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. All
inputs to the subroutine are passed through a labeled CO.I'.!ON/
OPTIN/statoment and must be defined by the user prior to

calling the subroutine. Following some initial calculations

characterizing the input bam, th& effect theft eoach compo-
nent within the optical train has on the transmitted pol.er
and beam quality is evaluated 1i: a step by s .ep manner.
Altthough the specific elements within the optical train

are fixed, i.e., aerodynamic window, beam clippur, 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 COH.l.ONi/OPTnUT/ 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)
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"Tible 3.2 SAICOII Subroutines

E DESCRIPTION

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

ATM Initializ.ation of T'ropagation Para-
meters and Itoezation of Rfeverse
Cal cul ai oiuns

AA Calcult ,,s fo;- Las-"r k.nJ Targjet
Ahove "103 ,1\w.

AL Calciila-i.on foi , . lOki ' u.
and T100 C [ " . km.

BA Calculation for Laser 1.elov,,W 10f) kni
and Target Above 100 kim.

BB Calculations for Laser and Target[i Below 100 k~in.

ALFSET Sets Powcr Ratios for Multi-Line.
Propagation.

eeZ eALFFAC Calculations of OAe and e

ALFAAD Single Line Absorption Couffici,,onts.

ALFAEX Sinqle Line ScaLtering Calculation,

CNSQ Atmosl)heric Striuctinre Constant.

KS COMpUL i' Reduction in Intensity Due
to Bl oomi nq.

GALTIN Al titude DTependent Parameters Used
in .Bloomiino I n cgral .

MEGAIR Pressure, Densi ty and Tenmpera'ture as
a Function of Altitude.

VX Calculation of Total Crosswind.
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two parameters (m and in) characterizing the optical quality
"of the beaom The beam quality parameter m2 is internally

adjusted to account for any defocusing ert-.vr induced by the
high power mirrors in the optical train.

3.2.2 ATt.

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

coefficients

jA • ADL * EXP (-AG &_ . E)

US dS . * EXP (-ScE I,)

or his own pn..*r rati.-s for' th., multi-line 3.8 Jim propana- I
tion (see Finure 3.8). Note that sinqle-line 3.8 Iin prope-

j" gation is avdilable only if the user specifies his own co-

efficients. Also note that if one wishes to alter the
power ratio, PLINE(I), I = 1, 2, 3 without alterinq the
built-in multi-line coefficients, simply set LAMDA equal

to -3.8E-6 and leave the absorption and scattering coeffici-
ents off namelist USPEC. The thrce power ratios need not
total unity since the proqram is self-normalizinq. The
heart of ATA is the call to AA, ADt, BA, or BS •vhere the

intensitirs for the pathlennthls of interest are calculated.

If AD or BA are called, they in turn cal1 BB for those
portions of the propaqation path that lie below 100 kmi.
Followinn the return to ATM4, the bean displacement, eccen-
tricity, contour data, breakdown power, optimum power, and
effects of ouwer variations are determined for straiqht
proprqation unless the proparation path is totally exo-
atmosoheric (AA), or the blooming parameter NI is less
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then 108 It should be noted that when the power is varied

to .ompute the impact of propeqatine a beam that is more or
.less powerful thin the specified level, the beam quality is

not altered; this gives some error to the results since A

beam quality is affected by the total power transmitted

.thr'ouqh the optical train,

If the reverse propagation option (lTYPE 5) has

%been chosen, the calculations are r ipnted using different

targiet ranges ( focal ranqes for ITYPE S) until the ;

:calculated intensity is within 5% of the desired value.

If converqence is not achieved within 20 iterations, the

proqram returns control to SAICO" and goes to the next case.

3. 22 B !

In Fi oure 3.9, C .1 le u c 1 ,o. f ui o , VV L Ra2 ,, rou tr i i 0.

is sin,':. all . ase. cxc, -, . AA ut c th is .• broo,"in", to c'•mI'u,"

the e tiesphV'ic effccts on the hi.h-t:.,er . e,, pr'o;• ,tion.

The sh,•'outiiio perforrls c,, 1culaLiun.i it: -ci t patnts

alonp, the beampath. For calculations of the linear propa-

qation effects, the pathlerqth intervals are fixed (NSTEP

30 is the defult value) while in the bloomingi loop the

Intervals are increased or decreased as required io min',iinize

time and increase accuracy of the calculation. A series of

linear or exponential extraoolations for the ith interval

based on the ith - I interval are made and compared with

the ectual calculation for the itit intervol. If the co,•:pari-

son is unfavorable, the interval is decreased. If the com-

parison is favorable, the contribution from the intcrval is

incorporated into the integralif the cumparison is unneCes'Srily

good, the interval is increased. This procedure replaces

the tiple-consuming multiple interations used in COMSO.

3.2.', Input Data,

In Table 3.3 a list of the input parameters and

their functions is given. This reference list does not

......... - - _ 3-2. . ...~. ~ . •.
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Table 3.3 tnrpt Parameuters

ITYPE If ITYPE - S reverse calculation is
called with 0! and PO or PT specific.
All other entries will result in$trelItjh pr'opag•.iion,

PD or P1 Us'r mizy s tip ' tloht t
(1I)esi1'e(: ( ii ' - • ,,.Y, 2 i " T i5

•• -e it i's tý-e I•. ,,,• ,,, i •u s•., con-
tour in Lie v,.,i ,r , p c,,.I czcu I oi,,

L Range frot ltaser Lu Lhe tarqet if ITYPF"
11 , if Y.'" : = r- L is a fi-s t gjuess

for the range.

OPTIO.N, f. - 1A1'ELTSi. j-_/IV j1T

Beam 0 4 Collimated. 1 - Focused.

CHI Horizontal projection of hearnpath with
respect to the dircrticn of platform
movehlnnt.

DEVUG I z> no extra diarncstic st-tement,
2 extra diagnosLic stzatci:iciiL.

iL Focal lenqlh.

GL Ground lev•l,

HlIM Target altitude.

IIOM Laser altitude.
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Table 3,3 (Continued)

S(Cotlm-d)I

LANOA Wavelength

3,8d06O S.0x1 6  and I 06.• 1O arethe t•ceptdLlO values. A nqqative sign
in front is a I laf) that the user will
%DC ifY tbe mul ti I-i te power ritios or

the s n~111 tln iýb 0nrpi tn oiad icatter-.ing cokt'ficients,

N avem quali ty.

NSTEP Beampath intervals in the linear calcu-
lation.

OMEGA ýcv;-ing rate.
OUT 1 -standard output, 2 extra output.

I f PHL is speci fiei H, should not bev i. adid vice v rsa.
PROP I I/. 1 e2

3 .i it f 1 Q Gm-"IS i all.

R11 i huI im y .
R I 0 4 1l IS• 0 1' 0b ! C Lu r ,.•tA o n .

RO OuLer radius of exit aperture.i SIGHIF Hi~qhl-frequency turbulence.

!:VP Pl I 'k. i•oru vel oci ty,

iVXP Tot1al cro)ss~ind across 4cam, If i t is

! Specified VP, OM1EGA and natural wi ada a ! inoperative.

I.THR I -'> high turbolence, low natural wind
0 ;•-no.inal turhulenci and natural windI 1-t low turbulence, hiqh natural wiad.

3-30
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Ta~ie 3.3 (Continued)

OPTION'At. N NA II rL-S T/I~ .k

DB Beam diam~eter coming from the 'laser.

EPS Obscuration ratio.

DL P Uls e lengthM

XRI Phase front curvature.

DIOVI Peak-to--pcak inte~nsity fluctuation.

DLI Scale si:-e of fluctuati on v.'rt heam size.

DELTAII Acro vldon

Acrow rio a~ .v iv : cm~bi ent
densit*y.

DC C1 ipper (I Iamet-er .

U N Numiber of mirrors in opti cal train. *
REFL Reflectivity of each mi rror.

SFAB Mirror fabrication error.

ITYPr, Mirror type: 1 --' cooled, 2 4 uncooled.

XLHI11 R Di stancn between mi rr'ors

XM A G Telescolle Inagn-Ification.I
i~rvP E R fel escopr type: 1 rý on-axis,

2 :4, off-axis.

X L LA Exit ilpertUre widtlh.
BETA Exit apcrture absorption coefficient.

ASAB Strut area/beam~ a-ca.

ITYPEA Type of exit apeirturc: m~ a> mte riaI

windilow, ? 4 open port.
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Table 3. 3 (Continued)

OPTIONAL -NAMELISt/ýCAS{/Cntned)

TlITR Tracker jitter (la).

THIBS Boresight jit~ter (4

THAA /\utoalignment jitter- (14..u

TIISV Servo jitter (1a).

OPTIONAL - NIANE L I U/US PLY,

PLINE (2) Percent (or actual) power in I Ine 2

PLINE (1) Percent (or actual) power in itine. 1.

PLINE (3) Pet-cent (or actual) power i n line 3.

ABL Us er spec iFi ed I i tiar abs orp t ion
cc e f Ii c i P nt,.

ABE Uie t spcifi od exronania bsrto
CuŽt 1 ifllt.

S'C' L Usnr spe~cified 1 inclar scaxi tc-ring
coefficient.

SCr Us e r sri f i e d e x p onii ei als ca L rn n
Co e f i C i an t.

r
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include the first two cards which must precede each set of

runs. The first uses 12 format in columns I and 2 to state

the n~umber 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

title card must precede each new case. Hence, the data
streavi i s as follIows:

NRUN CARD
Ti tie
Required Inputs Cs
Namelist INPUT Cae
Narnelist CASE
Namel ist USPEC (if required) J

Required Innuts
Name I i s t I N P[ T Case 2
N a vi e Iist CASE
Natici ist USPLEC ( I 1% rcqirUec)-

Table 3. 4 provi des a conveni ent work sheet format
that may be used to specify each case. It includes a list
of the defaul t values arnd Uni ts. Those familiar with MO4BO

will recoq.nize a chanqe in some of the default values; the
default statements now reflect sea level applications.
Note that either PHI or HTM may be specified, but that P11I

should always be given as a positive anqle (micausurcci from

the 7eri th). A neciativc P111 is a flc . that HT! was SDeif d

For ddditional convenience, Table 3.5 l ist~s several

the user. A complete program i stinri and samipl e run is su'pp~lied
alonig w,,ith a sample problem output in Appendix B3.
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Table 3.4 Sampl e Input Form with Default Values

Required Type Posi ti on Units Case I Case 2 Case 3

IT YPE (3.5) 12.

P 0 or (3,5) 11-20 W
PT (3,S) 21-30 w

01~ (3,S) 31-40 W M2

L (3) 41-50 M

"I NPUT" Default Un it s Case 1 Case~ 2 Case 3

.1SEAM 1 (focused)
CHII 0.52 rad

FL L
GL.0.

I: IiT11M 10. ______

1. t~iA 3.ýE-6
14 1.5

OUT / I (short)jJ
PHI__ -r~r- __1

P~op -1 (G-aussi~n)

RI1 .08 M ____

RO .35
SIGHF S.E-6
S IGLIF 5. E-6_________ -

vx8 0. n'/sec
WTHA 0 (normal)
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Ta 0le 3.4 (Continued)

OCASE", DefaulIt Unitsa Cos* 1 Cost t tall 3
Optivilal

tASAII 0105
MEA 0.01 t
Ila .16

t0.166 I
DELI 1.0 6
DLIAR 0.1 ____

DLI 0.1 L/WT
V11 .2.0 setconds

ITYPAW 1 (focused)
ITYPEA 2 (open)- -

ITYPtS I 1(on-.axis)
ITYPEM I (cooled)

11A 1.LY vi ,n 1

I1 IIAA 5. t-6 I-act
1.Il4;5 5.E-6 rc1

-5. red
TI!TP rad

XLEA 0.05 i

)XLM1 .15 al

XHAC 4.375

'USPEC', Default Units Case I Case 2 Case 3

Optional

Pline (2) .332

NOTES: indica3e

1. Che mar (/)ý

prCesen even w) indialltes~ "I value -s are to e sd. Tesre

applieis to data car~d 4,C A E$. Thj namel i-ist card WUSPEC.$ is only
read vdhen a neqcativc iwiida has bc'en inserted onl dAa card
$INPUT-$ as a flag.

5. If ITYPE =5, 01 is the de,,i red intens ity for the reverse cal-
culation; otherwise it is the miniIM11m Useful intensity for the
Variable power tabulation (default value of 10 w/nl2).

3-354
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Table 3.5 Flags

FORM MEANING

Jinp its
Negative LAIMDA The users will specify the multi-line

power ratios or the single-line absorp-
tion and scattering coefficients.

Neqative PHI HTM is specified (Default).

Internal

CINVRGD TRUE => the last blooming interval
pissed over the end point.

ENDED TRUE => this is "the last blooming interval.
""ERU" :=> he re'/eo'. cailcu, aiions have not

ERR T E a "'

,('f 'I1n g Co in 20 i tc ; onions.

FINAL = I the reverse cal cu1 tion; have not
I;o 11verge-ý,d yet;

• -2, last pass t o '.. ii' ph lrop~agaition

FRACT Tells the fraction of the last blooming
interval Lhat is within L.

LAM 1, 10.6 pim
L 2, 3.8 pin (multi-line.)
= 3, 5 jim (single-line at present)

4, user will specify single-line
absorption and scattering coefficients.

OK TRUE => save previous values For multi-
line absorption and scattering caIcula-
tions.

3-36 j
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Table 3.5 (Continued)

FORM MEANING

Internal (Continued)
TYPE v 1, AA

a 2, BB
- 3, AB
"a 4, BA.

UNIFRm TRUE => la•st two blooming intervals
were the same.

I
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"Section 4

SUMMARY OF TASKS I-IV

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 qeneral.

4.1 REVIEW OF TASK I. CODE COMPARISONS

The objective of Task I was to Quantitatively
compare tlie 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
conmparisons were that all three codes give comparable
results for situations in which thermal blooming is not
severe, but that ESP-I 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 I was to ascertain

the reasons for major discrepancies between the codes.

The effort was concentrated on COMBO and ESP-I since there
is considerable dispavtty in their results even though

they both use essenttaily the saine approach for rilculating

thermal blooming. NOLEC uses an entirely different

approach. In reviewing the theoretical tasis 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 and Smith (Reference 20). The essený.e of the

basic approach is the representation of the ratio of

the bloomed and unbloomed focal plane peak intensities,

IRELI 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-1 use

the same empirical relationship for IREL (N). They yield

different results in blooming calculations becauc 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 theoretically 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.

4-.



r 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 j
an inherent capability to treat non-coaltitude engagements.

Unfortunately, it is not consistent with the empirical

relationship used to correlate the experimental data.

3. ESP-I uses the same expression for N as
was used for the empirical correlation. In that sense*
it 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 somne 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

with 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 11. BEAN SHAPE AND DISPLACEMENT

The objiective of this task was to develop empirical.
models for predicting beamt shape distortion and dlsplatemnto
i~n the focal Plane due to thertAkl' lensing. Results trom the.
NR1. non-linear propagation code were used a! he data base
for the analysis.

Since boom distortion and displacement both are04
closely related to thermal bl'ooming, JiE (.the reduction
in peak intensity due to blooming) was used as the primary
correlation parameter. This automatically accounts for .
much of the dogindence oiA the independent, parameters and
has the further advantage of being reddily computed from
the NRL scaiing law.

The beam displacement model is represented by

1.29 01S1.9 +(.1) + 1.500 in l/IRE)
Till.J 0.750

where d is-the displacement of the peak intensity into the1;wind, af isthe e1 beam radius (without bloomting) in the

focal plane,, a1 is the e-1 beam radius in the source plane,
and n a a''. a1.

The beam shape model represents the coilstant Inten-

sity contours as ellipses and teitniydsrbto
as

I(X,) I exp so x +(Oafd) k.~I~x) PEAK ea DS (x2 Ya
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1PEAK

This model atmiclygives the correct peak inlensit~y

a.d 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
examp'le, they do not apply (unless suitably modified' in
the prestnce of jitter or turbulence or when slewing.

r is not in the same plane as the wind. A-ctually, the *L ~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 111. BEAM QUALITY

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

The recommended approach involves approximating
the far-field intensity profile (neglecting blooming) as a
Gaussian distribution of the form

•-_-
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OiR2

The~~ paaetr 1  n 2  ve tepooepba ult
parameters~~~~~ an0r eemnds htteitgae oe

Th Thsew parameters relndm re tesenaton of beam quality
isramsignifiandat advnetoermnds theauto the xifferactidower

limited" concept. It can account both for power loss due
to wide angle scattering and for beam spreading. It should
bet -fully. adequate to repres~ent all situetions in which the *
far-field beam profile is dominated by a central lobe.

Furthermore, the general approach is sufficiently flexible
thait it can include effects associated with beam truncation
and obscuration (see following section) as well 'as with

other amplitude perturbations and with pha..se aberrations.
For example, the simplified optica'l train model (OPTRAIN)

described in Section 2 provides a method of estimiatinq m,
and m2 for a wide range of system parameters.

4.4 REVIEW OF TASK IV. BEAM TRUNCATION AND ORSCURATIOI4

The effect of trunc.ation and obscuration wer i1nves.-

tigated both analytically and wi'thin the empirical frame-

work of the beam quality model d~eveloped in Task ill$
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t.e,, the results were presented in terms of the parameters
a eand 02, Oetait1d results of the analysis are presented
,n Refertnce 2, Since the degree of truncation and
obscuration is determined by the optical train, the model
itself has been incorporated into the optical train model
(Section 2). -4
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Section 5

CONCLUSIONS

,,-

In any high technology program, like the DOD laser

program, it is important that technologists and analysts

work together to resolve the issues and support the efforts

of the other group. During the early phases of a new 4
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 ol 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 it, greater depth.

The atmospheric propagation coding studied under

this contract is really second generation iiiodeling.

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 for modeling the beam propagation

through the optical train have been operational only

recently. Hence, the simplified codings developed under

this contract are first generation models. The authors

hope that both of these modeling tasks will contribute to

the continuing covergence of laser technology and systems

analysis.

5-1
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APPENDIX A

P- Molecular Absorption of DF Laser Radiation

A.1 INTRODUCTION

This appandix was written by Dr. T. Tuer of the

Ann Arbor SAI 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

atmospheric 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 code,

the coefficients are given as a simple analytical function I
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 BDIL, 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

thiE; component. A simple computer program DAFT (DF

Altitude Fittirg jCode), was written to: (1) evaluate

this cpntinuum component for the frequencies, altitudes

and model atmospheres desired, (2) add this to McClatchey's
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results, and (3) plot the total absorption coefficient as

a function of altitude.

Table A-1. List of DF-BOL Lines

OF Frequency Relative Considered
Laser by MRcClatchey

Line (cm-1 Power and Here

P3 (8) 2546.37 10.7 yes
P3(7) 2570.51 10.2 yes

P2 (10) 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 yes

P2 (7) 2655.97 10.0 yes

P (10) &665.20 3.9 yes
P2 (6) 2630.28 6.2 yes
P1 (9) 2691.41 9.1 no

SP1 (8) 2717. 54 6.6 no
P1 (7) 2743.03 3.5 no
P1 (6) 2767 91 2.0- no

The watcr cor.tiuum absorption coefficiect is given

by (Reference A.2).
o * 0 p
n CS wp W N w

where p, is the partial pressure of water vapor, P is the

total pressure and the * indicates the iensity-equivalent-
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pressures 1 . This reference also gives measured values of

0 as a functon of frequency at 2940 K2 , and recommends
value of c 1 0.12 c The absorption coefficient n

differs from the usual 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 attenuaL-ion of most of the DF laser line-- is

dominated by atmospheric water absorption (i e., H2 0 or

HDO line absorption, or 1120 continuum absorption). In

order to account for different atmospheric water content,

the calculated absorption coefficient ,,:s normalized by:

k* = k/p*

Here p* is a normalized water density-altitude profile

which varies between a value of p0 at sea level, to unity

as h-+o. The quantity p0 is the sea level density of the
model atmosphere under consideratiot., normalized to that of

the midlati tude summer model atmosphere. The form of p*

was arbitrarily taken to be:
* - )l R/2

P*_= 1 + (P* WO

.. Since the pressures are generally le-,s than one
atmosphere, we tised the usual pres.sure in place of
the density-equivaient-pressure.

2 Since the temperature dependency of this quantity i s
uncertain, its value at 294 0 K was used throughout.
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where R is the normalized water density profile based on

the data in Reference A.3 (see Figure A-I). 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,

41
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Fi0.re A-1. Water Cvocentratsin Profiles for Fivu Mmdel Atmospheres
and Analytic Fit.
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A.3 DETtRMINING TYPICAL GROUPS

[Normaltzed profiles for all the water Jamhinated

4Sler lines were plotted on a coImot scale. nf course
the lines which are dcerminated by other species (e.g.,
N 0 line abscrption), v,,ere not normalizcd in this fashion
but simply plotted. These plots tend to collect in three
general group#. Those laser lines whhch are dominated by --

water at low altitudess but happen to fall on underlying °
absorption lines (Type A), have a knee in their profile
(see Figure A-3). Those thiat do rot have underlying

lines (Type B), do not have a pr-notnced Enee but continue

to de'crezse with alti tt-le, ,. leas, for ,ne iltitude ranoo

considered here (see Fiqure A-4). Lines which are not

dominated by water (Type L), .'ve i0o zr2C but f.'ll off

less rapidly with altitude (see Fioure ,-5)

The mecchaoi.-1, fur e•-d. type can be clucid d.td by I
examining the details of the absorbinq lines and continuum1.

Figure A-6 shows components of the absorption coefficient

of a Type A laser lin~e at sea level. Notice the under-

lying CH4 absrpt in line (M12 , hhich w:i 1 becoiw, i m portant

at higher diltitude as the absorption by water diminishes.
Figure A-7 shows a Type B laser line where there is no
important underlyin9 a1ho0)rtion lines. Finally, a Type C

laser line is sho n.,in in V-:qure A-', which is, domi rat', c b.

N20 absorption een at sca lteve1, and its affected little
by water.

A.4 RESULTS

A least squarc-c fit was applied to each qreoup of

laser lines (i.e.. Typcs A, B and C). The analytic f,:-m

used was:
2In k* A0 + Alh I AIh2
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where k*,is the normalized absorption coefficient (kmn ) and h is the

altitude (knm). The results of this fit for each group are shown in

Vigures A-9 through A-11, and the determined coefficients (i.e., A0,
A1 A2 given in Table A-2. .- '

Table A-2. Coefficients of Least 'Squares Fit

Tp DF L.aseir Lines A A1

A P2(8), P2 ('), P 1 (10) -3. 138 -0. 6388 0. 0225
B P 3 (6), P 2 (9), P 3 (5), P 2 (6) -3.173 -0.6952 0. 0155

C Pp(8), P (7), P 2 (10) -3. 019 -0. 21.99 -0. 00196

For Type C las-r linc!s this normalized coefficient k* is identical to the

un-normalivcd ccafiicient k (since water absorp-Lion is ituzig-nificant):

k = k* (or '. . C)

TT'y)e A and .,2 litics must be un-nornal-ized by:

k p"4:.-* (for Typs A & 1)

vwhere p* s1 + (po" 1) I 0 R/2 nV. A1-.
0and: . . _. ' 1

RCh +C 2 h +

with C 0.05875 and C 0.00835.
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