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Preface

The purpose of this study was to analyze how a re-
flectcd wave is disturbed as it propagates from a reflecting
surface to a receiver plane via a thermally blocmed medium,
Previous studies on this subject have been done. However,
this study incorporates more sophisticated models for the
thermal blooming and ray propagation portions of the
analysis.

Along with the return wave analysis, this report
includes a computer program developed to perform a
geometrical ray trace through the thermally bloomed medium.
The program is thoroughly documented and can be easily
adapted to any blooming model., In its present form, the"cg:;;;m?éj

program is adapted for use with the Air Force Weapons

Laboratory blooming model known as PROPHMD,

I would 1ike to thank my advisor, Major John Erkkila of}
the Air Force Institute of Technology, for his timely guid—.

ance that was so essential to the progress of this study.ﬁ_

Thanks also goes to Major William MacInnes of the Air Forcei /\

: j

Weapons Laboratory for his help with the PROPMD computeerA
code. And finally, I want to express my gratitude to my
family for their consideration and support throughout the

entire study.

Michael T. Baker
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Abstract #
ﬁ“
A computer code was developed to perform a geometrical
ray trace of a light ray from a target plane to a receiver “
plane via a thermally bloomed medium. Thermal blooming was

modeled using an Air Force Weapons Laboratory computer code
called PROPMD,

Ray traces were done for various degrees of thermal
blooming, and Strehl ratio calculations were made for each
situation. Also, contour plots of the ray optical path
deviations across the receiver plane were made.

Results showed that a ray's direction of propagation
was virtually unaffected by refraction. Disturbance of the
ray was due totally to the effect of thermal blooming on the
optical path length of the ray. In severe blooming
situations, calculated Strehl ratios were less than 0.1.
However, 1limiting the size of the receiver optics to

something less than the size of a high-energy beam grid led

to improved Strehl ratios.
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I INTRODUCTION

e

Background

Propagation of a high power laser beam through an
absorbing medium has been shown to be a nonlinear process.
As the beam propagates, some of its erergy is absorbed by
the medium, and this absorption inducecs temperature changes
within the mediumn. The temperature changes affect the
density of the medium which in turn affect the refractive
index n through the relationship

i, = [ﬂo*'] %o (‘)

where n, is the refractive index of the quiescent medium, ?o

is its quiescent gas density, n, is the index change, and ?1

1
is the density change. Thec relationship between temperature
and density is such that as tempcrature increases, density
(and refractive index) decreases. If we consider the
irradiance profile of a Gaussian beam where the center of
the beam is the hottest area, the medium resembles a

negative lens (see Figure 1) and the beam is defocused (Ref

1:27-19).
N

\ A

Beam Diamcter

Figure 1. Heated Medium Resembles Negative Lens




When a crosswind (wind traveling in a direction
perpendicular to that of the laser beam) is present, heating

across the beam is redistributed and the refractive index

profile for the becam changes (see Figure 2). This change is
due to the cooling effect that the wind has on the beam, As
parcels of air within the beam are heated up, they are svept
out of the beam by the wind. Since the downwind portion of
the beam sees less of a cooling effect than the upwind
portion, the index profile resembles that shown in Figure 2.
In addition to causing the beam to diverge slightly, this

profile also causes the beam to bend into the wind.

o
WIND -

Figure 2. Refractive Index Profile with Crosswind

From the standpcint of classical geometrical optics, if
the refractive index of any point within the beam can be
determined, then a Snell's Law analysis of a light ray
traveling inside the beam can be performed. Furthermore, a
calculation of the optical path length (OPL) can be made for
any particular ray, the OPL being the integral of the

refractive index along the ray path,

il' 'I’ .




With the help of an Air Force Weapons Laboratory (AFWL)
computer code called PROPMD and the basic assumptions listed
later in this section, a geometrical oplics analysis is
possible.

An analysis of this nature is of interest to AFWL s.nce
low power lasers (serving as tracking lasers) share the same
aperture as and travel colinearly with high power laser
beams. If it were possible for the laser operator to form
an image of the target by using the return wave reflections
from the target, then the laser operator could determine not
only if he was hitting the target but also what speciflic

area of the target he was hitting.

Proble

The problem investigated in this study is the analysis
in the receiver plane of a wave that has emanated from a
point in the target plane, and traveled through a thermally
bloomed medium to the receiver.

The analysis does not include the effects of
diffraction on the propagation. Furthermore, the analysis
is related only to the return wave prior to its entering the

receiver imaging optics.,

e Ll s
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Assumptions

It must be emphasized that the accuracy of all results
of this research are dependent upon the overall accuracy of
the PROPMD computer code calculations., Based on an analysis
of PROPMD calculations and on certain properties of the
PROPMD code, the following assumptions are made:

a. The value of the index of refraction for any
particular x-y coordinate poirnt in an index screen (an array
of index values in a plane perpendicular to the direction of
ray propagation) remains constant for that x-y position from
a z coordinate point midway between that index screen and
the preceding index screen to a z coordinate point midwvay
between that index screen and the next successive index
screen.

b, Based on the first assumption, refraction takes
place only at points in the plane midway between any two
index screens.,

¢c. The index of refraction value used in calculating
the OPL between any two successive index screens is (through
linear interpolation) the average value of the two indices.

The basic assumptions of the PROMPD code are:

a. The beam has been on long enough to establish a
steady-state irradiance distribution.

b. The heat transfer process within the beam 1is

instantaneous, thus producing instantaneocus temperature

changes that translate to instantaneous refractive index




changes.
¢. The high-energy beam has an unperturbed irradiance
profile that 1is Gaussian in shape,

d. The medium through which the beam passes is free of
turbulence and is flowing at a constant velocity that is
much less than the speed of sound,

The wavelength of the high-energy beam uced in this

study is 10.6 micrometers.

No consideration is given to rays that reach the edge
of the beam grid prior to reaching the receiver plane. The
rays are allowed to leave the grid and are not included in

calculations made in the receiver plane,

Development

The design of the ray trace algorithm is presented in
chapter II. Special attentian is piven to certzin porticns
of the computer code that are special adaptations of
otherwise general knowledge.

In Chapter III, the methods of anaylsis are discussed,.
The various results of the analysis are compared in Chapter

IV, and the conclusions and recommendations are presented in

Chapter V.

v
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II  COMPUTER CODE DEVELOPMENT

The most difficult and time consuming portion of this
study has been the development and validation of the
computer code that performs the geometrical ray trace. :

However, before the ray trace progiam could be used, certain

other data were needed,

Ealy in this research effort, PROPMD was studied in
order to understand the mechanics of the program and where
certain information is calculated within the program., A

discussion of how PROPMD functions, the changes made to it,

and a sample listing of the input parameters used can be

found in Appendix B.

Design Intent

bk
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The ray trace program called TRACE is designed to
propagate a ray from a specified position in the target

plane to the receiver plane through a medium whose

; refractive index varies as a function of position. As the
ray propagates, 1its initial direction and velccity are
affected by the variations in density and refractive index
from point to point. This requires a three-dimensional (3~
; D) Snell's Law refraction (see Appendix A for detailed

development) of the ray at points along the propagation path

where refractive index changes are significant.




Additionally, a cumulative calculation of the OPL is needed

with
IS¢
OPL = an(r)dr (2)
¢
IS¢
where
n = refractive index
r = the vector between the two index screens
ISi = ith index screen

As stated in the previcus chapter, the linear interpolation

between planes gives

0@ = [n, + e ]/2 = W (3)

Thus, the form of the OPL equation
15
OPL =Z_:jf{;4r = Zﬁ;r‘a (4)
3 Is;. ¢

is used for all calculations within TRACE,

Index Screen Locations

TRACE is designed to be given the location of the index
screens along the propagation path. As each index screen
location is read, the appropriate midplane locations are

determined for later calculations of refraction and OPL.




Index Interpolation

As a ray propagates to a new midplane, its angle of
incidence (with respect to the surface normal of the
midplane) is calculated as well as its new x-y coordinates.
The next step is then to determine the value of n at that x-
y coordinate in the index plane. This determination of the
value is based on a linear interpolation subroutine called
ANDEX, ANDEX reads in a square matrix representing the
index distribution across the index plane. DBased on the
spacing between array values (grid spacing value determined
by PROPMD), a lirear interpolation is performed. Since the
coordinate system of PROPMD is opposite to that of the rey
trace, the interpolation begins in the upper right-hand

corner of the index grid where n(1,1) is located.

Optical Path Difference (OPD) In Receiver Plone

In order to determine what changes the image i1 the
receiver plane has undergone, it 1is necessary to deternmine
how much the phase front of the actual imapge wave differs
from that of a perfcoctly spherical wave that has propagated
the same range distance through an unpzrturbed medium. This
ideal value of OPL is subtracted from the cvmulative OPL
value for each ray. To find the truce CPD within the

receiver plane for each ray, S\ (see Figure 3) is found




using

Sz Vxteytezt -2 (5)

The final OPD is found using

oPp = OPL- §ng (6)
where ne is the final refractive index for any particular
ray (Ref 3:197). Figure 3 assumes that n, is the final

index value and that 8 is small compared to z.

)
\23 (V)
Vol ng

Z

Figure 3. Geometry of OPD Calculation.

Strehl Ratio (Refs 4:1513;5:460-464)

If the variations in OPD across the recejver plane are
small enough (on the order of 0.5 wavelengths or less), then
the Strehl ratio (a ratio of the peak intensity in the focal
plane of a disturbed wave front to the peak intensity in the

focal plane of an ideal undisturbed wave front) can be




approximated by

L 2
Steehl = | - (2')1:') [;PT)" - 075] (7)
where
‘7;} the
"ﬁﬁ the square of the average OPD

A

average of the square of OPD

o] ©
[ =]
"

the wavelength

Receiver Plane Masking

In order to analyze how the Strehl ratio varies as the
size of the receiver plane being analyzed is varied, a
parameter call MASK is input to TRACE. This parameter
determines what radius with respect to the center of the

receiver plane is analyzed in the Strehl ratio calculaticons,

Program Verification

The validity of the refraction and propagation portions
of TRACE were verified by simulating a propagation through
three phase screens., The index values at each plane were
constants. The output values of TRACE were checked against
hand calculations and found to be consistent.

The interpolation portion of the program was verified
by inputting a U4xl4 index array to TRACE. The previously
determined indices for selected points on the index grid

were then compared to the interpolated values from TRACE.

10




The comparison showed complete agreement betveen the two

values,




ITITI ANALYSIS

Since there are so many parameters in the thermel
blooming model that can be varied, all parameters except
power, number of screens, and crosswind velocity are kept
constant (see Appendix B for a complete listing of PROPMD
parameters), All analysis is for a range of 1000 meters,
and the power levels studied are 100, 10,000, 25,000,
50,000, 75,000, and 100,000 watts. Analysis of these power
levels is done for crosswind velocities of 2.57 and 144,
meters per second fer both 5 and 10 screens,

Due to the problems with computer access and job turn
around, the size of the index array at each index screen is
limited to 64 x 64, This array size directly affects the
distance between array points, and, ultimately, the

resolution of index changes.

Receiver Plane Contours

As discussed earlier, a high-energy laser beam will
bend into the wind when a crosswind is present, and the
downwind portion of the beam will have a lower refractive
index than the upwind portion. One will then see a symnmetry
transverse to the crosswind direction when contoyr plots of
the OPD in the receiver plane are plotted for waves

originating from an on-axis point in the target plane.

s mdatan
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Strehl Ratio

The Strehl ratio is the standard of measurcment for
return wave quality in this study., Since the Strehl ratio is
directly related to phases and phases are directly related
to OPD's, the Strehl ratio calculation can be made using the
final OPD values, Furthermore, it might be possible te
determine if the return wave over a certain area of the
receiver plane is less affected than that of another area,
Part of the analysis deals with a masking of the receiver
plane such that the Strehl calculations include only thcse
values of OPD falling within a previously specified radius

of the center of the receiver plane.

Location Of Blooming Effects

In an attempt to determine at what point along the
propagation path the thermal blooming has its greatest
effect on the return wave, various numbers of index screens
are skipped before refraction takes place, Up to and
including the screen skipped, the OPL calculation uses n,
so as to simulate propagation through an ambient medium,
The Strehl ratios with the various screens skipped can then
be compared to determine which screens contribute the most

to OPD.

13
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IV RESULTS

The findings being discussed in this section are the
result of analyzing data gencrated through the following
process:

1. Executing the PROPMD program using a selected
combination of input parameters,

2. Executing the DATA program to translate the PROPMD
program output into the required sequence of index screens.

3. Executing the TRACE program to cslculate the final
x-y positions and OPD values for the input values of ray
origin and launch angle representing a bundle of rays
directed from the target back to the receiver (TRACE uses
the index screen information to do the refraction and OPD
calculations).

4, Drawing contour plots and making Strehl ratio
calculations using the OPD values for those rays thet have
propagated to the receiver plane.

The following discussion attempts to explain the
findings in each major area of analysis. Particularly
significant results are highlighted, and comparisons are
made of data differences associated with the variation of

PROPMD input parameters.

Ray Refraction and Til

In this portion of the analysis, a contour plot of OPD

14
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values for each ray with respect to that ray's final x-y ‘
position in the receiver plane was made. As e¢xpected, these
plots showed the OPD to be symmetric with respect to the
crosswind flow direction. As can be scen in Figures 4, 5,
and 6; the contours are similiar with only the distance
between the OPD contour lines changing, From a total
variation in OPD of 0.5 waves (waves = OPD/A) at 25,000
watts, we see a variation of 2.0 waves at 100,000 watts,
When comparing each ray's final x-y position to the
projected position for that same ray had it traveled through
a homogeneous medium, we find that there is no deviation of

the rays. This comparison implies that, for the beam powers

and ranges studied herein, ray refraction effectis are
negligible.
However, there is a nearly linear variation of OPD

versus distance in the direction of wind flow. A linear

variation of phase is equivalent to tilt of the wavefront,
and phase can be directly related to OPD. The tilt 1is
related to the bending into the wind of the high energy bean
that disturbed the medium, Wavefronts propagating through
this disturbed medium also tend to bend. This bending
causes returning wavefronts to be tilted with respect to the
receiver plane,

The refraction technique used in this study does not
correct the ray direction to account for the presence of

wavefront tilt, so a rough calculation was done to estimate

15
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Figure 4. OPD Cortour Plot for Power of 25,000 WHO"um)
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the wavefront tilt for a beam pouer of 100,000 watis. From
Figure 6, the change in OPD from the center of the grid to
the right-hand edge gives an estimated tilt of approximately
2 microradians, For a range of 1000 meters, this tilt
causes a ray translatioﬁ of 2 millimeters in the receiver
plane., Compared to the untilted ray translations for this
beam power, the tilt translation is small and can be
ignored. However, %he combination of higher beam powers and
longer propagation ranges could produce a significant amount

of translation.,

Strehl Czlculations

Since the variation in OPD for Figure 6 is large, the
Strehl ratio for 100,000 watts will be very low. Thus, any
imaging system looking at & grid area the same size &s that
of the high energy beam will be severely affected.

The effects of looking at smaller areas within the
receiver plane proved to be very important, In general,
the analysis showed that by looking at smaller areas within
receiver plane, one could calculate a better Strehl ratio.
Figure 7 is a comparison of Strehl ratios for a crosswind c¢f
144 m/s. The Strehl ratios for a crosswind of 2.57 m/s were
all zero and did not require plotting. Even for powers of
75,000 to 100,000 watts, the Strehl ratio is better when a
receiver radius of 0.1 meters is used, and the ratio starts

to fall off rapidly as the radius is increased. This

19
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observation fits well when you consider Figure 6. Though

there is a significant amount of OPD variation across the
receiver plane, the variation over small portions of the
plane are themselves small, However, it should be under-
stood that limiting the aperture radius reduces the input
signal. Thus, this reduced input signal can lead to a
reduced signhal-to-noise ratio and no significant improvement

in the quality of a final image.

Location Of Blooming Effects

An attempt was made to determine which screen or
screens contribute most to the reduction of the Strehl
ratio. Figures 8, 9, and 10 are plots of the Strehl ratio
when successive index screens are skipped or eliminated from
the Strehl ratio calculation.

The plots reveal that the thermal blooming effects for
higher beam powers are concentrated in the middle index
planes (at 200 to 300 meters from the target plane). Index
planes nearest the target have little effect on the Strehl
ratio.

This observation does not appear to agree with
published findings. It has been experimentally determined
that blooming of a focused beam will reach its maximum
somewhere near the focal plane (Ref 1:49), The value of

"somewhere”" is not strictly defined, so blooming in a plane

21




250 meters from the target might be feasible. However, one
might expect the most severe blooming to occur cleser to the
focal (target) plane for a range of 1000 meters.

One explanation for the apparent disagreement 1in
blooming locations is thé fact that the launch angles of the
rays from the target plane are small enough to keep the rays
close together as they propagate through the first few index
screens, Since all rays are launched from the same point in
the target plane, they 2all see essentially the same index
variation through the first few index screens, For this
reason, the point at which thermal blooming effects begin to
become noticeable is shifted away from the target plane,

Even if the rays are nhot kept close together, we would
still expect to see the same type curves as thosc in Figure
8, 9, and 10. Once the high energy beam has been thermally
bloomed, one might expect to see less significantf chanrges in
refractive index between that point and the target plane.
Thus, those planes closest to the target plane would have
little or no effect on the Strehl ratios.

However, it must be pointed out that the accuracy of

this particular analysis is dependent upon the accuracy of

the information determined in PROPMD, In certain’

situations, the spacing between index screens could greatly
affect the resolution of index variations between these
index screens. For beam powers greater than 100,000 watts,

we would expect the point of maximum thermal blooming to

22
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shift farther away from the target plane. However, the

PROPMD program spaces the planes according to the number of
index screens requested. Thus, for higher beam powers, the
maximum blooming could occur in areas where screcen spacing

is large.
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V CONCLUSIONS AND RECOMMENDATIONS

The objectives of this study were to:

a, Develop a computer code based on geometrical
optics theory for propagating rays from a target plane to a
receiver plane via a thermally bloomed medium,

b. Analyze the effects on the rays of propagation
through a thermally bloomed mediumn,
Both of these objectives were met, and a listing of the
developed computer code was included in Appendix C.

The analysis showed that for the combination of high
beam powers and low crosswind speeds, the return wave in the
plane of the receiver was degraded to the point that the
Strehl ratio was always less than 0.1, Additionally,
limiting the size of the receiver aperture did not improve
the Strehl ratio no matter how small the aperture was.

For a crosswind of 144m/s, Strehl ratios could be
improved by using smaller receiver apertures. However, one
should be aware that tradeoffs must be made with respect to
the resulting input signal reduction and possible recuction
of the signal-to-noise ratio.

One significant result of this study was that ray
refraction caused by thermal blooming was negligible. Thus,
the rays were disturbed only with respect to their OPD
values. However, there was a tilt in the returning

wavefront. Since the propagating high energy beam was bent

27




into the wind, wavefronts traveling the same path werc also
bent., This bending caused returning wavefronts to be tilted
with respect to the receiver plane,

Because light rays travel perpendicular to a wavefront,
wavefront tilt implies.that the light rays are bent. In
this study, the affect of wavefront tilt on ray refraction
was ignored, and an estimate on the amount of tilt for the
100,000 watt case was not considered largce enough to
invalidate the results of this study.

However, the effects of more significant amounts of
tilt must be considered since the TRACE program does not
accurately model the refraction of propagating rays. If
this tilt is large enough in comparison with the original
launch angle of an individual ray, then it can also have a
significant effect on the OPD calculations. Even if the
tilt is not significant at a range of 1000 meters and a beam
power of 100,000 watts, it must be considered for different
ranges and beam powers. Higher beam powers will cause more
beam bending, and longer ranges will amplify the translation
effects of tilt in the receiver plane.

Depending on the accuracy of the PROPMD calculations,
the spacing of the index grid plane can have a significant
effect on the resolution of index changes between grid
points within an index plane. Therefore, 1in order to
achieve the best possible resolution, the optimum grid

spacing (optimum index array size) should be determined.
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As a starting point, a linear interpolation scheme weas
used to determine the index variations between two index
planes, Even though the process of thermal blooming is
nonlinear in nature, a linear interpolation scheme 1is
appropriate if PROPMD spaces the index screens properly,.
However, the results of determining the location of thermal
blooming effects indicates that a higher order interpolation
scheme would be more accurate.

Based on the above conclusions, the following
recommendations are made:

1. The imaging optics should have the smallest field-
of-view possible for the given minimum system requirements
on input signal strength and signal-to-noise ratio.

2. Further study should be done at higher beam powers
and longer ranges with effects of wavefront tilt included.

3. Further study should be done to determine the
optimum grid spacing necessary for accurate resolution of
index variations,

4, Investigation into the development of a2 higher
order model for index variations between index planes should

be made.
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Luneburg's 3-D Refraction




APPERDIX A

Luneburg's 3-D Refraction (Refl 6:64-606)

The Luneburg 3-D refrasction technique is genceralized
for any sheped surfacc of interface between two media of

different refractive indices (cee Figure 11).

Surfece S
n 7'
°F
Y
////’ /
AL}
T

Figure 11. Gecmetrical Representation

M is a unit vector in the direction of the surface normal of
S. T represents a unit vector in {Lhe direction of the
incident ray, and T' is the unit vector of the rafracted
ray.

Luneburg's analysis develops the cquation

| WT -aT=MM (6)

where r'is a scale factor,

Since it it known that the refracted ray leaves the

surface in a plane formed by the incident rey and the
Y
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M el

surface normal M, it follows that the followirng vector

a' (T'xM)= n (TxM) ()

The lengths of the two vectors in equation 9 yield Snell's

equation is true

law
n' sin ¢' = N SIM ¢ 00)

where
qs is the angle of incidence
’ . .
(,6 is the angle of refraction

The factor r7 is found by forming the scale¢r product

Fo= o (7MY = o (T0M) (1)
or
M = w'cosd' - ncos¢ (12)
The equation of the surface notrmeal ¥ in this study is
M=ok +o0%+ 12 (12
Let
b
T=%R+vwT+nz (4
and
[ A N N
T = %% + VY 221 (15)

Then equations 8§, 13, 14, and 15 combine to give

Y\' (XZ’?"'Y';? + Zzi)‘ n (Xl?‘r‘{l\? '.‘2|?I:)

- (oFrod 1D (19




Equation 16 can be rearranged to yield

X, = (Y‘A,') %
Yz :(%') \f

Zp= (r+ “7-!>/n'

'y and M are unit vectors,

z )
Tx ™M = Sia¢

Since T, T

TxM = Smé

Therefore, equation 9 gives

&' = Arcow l;(‘* W) S q”]

Combining equations 12 and 19 yields

Z, = (I"-rnZ,)/n'

and the refracted unit vector

34

T' is found,

cos ¢'

(17)
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PROPMD A Thermal Blooming Mode
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APPENDIX B

PROPMD A Thermal Blooming Model

PROPMD is a very sophisticated computer code written by
Dr. Charles B. Hogpe of the Air Force VWeapons Laboratory.
The program has been designed to allow great latitude in
modeling the high-energy beam as well ac the effects of

atmospheric absorption and turbulence on the beam's

propagation. PROPMD can simulate the firing of a laser bean

from either a stationary or moving platform, A crosswind at
any speed and at any angle with respect to the beam
propagation path can be selected, and the beam itself can
travel at any angle with respect to horizontal (i.e. an
airborne platform with the beem aimed downward and to the
rear of the aircraft). There are input parameters that can
simulate a particular atmospheric turbulence situation. The
beam characteristics (power, wavelengtin, beam size, pulse
length, etc.) are input zlong with appropriate values of the
absorption coefficients and relaxation times for carbon
dioxide (C02) and water in order to model the absorption of
the beam, particularly the C02 laser beam of wavelength 10.6
micrometers.

The actual location of phase (index) screens can either
be input by the user or left to the program to calculate
internally depending on how many screens are requested. For

5 and 10 screens, the internally generated spacings are as
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shown in Figure 12. Since the thermal blooming has its
greatest effect near the target plane, the screens are
neccssarily close together in that area of the propagation
path.

One important feature internal to the program is its
compression of the x-y grid as the beam propagates toward
the target. The overall grid size of the propagating bean
is reduced to simulate focusing of the beam. Consequently,

the spacing between index array elements is reduced,

LOCATICN OF BFROPIAD PHAGT 20 T2ENS
FOR RANGTE GF 1000 LETURD

YMITTER Py
(’"'-'.L) . , . ‘ .- ‘, ! l pl‘-.l'-« ‘va%
o akn 400 Pronls) es8 1oms
FOR FIVE SCREENS
XMITTER TARST
% wba 450 cia R 1o

FOR TEM BORECEKNS

Figure 12. Phase Screen iLocations In FRGPMD
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The determination of thermal blooming effects at each
screen is actually a calculation of phase perturbations
across the beam grid. These perturbations are directly
related to the refractive index n and can be easily
converted,

For perscons who wish to use PROPMD in conjunction with
TRACE, the following additions to PROPMD are needed:

1. In the program card of DEVICE, TAPE22 should be
added.

2. After line 131 of DEVICE, add:
WRITE(22) CITOT, WAVE, RANGE, PETAM, HNSTP(1)
3. After line 97 of PROPMD, add:

DXPX = PX(2) - PX(1)
WRITE(22) DXPX, NLM

4, After line 995 of PROPMD, add:
WRITE(22) K, AZ
5. After line 49 of CWTHM, add:
DXPX = PX(2) - PX(1)
WRITE(22) DXPX
DO 969 II=1, NLM
969 WRITE(22) (UUS(II,JJ),dd=1,NLM)
After a successful run of PROPMD, the data written on
tape 22 must still be manipulated. The data is oriented to
propagation towards the target. Whereas, the ray trace is

away from the target. Thus, the order of the screens must

be reversed.
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In addition, the following sample operation must be

perforrned on each screen's array (see DATA in Appendix C):

DO 100 I = 1, NLM
A(T,1) = 1. + PETAMN
DO 100 J = 2, NLM
AC(I,J) = ACI,J)/(2PI/WAVE) + (1. + PETAM)
100  CONTINUE

where 2PI = 6.28318.
Using the values of RANGE and AZ, the spacing between
screens can be calculated,

The following is a list of sample PROPMD input

parameters used in this study:

CITOT = .1 E-6 RADIN = 0.

WAVE = .106 E-14 RADOUT = 0.29 EZ+0
VEL = 144 E+3 BEAMSZ = .29 E+1
RANGE = .1 E+4 BETA = .2 E+1
FL = .1 E+4 TURBCST = .1 E-23
PALPWAT = .19 E-4 GRNDLEV = .54 E+X4
PALPCO2 = .627 E-4 RATE = .1 E+1
PTAU = .85 E=-5 TPULSE = .1 E+1
PETAM = .272 E-3 ADAP = .1 E+1
PPO = .1013 E+4 NRSS = 1
AZANGLE = -.9 E+2 NSTPSIZ = G
ELANGLE = 0. GAREO = 0. , 0.
TMSDFLT = .1 E+1 PSCAT = .1 E-13
RATIO = 1 E+41 RHO = 0.
COORUPD = ,15 E+0 BLOSS = .1 E+1
THETAJ = 0. SOASP = 0.




SOO0L = 0. ALTTRNS = .,542 E+4

SEG = J1E+1 , 99%0. NSTP = 10 , 99%0

NSEGHAX = 1 WAVESBQ = O,

CORRL =0 1
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