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FOUR-D PROPAGATION CODE FOR HIGH-ENERGY LASER BEAMS: A USER’'S MANUAL

ABSTRACT

This'manual despribes the wuse and structure of the June 30, 1976
" version of the.Four-D propagation céde for high energy laser beams. It
provides selected sample output from a tybical run and from several
debug runs. The Four-=D code now;includes the important noncoplanar
scenario. feature. Many probfems that required excessive computer time
can now be meaningfully simulated as steady-state nbncoplanar problems

wilh‘short run times.



1. INTRODUCT ION

This manual supplies. detailod’infofmation about the structure and
use of a general—-purpose, time-dependent, three—space—dimensionél
therﬁal blooming code known as the “Four-D" code. Only material useful
to a pefson‘ making changes to, testing modifications of, or running
problems with the Four-D code is.in Lh;s report. Readers interested in
the mathematical hodels or computational methods used in the Four-D
"code or in examples of the propagation effects simulated by it should

. 2
consult our earlier reports b2,

The many features of the Four-D code make it a useful tool for

evaluating high-energy lasers in specific scenarios, calibrating
scaling models, and simulating laboratory-scale experiments that
involve laser beam propagation through a gas. This code’s

time—deﬁendent features permit assessment of the effecl of a deadzone
(where the wind velocity vanishes) or thé on—target intensity of a
laser beam and ihe effect of thermal coﬁ@uctivity on laboratory-scale
experiments for continuous-wave (cw) and multipulse lasers. Extensive
sieady—state feéturesA include propagation in the presence of subsonic
and supersonic winds and winds that change direétion as a function of
distance from the laser. Multipulse laser propagation éalcu]ations
include the effect of t3-blooming;: thus.. corrections for moderate
single~pulse blooming need not be made in an ad hoc fashion. The
effects of turbulence. multiline absorption, and jitter are also

calculated. Table 1 summarizes thc properties of the Four-D code.?

A FORTRAN listing and a card deck of the Four-D code are available
from the author. The permission of Peter Ulrich o/ the Naval Research

Laboratory or Robert Sepucha of the U. S. Army Missile Tommand at
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Redstone Arsenal, Ala. must be obtained before the listing or card

deck can be shipped.



Table 1. Baxic outline of current Four-D propagation code.

Variables

Form of propagation equation

Method of solving propagation
equat ion

Hydrodynamics for steady-stute
cw problems

Transonic slewing

Treatment of stagnation zone
problems for cw beams

X.y.z. t: e
where x, y are transverse coordinales and
z is the axial displacement.

Scalar-wave equation in parabolic approx-
imation:

2ik 4 = v3e + k¥(n%-1)5.

Symmetrized split operator, finite Fourier
series, fast Fourier transform (FFT)
algarithm: : '

entl o exp(légvﬁ) exp(—ié;i) exp(ié;V%) en,
4k 2k 4k.

x = k¥(n®-1)

_Uses exact solution to linear hydrodynumic

equations. :Fourier method for M < 1.
Characteristic method for M > |. Solves

vxgﬁl + vyggl + oYV, =0,

ﬂo(vx3§' + vyg§|) + Vyp, =0 . and

: (ng? + vygv)tp'— CEP,) = (y-1)al

Steady-state calculation valid for all
Mach numbers except M = 1. Code can be
used arbitrarily close to M = 1.

Time-dependent isobaric approximalion.

Transient succession of sleady-state
density changes: i.e., solves

gfl + vxgﬁl = —(7—1)ac;21
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Table

Cont inued.

Nonsteady treatment of multi-

pulse density changes

Method of calculating density
change for individual pulse
in train

Treatment of steady-state
multipulse blooming ‘

Treatment of turbulence

Density changes from previous pulses in
train calculated with isobaric approxi-
mation using

gfn + vxgﬁl = -(7-l)aczzz:Tln(x.y) A(L-t,) .
v n.

th pulse fluence.

where 71 (x.y) is the n
Density changes resulting from the same
pulse calculated using acoustic equations

and triangular pulse shape.

Takes two~dimensional Fourier transform
of

ol . sin2[0.5cs(k3+k§)l/21]

[o.scs(k§+k§)'/27]2

where T is Fourier transform of intensity,
and 7 is the time duration of each pulse
(FWHM). Source aperture should be softened
when using this provision.

Previous pulses in train assumed lo be
periodic replications of current pulse.
Solves

Sfl + vxggl + vygﬁl = —(7—1)00;271 Zjé(t—tn)

n

Pulse self blooming treated as in nonsteady-
state case.

Uses phase-screen method of Bradley and
Brown with Von Karman spectrum phase
screen determined by

T(x.y) =

w o

[dkxfdky exp[i(kxx+kyy)] a(kx.ky) ¢;{§x.ky)

—_00 —_—

where a is a complex random variable and ®
is spectral density of refractive index
fluctuations.




Table 1. Continued.

Lens transformation and : Compensates for a portion of lens phase
treatment of lens optics front with cylindrical Talanov lens
: : transformation. Uses in spherical case

2y Zp 20

where 2z, is focal length of lens, Zgp i3
focal length compensated for by Talanov
transformation, and z; is focal .length of
initial phase front. :

Treatment of nondiffraction Spherical aberralidn phase determined by
limited beams ' ' ‘

2nA
oSAz — (x24 y2)2

ol

or phase screen method of Hogge et al.
Phuse determined as in turbulence with

292 2,2
o lo‘_ lok
J)n:—,-—exp- ).

2n I 2

where [, is correlation length and c¢? phase

variance.

Adaptive lens transformation » Removes phase
2

T [o;(x;=<x,>)% + 5;(xi7(xi>)]

i=1

through lens transformation and deflection
of beam. Here x; = x, x, = y averages

are intensity weighted, and «; and f, are

calculated to keep the intensity cenltroid

at mesh center and ihtensity-weighted rms

values of x and'y constant with z. : "

Selection of z-step Adaptive z-step selection based on limiting
' gradients in nonlinear contribution to
phase'énd limiting the wind velocity change.
Constant z-step over any portion of range
also - possible.
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Table

1. Continued.

Scenario capability

Treatment of multiline
effects

Treatment of beam jitter

Code output

Numerical capacity when used
with CDC 7600 and restricted
to internal memory (large
and small core)

Problem-zoning features

General noncoplanar scenario geometry
capability involving moving laser plat-
form, moving target, and arbitrary wind
direction. In coplanar case, wind can be
function of 'z and t.

Calculates average absorption coefficient

"based on assumption of identical field dis-

tributions for all lines

2. o, f, exp(-o,z)

a

Ei f, exp(-a,;z)
where f, is fraction of energy in line i
at z=0.

Takes convolution of intensity 1n target
plane with Gaussian distribution:

iitter = .

[(x")3+(y")?]

Sfdx’dy‘exp}- —————-ro
202

2 is variance introduced by jitter.

where ¢
Isointensity, isodensity, isophase, and
spectrum contours. Intensity averaged
over contours. Plots of intensity, phase
density. spatial spectrum along specific
directions, etc. at specific times. Plots
of peak and average intensities vs time.

Spatial mesh, 64x64, 30 sampling times,
no restriction on number of axial space
increments.

Number of space increments in x and y
directions must be equal and expressible
as a power of 2.

I(x=x".y-y")



I1. CREATING INPUT FILE AND RUNNING FOUR-D CODE

The generality of the Four-D code is reflected in the number of
its input parameters. Table 2 and the comment cards preceding the
Four-D code’s source deck describe the 102 current input parameters and

the names- and default values of the corresponding FORTRAN variables.

Fbrtunately..for .sea—-level atmospheric propagatioh problems, the
default value suffices for err half these parameters. Only the
appropriate subsef of the‘ smaller list given in Table 3 must  be
explicitly included in - the input.file. The Four-D code generally uses

cgs units, except that joules have been used as the basic energy unit
for fluences, ‘heat capacities, and thermal conductivities; that

intensities are in MW/cm?; and that the turbulence strength is in

m-2/3,

Thé fable 3 headings describe the process of specifying a
propagation problem for the Four-D code. First, the laser beam and the
medium through which it propagates must be.specified. Usually, the
problem to be solved uniqﬁely defines the'values of these-parametérsn
Sécond,‘theAmo{ion of the propégation medium rela{ive lo the Iéser beam
must be specified. And third, the details of how the calcﬁlation is to

be done must be given.

The motion of the fluid medium relative to the laser beam
depermines @wo Lransverse velocity components that are assumed to vary
linearly with distance from the laser;  the veioeity cémponent parallel
to the laser beam is ignored. Fluid velocity is eithér constant or
specified by a scenario thatAagsumes constaht speed and straight line
motion of laser platforh and target. Figure»l describes the scenario.

At time t=0, the‘target is at the point M(0); it moves along the line



R
. M(0)
R' ~" Target motion in
straight line
y _ '
| L' (0) < Wind
D vector
VR 7c
0a
P(0) ] — X
P(r.) Transmitter motion
Target // .
sighted’ - haN Impact point
Fig. 1. ancoplanar scenario. The laser is at L°(t), a

distance h vertically above .the line of motion of the impact
point P(t) on the ship. : '



M(0)P(r.) with speed Vo (code variable VFLRC). At time t=7_, it
intersects the plane swept out by a vertical line through the center of
the laser aperture at the point P(Tc). Point P moves with the speed of
the laser platform Vg, (VFLTR) in the scenario plané defjned by the
points P(0). P(7.). and M(0): it representslihe impact point when the
target is aimed at the laser vehicle. [If the target'is aimed at the
laser platform or if the :laser‘ platform "is . stationary, the attack
scenario can be specified in the scenario plane by giving the values of
D (DTOM), A, (THETAS), and (OPéSET). Otherwise, it must be specified
by giv;ng the values of R (RANGE); 6, (THETAT), and 65 (THETAR). ‘The
former method is used when the inmpact point is knowh; the latter is
used when target and ]aser Qelocity'vectors are known. For noncoplanar
scenarios, two more barame@ers are required: h (HL). the distance
between the center of the laser aperture (point L (0)) and the line
P(O)P(rc}. and 6, (THETAP), the angle between the line L(0)L (0) and
the normal to the scenario plane. The true wind velocity is assumed tb

be horizontal at an angle 6y (THETAW) to the direction of motion of the

laser platform and to have the speed Vy (VWIND).

| Specifying the calculational proéedure is often the most complex
part of creating én input file beqause the pérameters are not uniquely
defined; choosing values for these parameters may require that the user
exercise some physical judgment or have previous experienée with the
Four-D code. For most problems, initial mesh widths (LX and LY) of
between five and six times the corresponding 1/e radii>of the initial
Gaussian or truncated Gaussian beam (SIGX énd S1GY) work well. For
- multipulse problems, t3—blooming Can'be included (COEFT3=1.) or turned
of f (COEFT3=0.). If t3-blooming is simulated, it may be necessary to
t3

filter the spectrum of the contribution to the air density to
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control aliasing; -at Lawrence Livermore Laboratory (LLL), we have used

the values FFILT=0.64 and NFILT=4 for Lhis purpose:

'Uﬁless’tﬁe nature of the physical problem being simulated dictates
otherwise, it should be run as a steady-state (ISSL=1) problem with a
vafiable iens transformation (iLENS=l) and a variable axial-step size
(IVARDZ=I>. For steady-state problems, the initial axial-step size
should be chosen so the total nonlinear phase change in a single step
is between, say, n/10 and n/100 and the effective transverse wind
velocity changes by less than, say, 20% in any step. For the adaptive
_lens transformation, ZTF = FOCUS and ZF = O are the best choices for
lthesé variables; the value of 2ZTL ghouLd be larger than the laser-to-

target distance.

The specification of time—-dependent runs is more complex. The
adaptive lens transformation can no longer be used; so, in addition to

the mesh- and step-size parameters, the Iens—transformatibn parameters

must be chosen so intensity and spectral denéity on the mesh boundary
start out and remain a small fraction of their respective maximum
values at interior mesh points. If possible, the time—-step for cw
laser beams should be chosen so, at each axial locaifon. gross changes

in the intensity profile do not occur in a‘single time-step 3 (except,
berhaps. the first time-step). The z-step ana time—step must be chosen
so the nonlinear phase change at any mesh point in one time-step and in
the current z-step s at most a few percent of n.. Also, the z-step
must be small enough so the distance the heated air 'moves in one
time-step cﬁanges "by less than about 20% or by less thaﬁ 20% of the
local beém diameter if this is larger; this replaces the steady-state

condition of a small fractional change in the effec’ive wind velocity.

=11-



Although most steady-state runs 'can be done with the automatic
.adaptive lens transformation, t ime-dependent calculations can only be
done with a fixed lens transformation. To set up a fixed lens
transformation, the user must éhoose a mesh widih for each z coordinate
at which_ the lens transformation is to be altered and then app}y the
scaling rule illustrated in Pié. 2 to obtain the parameter zj. To
choose L(R), (LX or VLY at z=R), the user must make a rdughw factor
-of-two estimate, o(R), of the 1/e dimension of the laser intensity
. profile at z=R. ~In many cases, L(R)/L(0) ?IO(R)/O(O) can be assumed;
although there are bloomed shapes with‘a broad low-intensity wing for
which a ‘much larger L(R) value is required, this rule of thumb is a
good starting point if more explicit information about the calculation
'is unavailable. If no estimate of the dimensions of the bloomed beam
is available, try to ootain one by formulating the nearest approximate

. steady-state calculation and running it on the Four-D code using the

adaptive lens transformation.

Occasionally, a time-dependent calculation will have to be

computed in segments z=0 to R;. 2z=R, to R,, etc. with a different
fixed lens transformation in each segment. In the first such region,

the parameters z; (ZF) and zy (ZTF) are chosen Lo reproduce the
geomelric optics focal léﬁg@h. z,., of the actual laser beam; thus zg 1s
determingd'by the equation'(z',).'l = (z;)"V + (29)71 . At the initial z
coordinale of the second and‘following regions, the‘lens transformation
must be altered without changing the geometric optics focal iength of
the beém. (The lens transformation is only a compﬁiétional tpol and
"must not alter the physical- problem being. calculated.) 'Thus. the

change in lens transformation focal length z{ (ZTF) must be compensated

-12-
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"Fig. 2. Scaling triangle for the mesh width L(z) in a region
with a constant lens transformation. The two mesh-widths at
z=z, and z=z,+R determine both the width at any other point,
L(zg, and the distance -z} from z=z, to the geometric focal
point of the mesh point trajectories by the equation
(zy - (z-2z4)1/2zy = L(z)/L(z4). (Note that if L(zy+R) > L(z,),
zy is negative.s
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for with an equal and opposite change in the phase of the electric

field at each mesh point. This compensating phase is determined by
solving

[z?(z“Ri-)]-i = [z?(z*Ri+)]-l + [z;}-l ’
where z?(z*Ri+) is determined as described above for a single segment

problem &nd ‘
zy(z~R;-) = z{(z-R;_+) + (R;-R,_}). -
1f necessary, this procedure can be applied independently to the x and

y dimensions by means of the code variables ZTFX, ZTFY, ZFX, and ZFY.

The fnllowing description of the detailed operation of the Four=D
code applies onlylto the LLL version. After creating an input file
(with the file-editing routine TRIX AC or the card reader) and
obtaining a copy of the Four-D code file LHAYES from the photostore’s

take directory .éZS?OO:JOE. type the execute line:

LHAYES box-no. problem—id. input-filename / t v ,
where box-no. is a three-character LLI -output distribution box number,
problem—-id. is a oné-to-six character name for the problem,

input—-filename is the name of the input disk file, and all items on the

execute line are space-delimited with no imbedded spaces. The Four-D

code crcates printer and plot files (problem-id. is imbedded in their
names so several runs can be done in parallel) , reads the data for the
first propagation path segmenlt, expands its large core memory (LCM)

storage space to handle LMAX time points, zeroes the small core memory
(SCM) numbered common blocks and all LCM common blocks, and starts

running the propagation préblem.

-14-



Table 2.

Input parameters for Four-D code.

Variable

Default value

Description

Material parameters

RHOZ
'VISCOS
S1GMA |
ETA
GAMMAT

KAPPA

CpP

CNSQ
LO

I PHS

"ISVRN

SLOSS

3.45E4
0;4770
0.001225
182.7E-6
1.E-50
1.

1.4

0.

1.0046

100.

Sound speed (cm/sec)

Densily refractive coeff (cm3/gm)

Unperturbed air density (gm/cm3)

Viscosity of air in poise

Absorption cross section (qm")

Refractive index

Adiabatic constant or ratio of specific heats
Thermal conductivity of medium in which laser
beam is propagating (J/(cm-sec-K)). KAPPA=0
indicates that thermal conductivity is to-be
neglected. KAPPA = 2.534E-4 for the U. S.
extension to the ICAO standard sea-level

atmosphere (see Handbook of Chemistry and
Physics, 42nd ed., p. 3383).

Heat capacity of medium in which laser beam
is propagating (J/gm-K)

Coeff for turbulence (m~2/3)
Scale length of turbulence (cm)

If IPHS is nonzero, a new turbulence phase
screen is calculated for each time point.

Random-number generator reset number. At the
end of each run, the code writes a file with

“the final value of this number. Reading this

value in a subsequent calculation causes the
random—number generator to start with the
next random number in its sequence rather
than repeating its default sequence.

Equﬁvalent absorption coeff for scattering

losses (cm™!). SLOSS contributes to ‘the
extinction coeff but not to atmospheric
heating.

_]_5_



Table 2. Continued.

Variable Default value

Description

NLINE

FLINE

“ALINE

Multiline absorption parameters

1 Number of rotational lines operating
simultaneously . This is the number of
absorption coefficients wused by the code to
model multiline laser beams. All lines are

1. 0.

{.E-50 0.

assumed to have the same phase distribution
in any x-y plane and to have intensity
distributions proportional to total
intensity.

Fraction of total power propagating in the
I=th line al Llhe vcurrent z is in FLINE(I).
You must provide NLINE initial values at z =
0. whose sum must be 1. (no check ie made).

Absorption coefficient for the I-th line is
in ALINE(1) (cm™!).  You must provide NLINE
absorption coefficients.

Laser beam parameters

IMAX
LAMBDA

DT IMP

FOCUS
S1GX
S1GY

Wi

IMP

1.

10.6E-4
1.
1 (em).E+45
1.
1.
0.
0

Maximum beam intensity for input (MW/cm?)
Wavelength (cm)

Pulse duratica in multipulse mode. DTIMP is
used only to calculate the energy in a giveén
pulse and to estimate the effect of t-cube
blooming.

Focal distance (em). - FOCUS is used to
ctalculate behavior of a Gaussian beam that is
focused but does not heat atmosphere.

1/e intensity radius along x-axis (cm)

1/e intensity radius along y-axis (cm)

An array giving the weights of the intensity

as a function of time. For example, Wi=1l.
for every time-point if the beam is cw.

If IMP=1, source is treated as series of
delta functions with weights WI(J). 1f
IMP=0, source is treated as continuously
varying.
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Table 2. Continued.

Variable

Default value

Description

ZF

- ZTF

ZTL

ZTFX
ZTFY
ZFX

ZFY

Lens and lens—-transformation parameters

0.

nonzero ZTF
nonzero ZTF
nonzero ZF

nonzero ZF

The part of focal length of lens uncorrected
by lens transformation (cm). I[f ZF=0., the
code does not alter the initial phase.

The part of focal length compensated for by
lens transformation (em). - If 2ZTF=0., the
code does not wuse the lens transformation.
Normally it will be convenient to compensate
for only a portion of the true lens focal
length using the lens transformation. The
remainder of the actual lens strength can be
handled with an appropriate value of ZF;
i.e., 1./1=(1./ZF)+(1./2ZTF), where f is the
true focal length of the lens. If ZF and ZTF
are so related, one can control the size of
the beam in the focal plane as desired.

Distance over which lens transformation will
remain in effect (cm). In most problems, set
this to some number larger than the total
distance you wish to propagate the laser
beam. If you must follow a laser beam
through its focal plane, then you will need
to set ZTIL to some distance that is a
fraction of a Rayleigh range short of the
focal distance and pick up the beam with a
new lens transformation (in a new element)
that is a fraction of a Rayleigh range after
the focal plane.

Cylindrical lens transformation equivalent of
ZTF for z-x plane (cm)

Cylindrical lens transformation equivalent of

ZTF for z-y plane (cm)

Cylindrical lens equivalent of ZF for z-x
plane (cm) - :

Cylindrical lens equivalent of ZF for z-y
plane (cm)

—17-



Table 2. Continued.

Variable

Default value

Description

AJITTER

TENAV

RPSD

PCL

AKSA

FNOISE

FSPEC

RRX

RRY

Nondiffraction-1

imited beam parameters

0.

- on

The beam centroid is
is a Gaussian
probability

Jitter angle (radians).
assumed to have a position that
random variable with the
distribution : p(x,y) =
exp[-(x3+y2?)/(2.%a%)]/(2.*P1*a?) , where

a = z®AJITTER. The calculated air density is
unchanged in this simple model of jitter.
Our jitter model is roughly equivalent to
adding the jitter area (o the the bloomed
beam area. ‘

If 1ENAV. is nonzero, each initial time point
gets a new random-phase screen. This may be
useful Iin simulating nondiffraction-limited
beams due to changes in the laser’s active
medium.

of the random phase for a

The random
Gaussian random
autocorrelation

Standard deviation
nondiffraction—limited beam.
phase is assumed to be a
variable with a Gaussian
function. '
Random-phase correlation length (cm).
<phi(x.v)*phi{xp.yp) » = RPSN?
*exp[-.5*([x=xp]?+[y-yp]?)/PCL?]
C. B. Hogge et al., Appl. Opt.
(1974). T

See

13, 1065

Number of wavelengths of spherical aberration
initial wavefront at radius SIGX (initial
cylindrical symmetry is assumed)

Fraction of total energy that is noise

Fraction of total

spectrum encompassed by
noise .

Aperture parameters

1.E+10

1.E+10

" Half the

Half the
aperture
abs(x) »

x-dimension of a rectangular hard
(em). Initial field values for
RRX are set to zero.

hard
for

y—-dimension of a rectangular
aperture (cm). Initial field values
abs(y) > RRY are set to zero.

-18-



Table 2. Continued.

Variable Default value Description
REX - - 1.E+10 Half the x-principal axis width- of an
‘ : elliptical hard aperture (cm)

REY . 1.E+10 Half ‘the y-principal axis width of an
.elliptical hard aperture (cm). Initial field
values are set to zero when
((x/REX)2 + (y/REY)?) > 1.

NAP -0 When NAP is nonzero, the above hard apertures
are replaced by soft apertures. The field is
multiplied by
exp[~.5*( (x/REX)2%+(y/REY)? )NAP] for
elliptical apertures or by
exp(=.5%(x/RRX)(2°NAP) ]
_exp[-.5*(y/RRY)(2°*NAP) ] (qp rectangular
apertures.

RDONUT 0. Radius of an opaque circular inner aperture
(cm). This obscures the central P1*RDONUT?2
cm? of the laser beam.

NDONUT 0 1f NDONUT is nonzero, the obscured central

region is apodized to remove the sharp edge

by multiplying the unobscured electric field
by exp[—-([RDONUT-r]/q)(2*NDONUT) where
q = 1.1*REX - RDONUT . Note that you must
enter a rearonable value of REX to use this
option.

Scenario parameters

VFLW

ISLEW

VFLTR

VFLRC

VWIND

0.

Constant wind velocity (cm/sec). Not used in
slewing calculations.

.General slewed beam parameters

0

If a problem involving slewing 1is to be
solved, ISLEW must be set to 1 and input
values of the velocities of the laser and
target must be supplied. If ISLEW=0, an
input value of VFLW must be provided.

Velocity of laser platform (transmitter)
(cm/sec) : '

Velocity of target (rcceiver) (cm/sec)

Constant real wind velocity for slewing
problems (cm/sec)
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Table 2. Continued.

Variable Default value Description.

THETAW 0. Direction of real wind (for slewing problems)
measured from direction of motion of laser

_ platform (radians) |
Parameters for scenarios specified by velocities

RANGE 0. Propagation range for a slewing problem (cm).
RANGE is not used unless slewing flag is up.

THETAT 3.14159/2. Angle between propagation direction and
direction of motion of laser platform
(x-axis) (radians)

THETAR 3.14159 Ahgle between receiver direction and
direotion of motion of laser platform
(radians). Preset values for THETAT and
THETAR correspond to laser and target moving
in opposite directions. :

Parameters for point of impact that moves with laser
If DTOM is nonzero, THETAT, THETAR, and RANGE
are computed from THETAS, DTOM, and OFFSET
(defined below).

THETAS 0. Sighting ang'c from direction of motion of
laser platform to target as measured from
point of impact (radians)

DTOM 0. Initial distance from target to ‘point of
impact (cm)

OFFSET 0. Distance from point of impact to laser (cm).
This is positive for a bow laser and negative
for a stern laser.

Noncoplanar scenario parameters

HL 0. Height of center of laser output aperture
above that horizontal plane containing point
of impact (cm)

THETAP 0. Angle between plane of attack and horizontal

plane (radians). The plane of attack is that
plane containing both the line of motion of
the target and a line parallel to the
velocity of the laser platform. The wind is
assumed to be horizontal.

_l20..



Table 2. Continued.

Variable

Default value

Description

Qutput selection parameters

DZEDIT

NEDITS

DZSTAGE

NCONT

NEDIT

_NC1
NC2
NCK1
NCK2

NBIN

"Edit

location parameters

For variable z-step mode of operation

1

1.E+10

‘Axial distance between edits for variable
z-step mode of operation (cm)

Number of edits to be taken in current stage

If (NEDITS-1) * DZEDIT is less than DZSTAGE
and NEDITS * DZEDIT is greater than DZSTACGE,
then DZSTACE is the axial length of the

current element (cm). In any case, DZSTAGE
must be greater than (NEDITS-1) * DZEDIT.
This parameter should not be used, it is. only

provided so that old input decks can be run
with edits controlled by location rather than
number of steps.

. For fixed z-step mode of operation

Unused. NCONT. is retained for éompatibility
with old input decks.

Number of cycles between edits. Edits occur
every NEDIT*DZ cm in the fixed z-step mode of

~operation.

General output selection paramelers

1

NFFT+1

NFFT+1

10

X(NC1) and Y(NC1) are the minimum coordinates
for contour plots in coordinate space.

X(NC2) and Y(NC2) are the maximum coordinates
for contour plots in coordinate space.

XK(NCK1) and - YK(NCK1) are the minimum
coordinates for the spectrum contour plot.

XK(NCK2) and YK(NCK2) are the max i mum
coordinates for the spectrum contour plot.

Number of intensities/fluences to be used to
calculate area over which an
intensity/fluence is exceeded
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Table 2. Continued.

ICASE

Variable Default value Description

FIMIN 0.01 Fraction of max i mum intensity/f luence
associated with first bin

F IMAX 0.91 Fraction of max imum intensity/f luence
associated with NBIN=th bin

PFRACT 0.5 Fractfon of total power/energy to be inc luded
in average intensily/fluence calculation

1GPH 1 I1f IGPH=1, phase graphics are executed.
Otherwise not.

1GSP 1 If 1GEP=]1, apcctrum graphics are executed.
Otherwise nrot.

IGD 1 Set IGD=0 to delete density plots.

0 An integer that can be wused (o classify

problem (not required)

Calculation control

parameters

LMAX

NELEM

NF

DT
DZ

NFFT

1

1

Number of time-points in pulse. If the
calculation is for a ¢w beam, it is assumed
that initial intensity is O.

Number of elements 'in propagation path. If
propagation calculation requires that the
path be broken into a number of different
portions each with different data, then NELFM
should equal the number of data lists in the
data file. »

Number of integration cycles corresponding to
a particular portion of a propagation path

Mesh— and step-size parameters

1.

1.

64

Time increment (sec)

Axial space interval (cm)

Number of mesh points in x— and y-directions.

NFFT mustl be a power of 2 because of use of

FPT algorithm.
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Table 2. Continued.

Variable

Default value-

Description

LX

LY
EPS1
FVDZ

LvDZ
DZMIN

DZMAX

'FDEV

EPSV

COEFT3

NFILT

FFILT

1.
1.

Variable z-step

Length of problem mesh in x-direction (cm)
Length of problem mesh in y-direction (cm)

control parameters

1.E-2

LMAX

1.E+3

5.E+4

0.005

T—cube blooming

Fraction of maximum intensity below which
phase information is to be ignored in
estimating variable z-step size

x—component of phase
FVDZ*PI/DX by variable

Estimated change in
gradient is held to
z-step algorithm

for variable z-step

Time-point to be used

size estimates

Minimum step-size estimate -al lowed by

variable z-step algorithm (cm)
Maximum step-size estimate allowed by
variable z-step algorithm (cm). DZMAX should
be used to keep the step-to-step change in
the wind velocity to an acceptable number.

Fractional deviation between geometric optics
and Gaussian beam estimates of beam diameter
at end of one z-step. Near a focal point,
this code adjusts the z-step to keep the two
estimates within this fraction of each other.

Maximum fractional! change in wind velocity
allowed by variable z-step algorithm

parameters

1.0

Weighting factor for average t—cubed blooming
over time of a pulse (multipulse case only)

Filter exponent

Filter fraction
The Fourier transform
contribution to the
by multiplying b
1./[1. + (q‘FFlLTz)NP'{T]
q = (kx*dx)? + (ky*dy)?

(sets 1/2 point in k-space).
of the t-cube blooming
air density is filtered

the factor
» where
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Table 2. Continued.

Variable

Default value

Description

NMP

NINTRP

1SSI.

1LENS

ITILT

IVARDZ

IVARVEL

IP

Multipulse steady-state parameters

100

Max imum number of identical pulses to be used
in a multipulse “steady-state” calculation

" 1f NINTRP=1, the air density for multipulse

steady-state blooming is calculated using a
truncated Fourier series to move the heated

.air downwind. If - NINTRP=0, the downwind

Miscellaneous pr

motion of the heated air is calculated with a
4-point bilinear interpolation formula.

oblem flags

n

If ISSL =1, the code will do a steady=state
calculation only. Remember, the code also
does a steady-state calculation for a
time-dependent problem (1SSL=0) if the local
wind speed leads to steady-state conditions.

ILENS = 1 turns on an adaptive lens
transformation similar to that used at MIT.
This is only good for steady-state
calculations. '

ITILT = 1 turns on an automatic adaptive
correction fc., beam deflection that keeps the
intensity centroid approximately centered on
the computational mesh. This correction for
deflection is also done when ILENS = 1
regardless of the value of ITILT. This can
only be used for steady-state problems.

If IVARDZ = 1, an adaptive z-step algorithm
is used. '

If IVARVEL is nonzero, the time-dependence of
the transverse component of the effective
wind is calculated. Otherwise the t=0 value
is used at every  time-point in the laser
pulse.

For [P=1, the complex exponential function is
used to put phase changes on the complex
electric field. TFor IP=0,

exp(ix) = (1.+ix*.5)/(1.-ix*.5) is used
instead.
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Table 3. Construction of an input deck for Four-D code

(parameters frequently changed).

with either

RANGE Léser-to-target distance
THETAT Laser beam angle
THETAR Direction of target motion
or
THETAS " Sighting angle to target
DTOM A Distance to target from impact pt
OFFSET Constant laser-to-impact pt distance
(iii) For_noncoplanar scenarios add:
HL ' Height of laser above scenario plane

THETAP Tilt angle of scenario plane

Variable ' ’ Description

(a) Specify material and laser beam properties

SIGMA - Absorption coefficient m-!)
CNSQ Turbulence strength (m'2/3)
LO Turbulence outer scale length (em)
LAMBDA - Wavelength (cm)
FOCUS Focal length , (em)
IMAX Maximum intensity if Wi=1, (MW/cm?)
SIGX, 'SIGY Principal axis 1/e radii of a Gaussian beam (cm)
- Wl : Weight factor for intensity

DTIMP Pulse length for multipulse case (sec)
AJITTER Jitter angle (radians)
REX, REY Elllptlcal aperture prlncupal-ax:s radii (em)
(B) Specify laser beam motion and wind veloci{y and
use one of three scenario schemes
" (i) For unslewed laser beams:
VFLW ' Constant wind speed (cm/sec)
(ii) For slewed laser beams:

ISLEW Slewing flag

VFLTR Transmitter (laser) speed (cm/sec)
VFLRC Receiver (target) speed (cm/sec)
VWIND Real wind speed (cm/sec)
THETAW Direction of real wind (radians)

(cm)
(radians)
(radians)

(radians)
(em)
(cm)

(em)

(radians)
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Table 3. Continued.

Variable . Description

(C) = Specify how calculation is to be done

(i) Specify initial lens transformation

ZF Phase-front focal length (cm)
ZTF Lens transformation focal length (cm)
ZTL Turn lens }ransformation off at this z (cm)
(ii) Specify edit locations
NELEM Number of propagation path segments ' )
For variable axial step
PDZEDIT E NDistance hetween edits (cm)
NEDITS Number of edits in this path segment
For fixed axial step
NEDIT . Number of steps between edits
DZ v . Axial step length . {(cm)
NF _ Numoer of steps in this path segment .
(i1i1) Specify size of calculational mesh
LMAX ) . Number of time-points . :
DT Time between.time-foints (sec)
DZ Initial adaptive axial-step length (cm)
LX, LY . Total mesh widths (cm)

(iv) Specify problem flags to select type of calculation

ISSL Steady-state flag

.ILENS ‘Adaptive lens transformation flag
IVARDZ ’ - Adaptive axial-step flag

IMP _ Multipulse flag

(v) Specify or delete t—cube blooming for multipulse calculations

COEFT3 ' T-cube blooming coeff. (1. or 0.)
NFILT T-cube blooming spectral-filter exponent
FFILT ' " T-cube blooming spectral-filter fraction
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111.  OUTPUT FROM TYPICAL RUN

At LLL. the Four;D code genefates three output files: a random-
number initialization file, a printer file, and a plot file. The
random—number initialization.file is just a local convenience 4. Our
printef‘file containé information primarily intended to help debug the
Four~D code and provide a QUick look at the ﬁore important linear

graphs (in table form) before the plot.file is available; Table 4 lists

its.contents: The plot file, after conversion to microfiche, is the
primary output media. of the Four-D code . Table 5 summarizes the
information contained in the plot file. Besides linear graphs and

contour plots of the intensity, spectral density, phase, and fluence,
the plot file contains various printed diagnostié and summary data

‘(e.g., average intensity in the. minimum 1/2 power ° area, average

fluence in the minimum 1/2 energy 5 area, fractional maximum intensily
on the mesh boundary, fractional maximum spectral density on the mesh
boundary, and locations of the intensity and fluence centroids). Users

at installations without a fast turnaround plotting capability should

have the above printed information transferred to the printer file.

Figures 3 to 17 are samples of the pldt file output for a typical
noncoplanar scenario run of the Four-D code.? Figure 3, which is a
composite of the three NAMELIST input—-deck frames, gives the input
parameters for this, run. Frames that contain plots similar to these
samples are not shown but merely mentioned in the frame captions.
Samples of frames 10, 11, 24, and 25 do not appear either since they

will be deleted in a future update.
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Figure 18 is the timing~ frame for this run. It contains the
execution time; ihe fractional division of the execution time 1nto
central processor unit (CPU), 1/0, and system call times; and the octal
representation of the last random floating—-point number uséd by the
code. The latter c¢an be used in a sabsequent run to continue the
random—number sequence of &his run. (The time-per-cycle line s
.meaningless éincg the number of <cycles 1is no longer counted.) The
three-minute execution time for the 240 steps of this run is typical
for the.Four—D éode using a é4x64 mesh. The z-step sizes used in this
run are probab[y smaller than necessary for good results, but they are
typical of z-step sizes that we have used sucessfully in

stagnation-zone problems.
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Table 4. Contents of printer file.

ltem - ' ~ Description
1 " Axial position of edit
2 Laser power at this time-point

3 (a) Intensily vs x along central y-mesh line
(b) Intensity vs y at x-point with maximum
intensity on central y-mesh line
(c) Intensity vs mesh diagonal distance

9 ‘ (a) Spectral density vs kfoor k,=0
(b) Spectral density vs k, for k,=0..

1-4 repeated for each time-point

5 Density—-edit location and time

6 : "Densiltly vs distance parallel to wind

5-6 repeated for each time-point

7 Adaptive lens transformation debug printout if
ILENS=1 :

8 Adaptive z-step debug printout if [VARDZ=1
7—8Arepeated for each step

1-8 repeated for each edit except the last, which
ends with 4 for the last time-point
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Table 5. Contents of Plot File.

Frame

Contents

.U‘

N O

o]

10

11

12

13

14
15

16

17

List of NAMELIST input deck

List of various input and calculated parameters
x-combonent of wind vé axial coordinate
y—-component of wind vé axial coordinate

Wind speed vs axial coordinate

Intensity vs x along-central y—mesh liﬁe

Intensity vs y for x—point with maximum
intensity on central y-mesh line

.Intensity vs mesh diagonal length

lsointensity contour plot

Area with intensity > | vs 1|

test test

Area with intensity > |
in that area

test VS average intensily

Table of miscellaneous intensity information

including: :

(a) Maximum intensity

(b) Average intensity in smallest area that
contains PFRACT of total power

(v) 2=, y=, and r-c¢oordinates of intensity
centroid

(d) Smallest area thal contains PFRACT of
total power

(e) Table of areas and average intensities assoc-
lated with intensities greater than a set of test
intensities -

Isospectral-density contour plot for electric
field (and ratio of maximum on boundary
to maximum in whole mesh)

Spectral density vs k& for k,=0

X

Spectral density vs k_ for ky=0

x—component of phase gradient of electric.
field vs x along central y-mesh line

Phase of electric field vs x along central
y—-mesh line
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Table 5. .Continued.

Frame

Contents

18

19

20

21
22
23
24

25

26

27
28
29

30

‘Area with fluence > F

y—compbnent of gradient of phase of
electric field vs y for that x at which
intensity is largest on central y-mesh line

Phase of electric field vs y at that x at which

‘intensity is largest on central y-mesh line

Isophase contour plot
Frames 6-20 repeated for each time-point

Fluence vs x along central y-mesh line
Fluence vs y along central x-mesh line
Isof luence contour plot

Area with fluence > F vs F

test test

test VS average fluence

in that same area

Table of miscellaneous fluence information
including:
(a) Maximum fluence

(b) Average fluence in smallest area that

contains PFRACT of total energy

(c) x—-, y-, and r-coordinates of fluence centroid

d) Smallest area that contains PFRACT of
total energy :

(e) Table of areas and average fluences associated
with fluences greater than a set of test fluences

Maximum intensity vs time
Average intensity in PFRACT power area vs time

Density vs distance parallel to wind taken
through center mesh point

Isodensity contour plot
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Table 5. Continued.

Fremes 29 and 30 are repeated once for each time-

point. (30 will be skipped if the contour interval
is less than 10714))

The whole output sequence 5-30 is repeated for each
edit except the last, which ends with 28. A timing
frame completes the plot file. Frames 1-4 appear
‘once at the beginning of each propagation path
segment; frames 2-4 are plotted only for slewed
laser beam calculations.
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ICASE
LAMBDA
IMAX
FOCUS
Wi
IGSP
S1GX
SIGY
LX

LY

ZTL
ZTF
S1GMA
ISLEW
VFLTR
VFLRC
VWIND
OFFSET
DTOM
THETAS
THETAW
HL
ISSL
DT

IMP
1LENS
LMAX
DZ
NELEM
NF
NCONT
NEDIT
END

DZ
END

DZ
END

501

3.8E~4
2.546E-4
150809.0182
15(1.)

1

25.

25.

180.

180.
= 6.E5
150809.0182
0.07E-5
=1
1500.
3.E4
250.
15600.
150000.0°
1.570796326
-2.792526803
1000.

[L I LI T T {1 O VO 1 1
—

359.8756185

650.2371090

Fig. 3. 'NAMELIST input deck, frame 1.
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({CM/SEC)

RSE WIND VELOCITY

TRANSV

X

X ZNULL (CM) = 8.4401E+0% DZSTAG = 3.2289E+03
t.er— ' l

///
-1.0p //
-1.2— /
/s -

e ///

-1.86— ///

i 1 1 1 I 1 i l I | i ] | | ] |
E+03 © - Y ] x 0n "] ~ © ] o - N ™ Ed n
. [=] o [=] o [=3 o [=] o o o - - - - — -

£+05

DISPLACEMENT ALONG PROPAGATION PATH (CM/SEC)

Fig. 4. x-component of transverse wind velocity vs axial
coordinate, frame 2. The y-component plot, frame 3, |is
. similar.
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TRANSYERSE WIND VELOCITY
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(CM/SEC)

0.3
0.2
\
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Fig. 5. Transverse wind speed vs axial coordinate, frame 4.
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INPUT DATA CBL= 4.7700E-01

CASE NUMBER 501 VFLR= 0.

NFFT= BY ZNULL= 4.3038E+02

N2= 0. ' RECEIVER ANGLE= 4.7624E+00
GAMMA=-3.9435€+03 - TRANSM] TTER ANGLE= 1.8744E+00
DZ= 6.5024E+02 V-TRANSMITTER= |.5000E+03
LAMBDA= 3.8000E-04 V-RECE IVER= 3.0000E+04

ETA= | .G000E+00
LX= 6.6355E+01
LY= 7.1238E+01
SIGX= 2.5000E+01
SIGY=  2.5000F+01
IMA¥= 2,5460E-0u4

NF = 80
NEDIT= 40
ZF= 0.

ZTF= 0.

ZTL= 6.0000E+05
ZT= 9.8790E+0"

AKX= 1.7630E-04

AKY= 1 .5296E-04

ELEMENT NUMBER= 3
NE= 3

SIGMA= 7.0000E-07

GAIN= 9.9987E-01 -

VFL= 3.2313E+02

VFLO= 0.

VFLI= 0.

FVFLI= 0.

NV= 0

DT= 1.0000E+00
DX= 1.0368E+U00
TIME= 1.0000E+00

Fig. 6. Various input and calculated parameters, framec 5.
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INTENSITY

(MW/SQCM)

I TCONVECT(SEC)= 2.0937E+01

2|

V (CM/SEC)= 3.2313E+02
POWER(WATTS)= 4 .B6650E+05

Y -

3+

2

N ol . .

o IR | | | 1 & 1 L1 Il S 1

n e © e n ° an ° 0 e o @ o °

X (CM) Z= 9.8790E+04% T(SEC)= 1.0000E+00

Fig. 7. lIntensity vs x for central y-mesh line, frame 6.

The plots of intensitly vs y, intensity vs mesh diagonal,

fluence vs x. and fluence vs y (frames 7, 8, 21, and 22) are
similar.
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IN CM.

Y-COORDfNATE

V (CM/SEC)= 3.2313E+02
3.5 -FOWER(WATTS)= 4.6650E+05
MAX [T(WATTS/CM2)= 1.3999E+03
5.0 FRACTIONAL MAX ON BDRY = 4.9142E-06 .
2.5
2.0+
l..5'—-
1.ob-
9.5
0.0,—
-0.5+—
-1.0+
-1.5
~-2.04—
-2.8—
-3.0 .
-3.5—
4.0 I | | | | | | | | | ] ! | [
T o i i % n n 7 e e - = n n " "

X-COORDINATE IN CM. 2= 9.8790E+0% T(SEC)= 1.0000E+00
ISOINTENSITY CONTOURS - ' '

Fig. 8. lIsointensity contour plot, frame 9. The isofluence
contour plot, frame 23, is similar.
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‘D

OCWONOOUFWN~Z

Fig. 9.

WOIU £U——

INTENSITY

TEST AVERAGE AREA
L40E-05 3.82E-04 1.21E+03
.54E-Q04% B.47E-0% 6.67E+02
LQ4E-O4  7.72E-04 5. 1BE+02
J34E-N04 B.71E-0%  4.15E+02
.T4E-04  9.59E-0%  3.35E+02
14E-04  1.04E-03 2.67E+02
.54E-04 1.12E-03 2.03E+02
.Q4E-04  1.19C-03  1.49E+02
1.13€-03 1.26E-03  9.4BE+01
1.27€-03 1 4. 27E+01

.34E-03

CENTRIOD X (CM)= 8.1291E-0!
CENTROID Y (CM)= 5.5408E-0!
CENTROID R (CM)= 9.837BE-01
MAXTMUM INTENSITY (MW/SQCM)= |.3999E-03

MINIMUM 0.500~-POWER AREA (SQCM) = 2.1064E
AVERAGE INTENSITY IN MIN. HPA (MW/SQCM) =

Miscellaneous intensity information,

table of miscellaneous fluence information,

similar.
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IN CM-1

KY-COORDINATE

-2.

-3
€400

.0

5

FRACTIONAL MAX ON BORY = 2.3194E-03

")
Lol
]

E+00

SPECTRUM CONTOURS

Fig.

1
o
)

]

10.

-2.5p-
Nl

2.0

L
"
0

KX(CM-1)

-0.5
0.0
0.5

Z= 9.8790E+04

T(SEC)= 1.0000E+00

Isospectral density contour plot, frame 13.
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Z
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<
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<
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=
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a
J 1.01—
<
0
—
8 0.8
a
)
0.6
0.4}
0.2—
| " | | ! | !
eos 2 B 2 n ° ‘" 2 ° - %
7 e s T T < o - v u

WAVE NUMBER (CM-1) Z= 9.8790E+04
TRANSFORM AVERAGED OVER X  POWER(W)= Y4.B650E+05

Fig. 11. Spectral dehsity‘ vs k., frame 14. The spectral
density vs k, plot, frame 15, is similar.
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'D(PHASE : /DX (RADIANS CM-1)

3.

=&

~3.

-3
£+00

S

(o]

.5

] ] 1

-3.5

'Eom
-3 0 b—
2.5
_2 0.—

Fig. 12 x—compoﬁe
plot of the y-com
is' similar. .

[ |
© n o © =) ")
o o n ©

-1.5+
-1.0H

-O.SL—

o
L]

X. (CM) Z= 9.8730E+04 T(SEC)= 1.0000E+00

nt of phase gradient vs x, frame 16. The
ponent of the phase .gradient vs y, frame 18,

—-42-

3.5



PEASE (RADTANS)

.15

.75r

.25
.ooL— i
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.50 -

ey
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.00 —
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.50 —
25 .

.00 —

L

osr—
T
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1 1 1
o o o < '] o
o - - L] LY "

-2.5—
2.0

-1sf-

1.0+
-0.5—

O

X (CM) Z= 9.8790E+0% T(SEC)= 1.0000E+00

Phase vs x for central y-mesh line, frame 17. The
y plot, frame. 19, is similar.’

-43-

3.6



Y-COORDINATE IN CM.

1.5

} |
r) 0 =]
[ "

o 1 L. I | L | 1 | |
o 0 o n - tn o n o 4] o o i=]
R S TR R S S S . " -
: X-COORDINATE IN CM. Z= 9.8790E+04% T(SEC)= 1.0000E+0C
TSOPHASE CONTOURS ‘ y ’
Fig. 14.. Isophase contour plot, frame 20.
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o=
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e 1.8—
n
~
92]
}_
: 1.6
=
t 1.4} A
0
z
'l-l_J 1.2
z
S
LJ
m
ol
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<C
> 0.6
0.4
0.2
| J | L I | L I ] i | | 1 J I [ 1 ! !
s, 8 = 2 g & 8 8 ° % 8 8% 8 8 & & 8§ & § 8§ 3
MAXIMUM BEAM. INTENSITY VS TIME. TIME(SEC) Z= 9.8790E+04%
‘'Fig. 15. Maximum intensity vs time, frame 27. The A marks
the actual maximum intensity as calculated by the Four-D
code. The V marks the maximum intensity of an infinite

Gaussian beam of the same 1/e radius as the . actual beam
(SIGX) propagated in a vacuum, then corrected for the linear
absorption and scattering losses of the actual laser beam.
The average intensity vs time plot, frame 28, is similar.
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16:57:58Z Q4/01/76
TIMING INFORMATION
CPU:1/0:SYSTEMS CALLS= 095:04:00
TIME ELAPSED(MINUTES)= 3.0301E+00
TIME TAKEN PER CYCLE(MINUTES)= 3.7876E-02
CYCLES PER MINUTE= 2.6402E+01 ‘
RANDOM NUMBER RESET NO. = 1717007777772000001i18

Fig. 18. Timing frame.
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v, DESCRIPTION OF FOUR-D CODE

”Thé’Fbur—D‘code is a large collection of subroutines most of which

~accomplish a small specific task. The main program handles input for
each propagation palth segment, file management, assignment of core
storage, definition of the initial laser beam, lenses and apertures

(which must be at the beginning of a path segment), writing the initial
edit for each path segment, and accumulation of timing data. For each
path segment, the main program cails subroutine PROPGAT, which moves
the beam across the current path segment. Table 6 contains a brief
descriptioﬁ of the subroutines of the Four-D code. Although the number
of subroutines is formidable, the.inforﬁation in Table 6, a basic grasp
of the idea behind the lens transformation, ! and a thorough

understanding of subroutines PROPGAT, PHASE, and SSLEW should be

- sufficient to allow a computer programmer to make the Four-D code

operational at ‘another installation.
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Table 6. Subroutines of Four-D code.

. . Called ,
Subroutine Function performed by Externals
ADJUST Updates lens transformation PROPGAT LENS

parameters and removes corre-
sponding quadratic phase from
electric field :
BMAX . Returns maximum value on mesh EDITS
boundary lines of array ] .
CMPLXEX Computes free propagation MAIN
Greens’s function for DIFF
current x,y mesh spacing LENSTRN
: PROPGAT
CONTOUR Plots contour plots from EDITS
array |
DEDIT Plots and prints density PROPGAT PLOT2
parallel to wind and ' RSCAL
plols isodensily contours
DIFF Advances electric field one 'PROPGAT  CMPLXEX
free propagation step
DZEST Computeé suggested length of PROPGAT
: next z-step (may be shortened
because of an edit) '
EAPRTUR ~ Simulates an elliptical hard MAIN
apei lui'e
EDITS Output of intensity, spectral MAIN BMAX
density, phase, and fluence PROPGAT CONTOUR
(by means of FLEDIT) data FLEDIT
PLOTI
PLOT2
- POWER
PHASEX
PHASEXY
PHASEY
FIXIT Erases density in buffer PHASE RFT
region to control wraparound YXFRM
and computes. density from
its Fourier transform
FLEDIT Output of fluence and intensity EDITS PLOTI1
vs time information plus simu- PLOT?2
lation of jitter RFT
RSCAL
YXFRM
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Table 6. Continued.

of phase gradient for that
x-coordinate at which intensity
is largest on central y-mesh
Iine

Called
Subroutine Function performed by Externals
GENRATE Sets certain propagation and MAIN
plotting constants
" INITFLD- Initializes electric field MAIN SCREEN
array including random phase
(if any) for nondiffraction-
limited beams
INTENS Computes intensity array MAIN
PROPGAT
INVTRAN Inverse Fourier transforms MAIN CPFT
electric field
LENS Adds a quadratic term to phase MAIN
of electric field LENSTRN
ADJUST
LENSTRN Adjusts x and y coordinates and PROPGAT CMPLXEX
. field amplitude for current LENS
lens transformation
MLINE Computes absorptidn coeff PROPCAT
for next z-step-
NOISE Adds a constant amplituce "MAIN
random phase noise term to a
fraction of Fourier components
of field
PHASE Computes nonlinear and turbu- PROPGAT FIXIT
lence phase changes for current RFT
z-step SCREEN
SSLEW
- TSOURCE
YXFRM
PHASEX Computes phase and x-component EDITS
of phase gradient along central
y-mesh line
PHASEXY Computes phase at each mesh EDITS
point
PHASEY Computes phase and y-component EDITS
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Table 6. Continted.
Called
Subroutine Function performed by Externals

PLOT1 Computes minimum and maximum - EDITS
ordinate values for plots and  FLEDIT
advances film frame

PLOT2 Writes flow velocity, power, DEDIT

and convection dwell-time on EDITS
current film frame FLEDIT
PROPGAT Propagates laser beam across MAIN ADJUST
current propagation path CMPLXEX
segment DEDIT
' DIFF
DZES3T
EDITS
INTENS
INVTRAN
LENSTRN
MLINE
PHASE
RTILT
TRANFRM
VFIX
POWER Computes power of laser beam EDITS
RAPRTUR Simulates a rectangular hard MAIN
aperture .
RFT Computes a 2N real Fourier FIXIT CPFT
: transform ' FLEDIT
oo PHASE
SCREEN
SSLEW
TSOURCE
RSCAL " Equalizes scale factor for FLEDIT
x and y axes of contour plots CONTOUR
DEDIT
RTILT Removes linear phase of field PROPGAT
for adaptive lens transformation
SCENAR Computes wind velocity compo- VF1X
nents 'at current z and time
SCREEN Computes random part of ' INITFLD CPFT

turbulence and nondiffraction—- PHASE RFT
limited beam phase screens ; ’
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Table 6. Continued.

one—-dimensional fast Fourier transform.

e Called .
‘Subrout ine Function performed by Externals
SLEDIT Plots velocity components vs z MAIN
SOLVER Performs Carlson method inte- SSLEW
‘ gration along characteristics

for cw steady-state runs
SSLEW Does steady-state density cal- PHASE RFT
: culation ' SOLVER
TSOURCE
YXFRM
TRANFRM Computes Fourier transform of MAIN CPFT
field array PROPGAT
TSOURCE Computeé Fourier transform of PHASE RFT
. intensity array for density SSLEW
calculations
VFIX Computes flow velocity, veloc— MAIN SCENAR
ity dependent coeffs, and PROPGAT
Green’s function for isobaric—
approx density calculations
YXFRM Computes 2N y~Fourier transform FIXIT CPFT
of SCM scratch pad array FLEDIT
oo PHASE
. SSLEW
The assembly language subroutine CPFT performs a
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UCRL-77719 (1976); Appl. Phys. 10, 129 (1976).

J. A. Fleck, Ir., J. R. Morris, and M. D. Feit, Time-Dependent
Propagation of High—-Energy Laser Beams_ through the Atmosphere:
11, Lawrence Livermore Laboratory, Rept. UCRL-52071 (1976).

For cw laser beams, the Four-D code assumes that at a given point
in space the intensity can be approximated as a piece-wise linear
function of time. [f the intensity profile changes drastically in
one time step,. this assumption 1is invalid, and either a smaller
time step should be used or the.calculation should be perfoimed in
a steady—-state approximation.

The random number initialization file contains a NAMELIST format
input line with the last random number generated by the LLL random
number generator RNFL as a 60-bit  octal CDC 7600 floating=-point
number. This same line is also written into the the timing frame
of the plot file. B

The average intensity and fluence are calculated in the minimum f

power area where f. is the value contained in the input variable
PFRACT. The default value of PFRACT is 1/2.
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APPENDIX A: DEBUG TEST CASES

‘ . The eight test cases in thié appendix all have run times less than
0.3 min on the CDC 7600°s at LLL. These cases are not typical runs due
to the large z-step size and 32x32 mesh. Although they give
qualitatively accurate results, a more correct .calculation using a
z-step size between 1/5 and 1/10 of the 0.5 km used here and a 64x64
mesh might give significantly different results. These cases are just

a cheap-to-run set of debug runs.

Table Ai describes the purpose of each tést. Its last column
indicétes subroutines checked  by a given test in a way not covered by
tes£s of a tower test ﬁumber. I strongly suggest that you start with
test number 1 (VACG) for three reasons: it has the shortest run time
(0.06 min); it tests a large part of the Four-D code and essentially
limits .your search for bugs.Lo VFIX, ADJUST, RTILT, DZEST, PHASE, and
subroutines called directly or indirectly from PHASE; finally, an

analytic solution is known for this case:

Eoka? r?[1 —ikaz(il—z/f(—zf/}kazia)/f];

E(r.z) = exp?———-
ka®(1-z/f)-iz 2a?l  (z/ka®)? + (1-z/1)%

~where k = 2n/X, X = 3.8x10"% cm, a = 10 cm, and f = 3x10% cm. ( The
above field is the complex conjugate of the result in Appendix B of

Aitken, Hayes, and Ulrich, Propagation of High-Energy 10.6-micron Laser

Beams through ~ the atmosphere, NRL Rept. 7293 (1971).) The peak

intensity at 3 km in test case 1| is about 1.6% lower than the
analytical result; this is due to truncation of the initial beam at the

4x10™% fractional intensity points on the x and y axes.
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Test 6 (TURB) includes a check of the scenario portion of the
Four-D code. At LLL, the pertinent numbers are wriltlten on an online
teletype; at Aother installations, this output from subroutine SLEDIT
should be diverted to tape 6, the print file. Our values for these

numbers are-

TRANSVERSE WIND SPEED
COMPONENT  XMITTER RECE I VER
X -9.2409E+02 5.9715E+02
Y 0. 0.
RANGE = 4.B260E+05 THETAT = 9.7705E-01
THETAR = 4.09056E+00

The input for this scenario check is

Vg = VFLTR = 3x104

Ve = VFLTR = 1x103

D = DTOM = 5x10%

®g = THETAS = tan~!(4/3) = 0.9272952186
[ = OFFSET = 3x10*%

Vy = VWIND = 500

fy = THETAW = 5n/4’

The symbols in the first column are defined in section Il and Fig. 1.

To get the same results for the turbulence test case, you must use

the same random—-number sequence. Subrout ine RNFL, our random—number
generator, uses the linear congruential multiplier algorithm
X, = Ao Xno mod 1. where
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221-3 and the initial value

>
]

xg = 2748 )2 if . ISVRN = 0
= ISVRN (as a 7600 floating-point No.) if ISVRN # 0.
The fifst number generated is x,. RNFL uses the CDC 7600 42

floating-point double-precision product command, which produces the
'Iow—qrder 48 bits of the floating—point product (in unnormalized form)
with a 12-bit exponent, to compute the random—number sequence. A

simple test run of RNFL (to clarify the above) follows:

PROGRAM TESTRNF ( TAPE3)
X = RNFL(B)
WRITE (59.1002) X,X
' WRITE(59,1000)
1000 FORMAT (* ISVRN = ")
A READ (59,1001) ISVRN
1001 FORMAT( 020)
CALL LRNFL( ISVRN)

X = RNFL(B)
WRITE (59,1002) X,X
1002 FORMAT(" X = " ,E21.14,3X,020)
CALL EXIT
END
EXECUTION

X = 8.59375201165583E-01 17176700000327777745
ISVRN = '
17177215443246662011

X = 5.97186166287336E-01 17174616046123351745
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Table Al.

Debug test case purposes.

Test Test

No. ID Test description Routines tested

1. VACG Linear propagation CPFT, TRANFRM, INVTRAN,GENRATE,
steps (constant CMPLXEX, DIFF, LENSTRN, LENS,
wind) INITFLD, EDIT, INTENS, POWER,

PROPGAT, PHASEX, PHASEY, PHASEXY.
BMAX, CONTOUR, PLOT!, PLOTZ2, MAIN

2 Cwss CW steady-state PHASE, VFIX, GENRATE, SSLEW, RFT,
density calc DEDIT
-(constant wind)

3. CWTR | CW ieobaric PHASE, TSOURCE, FIXIT, FLEDIT,
density calc VFI1X i
{constant wind)

4 MPTR | Multipulse iso- 'PHASE, VFIX
baric transient
calc (constant
wind)

5 MPSS Multipulse steady- PHASE, VFIX, YXFRM, SSLEW
state and t3
blooming calcs

6 TURB Turbulence calc PHASE, GENRATE, SLEDIT, VFIX,
and scenario SCREEN ‘
setup .

7 TSON Supersonic steady- VFIX, SSLEW, SOLVER

1 state
8 VARZ | Variable z-step DZEST. ADJUST, RTILT

variable lens
transformation

version of test 2
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Test;i (VACG) checks the vacuum propagation coding.

Input:
LAMBDA = 3.8E-4
IMAX = 1.E-4
S1GX = 10.
SIGY = 10.
LX = 60.
LY = 60.
NFFT = 32
DZ = 3.E+5
NF =1
DT = 1.
FOCUS = 3.E+5
ZF = 12.E+5
ZTF = 4.E+5
ZTL = 1.E+7
Wi = 15(1.)
LMAX =1
NELEM =1
ISSL =1 .,
VFLW = 1000.
NCONT =1
NEDIT =1
SIGMA = 1.E-50
COEFT3 = 0.
CNSQ . =0.
END-RUN '
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Selected print file output:
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Test 2 (CWSS) checks the cw steady-state coding.

Input:
LAMBDA = 3.8BE-4
IMAX = 1.E-4
SIGX = 10.
SI1GY = 10.
LX = 60.
LY = 60.
NFFT = 32
DZ = 5.E+4
NF =6
DT = 1.
FOCUS = 3.E+5
ZF = 6.E+5
ZTF = 6.E+5
ZTL = | .E+7
Wi = 15(1.)
LMAX =1
NELEM =1
ISSL =1 -
VFLW = 1000.
NCONT =1
NEDIT =1
SIGMA = 1.E-6
COEFT3 - = 0.
CNSQ = 0.
END-RUN
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Selected print file output:
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Tesy;ﬁ (CWTR) checks the cw transient coding.

Input :
LAMBDA = 3.8E-4
IMAX = |.E~-2
SIGX = 10.
SIGY = 10.
LX = 60."
LY = 60.
NFFT = 32
DZ = 5.E+4
NF =6
DT = .01
FOCUS - 3.E+5
ZF = 6.E+5°
ZTF = 6.E+5
ZTL = 1.E+7
Wi = 15(1:)
. LMAX = 2
NELEM =1
IMP =1
ISSL =0
VFLW = 1000.
NCONT = |
NEDIT = |
- SIGMA = 1.E-6
COEFT3 = 0.
CNSQ = 0.
DTIMP = 1.E-4
END-RUN
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Selected print file output:
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Test 4 (MPTR) checks the multipulse transient coding.

Input:

LAMBDA = 3.8E-4
IMAX = 1.E-2
S1GX = 10.
SIGY = 10.
LX = 60.
LY = 60.
NFFT = 32

DZ = 5.E+4
NF = 6

DT = .01
FOCUS =.3.E+5
ZF = 6.E+5S
ZTF = 6.E+5
ZTL = 1.E+7
Wi = 15(1.)
LMAX =2
NELEM =1

IMP =1
ISSL =0
VFLW = 1000.
NCONT =1
NEDIT =1
SIGMA = 1.E-6
COEFT3 = 0.
CNSQ .= 0.
DTIMP ='1.E-4
END-RUN
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Selected print file output:
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SIGY
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Test 5 (MPSS) tests the multipulse steady-state coding.

Input:

3.8E-4
1.E-2
10.
10.
60.
60.

32
5.E+4
6

.01
3.E+5
6.E+5
6.E+5
1.E+7
15(1.)

o
o
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T
o

EI':
-
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Selected print file output:
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Test 6 (TURB) checks the phase screen simulation of turbulence.

Input:

LAMBDA = 3.8E-4
IMAX = |.E-4
SIGX = 10.

- SIGY = 10.
LX = 60.
LY = 60.
NFFT = 32
DZ. = 5.E+4
NF =6
DT - . = 1.
FOCLIS = 3.F+5H
VA = 12.E+5
ZTF - = 4 .E+45
ZTL- = 1.E+7
LA = 15(1.)
LMAX =1
NELEM = 1
ISSL =1
VFLW = 1000.
NCONT =1
NEDIT =1
S1GMA = 1.E-50
COEFT3 = 0.
LO = 100.
CNSQ = 5.E-i4
ISLEW =1
DTOM = 5.E5:
OFF3ET = ,OE5
THETAS = .9272952180
VFLTR = 1000.
VFLRC = .3Eb5
VWIND = 500.
THETAW = 3.926990818
END-RUN
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Selected print file output:
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LAMBDA
IMAX
SI1GX
SIGY
LX

LY
NFFT
DZ

NF

DT
FOCUS
iF

ZTF

- 2TL

L
LMAX
NELEM
ISSL
RANGE
NCONT
NEDIT
SI1GMA
COEFT3
Lo
CNSQ
ISLEW
THETAR
THETAT
VFLTR
VFLRC
END-RUN

In

LI T O T T T T T T T T (T O (T (T (T O T T T O T T TR T I T

Test 7 (TSON) checks the transonic slewing coding.

put:

3.8E-4
5.E~-4
10.
10.
60.
60.

32
5.E+4
6

1.
3.E+5
12.E+5
4 .E+5
1.E+7
15(1.) -

.E+5

.E-6

O O = O = = = () — = —

1.570796327
3.E4
L69E5
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Selected print file output:
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Test 8 (VARZ) checks the variable
z-step and lens transformation coding.

Input:
LAMBDA = 3.8E-4
IMAX = 1.E-4
SIGX = 10.
SIGY = 10.
LX = 60.
LY = 60.
NFFT = 32
DZ = 500.
IVARDZ =1
NEDITS -6
DZEDIT = .5E+5
ILENS =1
ZTF = 3.E+5
ZTL = 1.EBE+7
DT = 1.
FOCUS. = 3.E+5
wi = 15(1.)
LMAX =1
NELEM =1
ISSL =1
VFLW = 1000.
SIGMA = 1.E-6
END-RUN '
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APPENDIX B: FLOW CHARTS

R have included flow charts (Figs. Bl to B5) of the maiﬁ program
and subroutines PROPGAT, PHASE. and SSLEW because learning the function
of these rout;nes is a key to understanding the structure of the Four-D
code. Most of Lhe remaining subroutines can be easily understood from
. their FORTRAN listings. Detailed understanding of . the output

subroutines DEDIT. EDITS, FLEDIT, and SLEDIT requires knowledge of LLL
.'plotting subroutines. Users at other installations should start with
the information 'in section 111 and Appendix A of this report and

rewrite'these, four output subroutines using their own plotting

subroutines. Brief descriptions of LLL plotting subroutines are in

LTSS-304, ORDERLIB Subroutine Library, which can be obtained from the
LLL Technical Information Department or from the author. The flow

chart of VFIX appears here because of its logical complexity.

The numbers in the circular connector symbols in these flow charts
are statement numoers from the FORTRAN coding: the alphabetic symbols

are flow chart symbols.
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" MAIN

Get problem &

Create output
files
Read input

for this
element

input file names.

Set data
dependent
default
values

First
element
? L«

No

Request
moré core
storage
if nec'y

Zero numbered-

. SCM & all
LCM commun
blocks
Was Set )
initial Yes initial
randem number random
read in- number |
? [LRNFL]
No
Set
propagation
constants
[GENRATE ]
Set up
translation
operator for
real FFT
Fig. Bl.

Set up
flow
constants

[vFIX]

Edit flow
velocity
[SLEDIT]

Compute
linear
propagation’
Green's
function
[CMPLXEX]

Set.
initial
Tleld
values

[INITFLD]

First
element
?

[INVTRAN]

Simulate
apertures
& lenses
[LENS, EAPRTUR,

RAPRTUR ]

Calc intensity

[INTENS] Propagate
FFT field across
[TRANFRM ] element
Calc noise

[PROPGAT]

Last
element

Write timing
& random number;
info, then
close files

Main program.
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Calc
turbuience

No

Set up

rms spectral
amplitude
array

Calc random
phase screen
[ SCREEN]

Set Flag

state run

Multi-
pulse with
t3—b1oomin-

No

Update the
phase of
field array

Fig. B

Yes

~” Has

the mesh

size changed
?

Super-
sonic wind
?

Calculate
Green's
function for

t3-b]ooming

Super-
sonic
wind

Decide
how to
calculate

t3-b1ooming
?

T(kx,ky)

exists

Fetch T(k_,k )
from LeM X Y

Tk, »y)

exists

Compute I(kx’ky)

from T(k_,.)

X’y

Calculate

contribution
to P

Subroutine PHASE.
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Yes

state at
this z,t
?

x-Fourier
transform
of intensity
[ TSOURCE]

No

Remove
wraparound
& calcp

Yes

Compute % sava 2-D
FFT of intensity

i

Calc
p(t)

JUpdate p to
include
contribution of .
T(t) to p(t+ at)

Remove
wraparound
& Calco.
[FIXIT]

Set =0

Calc
i}eady-state

[SSLEW]

Compute x-Fourier
trans furm of
steady-state

density

Compute & save 2-D
FFT of
steady-state density

Update o to- ~
include
contribution of
T (t) top(t+ At)

198 o

Fig. B2.
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PROPGAT

Variable
z-step
?

Yes

Compute

stage length, .
distance between
edits, & number
of edits.

!

Set current
step size to
avoid bypassing
an edit

Take linear
half-step [40ZC]
&

nonlinear
full-step [DZC]

Take pre-edit
linear half-step
[% DIC]

Yes half-step [%DZC]

reach
an edit
?

Save previdus
step size [DZP]
&

compute new
step size [DZC]

Take Tinear

full-step

[%{DzP+DzC} ]
&

nonlinear
full-step [DZC]

Last

edit for

this stage
?

Return

Fig. B3. Subroutine PROPGAT.
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Inter-
Ye;J,/’/,’po1ated

A

Green's
function

Compute Compute
interpolated Fourier series
Green's function Green's function
[ ‘ |
Calc
multipulse
ajr density

Fig. B4.
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SSLEW

Clear local
steady-state
flag

K]

Integrate
along first
oblique char-
acteristic
[SOLVER]

Calc FFT
of I(x, y) for
steady-state
density calc

Integrate
along second
oblique char-

acteristic
[SOLVER]

Integrate
along
down-wind

characteristic
[ SOLVER]

Integrate
— =

V-¥p to
obtain p
[SOLVER]

Subroutine SSLEW.



VFIX

Compute 2
(7-1) a/cg

&
constant
wind

Slewed

laser

beam
?

p CW
time-dependent
calc w/time-
dependent wind
?

Calc
wind V (t)
[SCENAR(L)]

Calc wind
(t+ At)
[SCENAR(L+1)]

Clear local
steady-
state
flags

!

Compute
rounding &
interpolating
Nos. for

T(t0=v, 11

Compute
rounding &
interpolating
Nos. for

Y (t+ At)

Compute
subsonic
Carlson [
coeffs

Compute
supersonic
Carisonf
coeffs

y

Does X
air mass Set wind
cross grid tY‘anS]at‘ion
dur]’ng Oper‘atOY‘
t, t+ At CFLj=0
?
Set wind
Yes translation
operator
CFL.=1.
J
Compute
interpolated
wind
translation
operator
101

Fig. B5. Subroutine VFIX.
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Compute
arrays EXPQXj
& EXPQkaor

sourceless
diffusion Green's
function

Does
air mass
cross grid
during
(t,at+ t)
?

Set local

flags

steady-state

Set
J

A. = Bj = 1/2at
(density Green's

air mass
cross grid
during
(t, t+At)
?

Compute
interpolated
ACONDJ.k & BCONDjk

Yes

Set local
 steady-state
flags

function) (density
Green's function)
Compute ]
interpolated 115
Aj & ?J
(density Green's
function)
Set wind Does
translation air mass
("]  oweratur cross grid n
: CFLJ.=0 (t+At, t+24t)
: ?
Set wind Set
translation Yes ACOND,, =CFL.-
™ operator EXPQXJE( Expo\Jr
CFLj=1 | J k
BCONDjk=0
Conpute (density Green's
interpolated function)
wind
translation -
operator
201
Fig. BS. Continued.

-88-

Return

Set
.=CFL,
ryry
5
(density
Green's
" function)




Yes
‘{171)

Compute

Yes _|interpolated
ACONDjk for
time t + At

air mass
cross grid
during

(t+At, t+2At)
?

Return

Clear t+At
local
steady-state
flag -
Set
Aj=12 At
Compute : ' ,
interpolated ,’
Aj for time - Return
t+AL

Fig. B5.  Continued.
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NOTICE

This report was prepared as an account of work
sponsored by the United States Government. Neither the
United States nor the United States Energy Research
& Development Administration, nor any of their
employees, nor any of their contractors, subcontractors,
or their employees, makes any warranty, express or
implied, or assumes any legal liability or responsibility
for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or
represents  that its use would not infringe
privately-owned rights.

NOTICE

Reference to a company or product name does not
imply approval or recommendation of the product by
the University of California or the U.S. Energy Research
& Development Administration to the exclusion of
others that may be suitable.
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