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SECTION 1
INTRODUCTION

The modification of the index of refraction by a shock wave may
produce refraction of electromagnetic signals, thus shock waves have the
potential of introducing errors into radar system measurements of target
locations. At high altitudes, i.e., in the ionosphere, refraction is
determined by the amount of ionization present, but at low altitudes the
increased electron-neutral collisional frequency causes the accompanying
absorption to dominate any refraction so produced. Therefore any signifi-
cant refraction produced at low altitude will be due to the changes in the
atmospheric density and temperature. The atmospheric index of refraction
as a function of these parameters is reviewed in Section 2.

In this approach to shock wave induced refraction it will be
assumed that the given parameters include the actual target, burst and
emitting source (radar) locations and that the resulting angular refrac-
tive error is the desired output. This is consistent with the current
ROSCOE/NORSE code structure. It is also a more difficult problem to solve
than predicting the arrival angle error of a specified ray, since the
arrival angle of the ray that originates at the target is not a priori
known. The errors expected are fortunately relatively small (< 1°) thus a
method of iteration beginning with the unrefracted ray, will be used.
Section 3 presents these procedures for four possible cases, defined by
the locations of the source and of the target relative to the shock
front. The computer program and some preliminary results are described in
Section 4. Program listings are included as an appendix.
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Limits on when refraction due to spherically expanding shock
waves need be considered have been generated. The early time limit to the
importance of refractive effects is set by the cessation of absorptive
effects. Exact values are of course sensitive to geometry, however the
relatively strong dependence of ionization on temperature limits the
temperature range of interest to between about 800° K for a long path to
1200° K to 1400° K for relatively short paths. This is further discussed
in Appendix 1 where the absorption limit is discussed in detail. An
absolute upper limit to the temperature of 1500° is suggested. The
location of this temperature contour varies with time. At the shock
front, the corresponding shock strength is about 25 psi overpressure,
which occurs at a scaled range of 56(wKT)1/3 meters. The fireball
however is significantly hotter than the shock and will move outward to
almost twice this range.

The lower limit to when refraction need be predicted is a func-
tion of both the accuracy required and the location of the burst point
relative to the sight path. For example, if an instantaneous refractive
error of 1 milliradian is significant and if the shock wave becomes tan-
gent to the sight path at about its mid point, then a density increase of
0.4 percent is sufficient and this corresponds to a shock overpressure of
0.03 psi, i.e., a relatively weak shock.
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SECTION 2
INDEX OF REFRACTION

The index of refraction at any point is a function of both the
amount of ionization present and of the density and temperature of the
various neutral constituents. In analyzing refractive errors for propaga-
tion paths at low altitude, it is only necessary to consider the changes
to the neutral constituents. This is because the absorption of
electromagnetic energy is also proportional to the amount of ionization
present and to the electron-neutral collisional frequency, which is
proportional to pressure. Therefore at the lower altitudes high levels of
absorption will occur on typical propagation paths that have even moderate
amounts of refraction. This can be seen by comparing the angular
deviation of the ray path, ¢ in degrees, to the one-way absorption, A in
dB. Reference 1 gives the approximate relation* for the case of
spherically stratified ionization

. 107
v

, °/db (2-1)

e
-

where v is the electron-neutral collision frequency (sec~!) in the region
and r is a characteristic dimension in (km). Using typical values, v =
10! sec-! and r = L km, we obtain v = 10-3 degree per db or 16 micro-
radians per db, i.e., the absorption along a path that yields 1 milli-

radian deflection due to an ionization gradient will also yield 60 db of

See for example Page 6-6 of Reference 1.




absorption. In the Appendix it is shown that when the temperature exceeds
about 1000° K - 1500° K, then the quasi-equilibrium ionization resulting
from delayed fission-product radiations will produce such high levels of
absorption. Therefore when predicting refraction caused by a shock wave
it is only necessary to consider the impact of density and temperature
changes on the index of refraction, and only for temperatures below
1500°K.

A best fit to the data on the atmospheric refractive index at
radio frequencies was determined at NBS and reported in Reference 2 to be

(their Equation 7)

P e e
N=(n-1)10% = 77.6 — - 6 = + 3. S -
(n-1) 77 65 % 3.75 x10° (2-2)

where P is the total pressure, in millibars, T is the absolute tempera-
ture, in °K, and e is the partial pressure of water vapor, in millibars.

A form that contains the wavelength dependence can be used to show that
this dependence is negligible at radio frequencies. This form is as given
by Allen (Reference 3) at STP as

(n-1) x 105 = 64.328 + _23498.1 . 255.4 .4 15°C (2-3)

146 - ()2 41 - (%)2

where ) is the vacuum wavelength in microns. Since we are not interested
in wavelengths less than one mm or 103 microns, the corrections are always
negligible and this reduces to (n-1) x 10® = 272.6, consistent with
Equation 2-2 above.

It is convenient to simplify Equation 2-2. We introduce the
relative partial pressure of water vapor, €' = e€/p. The gas law allows

AR
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p/T to be replaced by the density, p, in gn/cm3, which then can be
factored out. Following Reference 3, we can also combine the second term
with the third term with only small error for the temperature range of
interest - especially since the ambient value of e' is highly variable.

=
"

(n-1)10° = 2.2 x 10% (1 + 4.8 x 103 %) (2-4a)

or

3
"

1+0.220 (1 + 4.8 x 10 _:_') . (2-4b)

Later it will be convenient to consider the ratio of the indices
of refraction across a shock front., Using the subscripts o and s to
signify the ambient and shocked conditions, this ratio is

1+ 0.2 1 10% &
+ + 4,
nS= O.Zps( 48XOT§)

(2-5)

1+0.22 p, (1+4.8 x 10° .‘;.'_)

n
0 0

which can be closely approximated by

n
Se[1+0.22p (1+8.8x10%_)][1-0.22p (1+4.8x10% )]
n ] T o T
0 S [0]
Ps ;e Ps To
~1+022p [(2-1)+488x10 __(2+_2-1)]. (2-6)
0 *'p T » T
0 o ] S

In this form we see that an accurate knowledge of the water vapor content

is usually not important. In much of the range of interest the compres-

ston ratio is about 40X greater than the shock temperature ratio.




Using an ambient temperature of 288° K the second term in the bracket
becomes 6.7 e'. Typical values of e' are less than 0.03, yielding a value
of 0.2 or less, to be compared with the shock overdensity ratio, (ps/po-l)
= (p-1), which is generally much greater.

For discussion purposes, it is convenient to use an ambient
density of 10-3 g/cm3 (and a value corresponding to an altitude of about
6000 ft above sea level) and a relatively high value of water vapor
partial pressure of 3% (corresponding to saturated air at about 25° C).
Equation 2.6 then becomes

1T
7S o1+ 2.2 x 10-* [(u-1) ‘> (u _TE -1)] . (2-7)

Mo s

It is shown in the Appendix that if the shock temperature exceeds about 4
times ambient temperature then absorption is the dominant process. The
corresponding compression ratio, y = ﬁé, is 4.7. Inserting these values

. . . PO
into Equation 2-7 yields an upper limiting value of

A7 1)) =1+8.3x10-% (2-8)

n
S =1+2.2x10"% [3.7 +
0

N =

n




SECTION 3
SHOCK-INDUCED REFRACTIVE ERRORS

The geometry of the shock wave related refraction problem is
shown in Figures 1 and 2. The ambient (external) atmosphere is assumed to
be uniform and the shock wave is assumed to be spherical. Therefore the
source, target and burst points define the plane of these figures. There
is no refraction out of this plane. Figure 1 shows the larger view of
this plane. A source (e.g., radar) is located at the bottom of the
figure, tracking a target at the top which is moving to the left. A burst
occurs at a range RB from the source. The angle at the source between the
sight lines to the burst and to the real location of the target is e6,. A
shock wave is expanding from the burst, at a radius SR. The density
increase within the shock wave produces an increase in the local index of
refraction. Refractive effects will occur only after the target passes
behind the shock front, i.e., not until after it passes point T,. When
viewed through the shocked region the apparent target location T' will be
to the right (in this figure) of the real location, T. As the shock wave
intercepts the line of sight there will be a portion of the trajectory
that is not visible. Of course, in the general case the current shock
location could be beyond either the target or source location or beyond
both.

Figure 2 illustrates a possible propagation path within the
shocked region. The insert at the top of the figure shows a possible
radial profile of density. This profile, including the current shock
radius is assumed to be given. For example it may be obtained from the
Nuclear Blast Standard (1 KT) (Reference 4), the LAMB code (which includes

A2
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(Burst) B

S (Source)

Figure 1. Geometric definitions outside the shock.
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the 1 KT standard) or other simple fits to the well known blast wave data.
In Figure 2 the reference axis has been chosen along the radial between
the burst point and the entry point of the ray path. Note that the loca-
tion of this entry point, and thus also the angle y, are to be determined,
and when known represents the solution of the problem.

The Tocation of the target, labeled T, may be anywhere along the
path, including inside the shock. The apparent location, T', will be
along the dashed extension of the incident ray, at different range. The
propagation path starts from S at the angle (91 + §6,) and enters the
shock at point A where it makes the angle y, with a radial from the burst
point. The actual ray to the target is refracted towards this radial
through an angle 6y. When both the radar and target are outside the
shocked region the ray path exits the shock at point C where it is refrac-
ted away from the radial through C by the same angle &y, and arrives at
the target location at an angle 68, off of the line S-T. In this case of
spherical symmetry it is possible to replace the actual curved path by a
straight line connecting the entry and exit points. This is equivalent to
approximating the radially varying value of the index of refraction by
some ‘effective' value, ;} yet to be defined.

REFRACTION IN A SPHERICALLY STRATIFIED REGION

Referring to Figure 2, the polar coordinates of an arbitrary
point along the ray path interior to the shock as measured from the burst
point are (r, ¢), and as measured in polar coordinates from the entry
point are (p, ). The angle between the vector r and the loca) direction
of the ray path is gz. Note from the geometry of these definitions that

p sin ¢ = -r sin ¢

and

p COS ¢ SR-r cos ¢

12
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= tan-! (VSN ¢\ 3-1
v (SR-r cos ¢) ( )

The change in ray direction upon shock entry (and when appropri-
ate upon exit) is obtained from Snell's law. Note that at entry point

z¢ . Thus
V1=

ng sin wo = n sin g = n  sin g . (3-2)
The solution for the ray path within a spherically stratified region has
been given by Archer (References 5 and 6). The form of Snell's law for a

spherically stratified medium is
r n(r) sin ¢ = K (3-3)

The radial variation of n is obtained by substituting the given radial
variations of density, p(r), and of temperature, T(r), into equation
(2-4b) of the previous section. The constant K may be defined by values
either upon entry or at the point of closest approach where, = #/2 and r
= Rm' Combining equations 3-2 and 3-3 provides a relation between Rm

and the (as yet unknown) angle of incidence outside the shock, yields

K =r n(r) sing (3-4a)
= Rm n(Rm) (3-4b)
= SR nsin g, = SR ng sin ¢ (3-4c)

= SR "o sin Yo (3-4d) 1




The differential equation of the ray path within the shocked

region is

+ K dr - (3-5)
r /r2 n2(r) - K2

d¢ =

The integral of this equation between two points (ri,¢,) and (r,, ¢,)
provides the angle ¢ = ¢, - ¢, between these points, i.e.,

r
b = ¢f K dr (3-6)

"1 r /r? q2(r)-k?

where we have used the symbol ¢ to indicate the integral is to be taken
along a specific path and not just between the radial points r, and r,.
Specifically, for paths which pass through the point of closest approach
this integral runs from r; to Rm to r,. In the following, the point r, is
either the known location of the source when the source is within the
shock or the entry point of the ray path when the source is outside. Note
that while the radius to that entry point is known (i.e., SR) its angular
position is not known. Similarly r, refers to either the target location
or the exit point of the ray path.

Unfortunately the constant K in equation 6 contains Rm which
depends on the ray path, or equivalently the angle gy which depends on the
entry point., Therefore it is necessary to solve the set of equations
iteratively. Ffortunately, we are interested only when the refractive
error is small, thus the undeviated path provides a first estimate of Rm
or ¢g. From Figure 1 this can be seen to be

sin 01 (3‘7)

R « R
m

B




Using this value of r, a density and temperature are obtained from the
given shock wave profile. These are then used in equation 2-4b to obtain
the local index of refraction. This together with the radius then
provides the initial estimate of K.

BEARING ERROR PREDICTIONS

There are four possible geometric situations that may occur
depending on the relative location of the shock to the source and to the
target. Each requires a slightly different methoa of solution, although
the principle remains the same. Using the assumption that the refractive
error is small, K as obtained above is used to determine a first estimate
of the angular extent of the ray path interior to the shock, ¢. In three
of these cases, geometric considerations then provide an estimate of the
shock front entry or exit angle, which provides a second estimate of K and
leads to a situation that may be iterated. In the fourth case, which we
shall discuss first, the iteration is on the location of Rm since the
shock front is never reached.

Source and Target Both Within the Shocked Zone

In this case the angular extent, ¢, must be equal to the angle
at the burst point between the radii to the source and the target, i.e.,

¢ =7 - (8)+9;) (3-8)

The end points of the integral are also determined by geometry, thus the
only available parameter is K, or equivalently the location of the minimum
radius to the propagation path. Given that parameter the initial direcion
of the ray is obtained from equation 3-4a. The refractive error is then

the difference between this angle and 01, i.e.,

Ghoat A Y S PP WM 2tk Dn dhe abmn
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86,

C(RB) - 91 (3‘9&)

K
RB n(RB)

sin-! | ] -8 (3-9b)

An estimate of the correction to K necessary to make the calcu-
Tated value of ¢ agree with the geometric value may be obtained by differ-
entiating equation 3-6 w.r.t K.

ra
de.d 4 K _dr +F(r2,K)%E£- F(rl,K)_g_;l

d & v e

r2 2
. K ) dr +0-0

$
o T K e e

r
. ¢f r n2(r) dr (3-10)

’ (rznz(r) - K2)3/2 :

Source Qutside and Target Inside

This situation is illustrated in Figure 3. The initial estimate
of ¢ is based on K as obtained from Rm, equation 3-4b. This then defines
a revised entry point and thus a new value for Vo from geometry, i.e., two
sides (RB and SR) and the included angle (8;-¢) of the triangle S-B-0 are
known. The revised value of K, obtained from equation 3-4d, is then used
to recalculate ¢. The process is iterated for a consistent set (¢,¥q).
The refractive error, by geometry is then

Gel = wo'el‘(93°¢) = WO+62-"+¢ (3- ‘)




Figure 3. Source outside and target inside the shocked region.

Note that the curved nature of the path interior to the shock does not
enter directly.

Source Inside, Target CQutside

TRt R o

This is essentially the inverse of the previous tase with one
major difference, since the refractive errer occurs on the curved portion
of the path which extends to the source. The method of solution is essen-
tially the same, except that once the consistent set (¢,po) is obtained
the corresponding value of K is used in equation 3-4a to obtain the

instantaneous ray path angle ¢ at the radius R The refractive

B
error is then

88y = g(Ry) - 8,

which is the same as equation 3-9a.

™




Target and Source Both Qutside

When the propagation path completely traverses the shocked
region as depicted in Figures 1 and 2, then the radial from B to D will be
perpendicular to this path and the angle yo (or B-A-C) is the compliment
of the angle o (or A-B-D), where o is defined as one-half the total
angular extent of the ray path inside the shock, i.e.,

m K dr

R r /rin2(r) - K2

by =

(3-12)

NS 0

The effective value of the index of refraction which corresponds to a
straight line path inside the shock, is

Ne ™ Mo sin yo/sin Ve = Mg sin yg/cos O (3-13)

Consider the triangles formed by the unrefracted extension of the external
ray paths. From the small triangie the angle between lines S-A-D and
0-C-T is 25y. From the large triangle (S,T7,D) that angle is &8, + §8,.
Thus

868y + 868, = 2(wo-y,) = 26v (3-14)

The angle between the radial BD and the radial that is perpendicular to
ST can be seen to be (5y-58,) which is also %.(602-501).

Applying the law of sines to the triangles S-E-D and D-E-T
yields

(R1+d) sin 89) = & sin(90-8v) = (Rz2-d) sin 86, , (3-15)

18
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R

RB cos 6,

Ry

RT cos 8,

592-661)

d = Rg sin 8; + tan( >

68, and s8, are small angles, thus the sines in equation 3-15 may be
approximated by the angles, yielding

(Ry+d) 88, =~ (R,-d) &6, .

Using this in Equation 3-14 to eliminate go, yields

(1+ ﬁ;tj) §06y = 28y .

d can also be neglected, being much smaller than either R; or Rz, yielding
Ry i,
(1+ .R_) 80; = 26y . (3-16)
2

A relation between the viewing angle, 6,+s§6, and the angle of incidence,

¥, of the ray SA at the shock front is obtained by applying the law of
sines to triangle S~B-A.

sin (9,+68,) . sin (180-yy)

- s Yo (3-17)

R B B

19




We now apply Snell's law in the form

No sin ll!o = ne sin (q)o-sq)) (3'18)

where ne is the "effective" value behind the shock. Expanding the left
side of Equations 3-18 and rearranging yields

tan vo = 10 & (3-19)
€os &y - no/n,

To eliminate gy we rewrite sin y, in Equation 3-17 in terms of the tangent
¥p.and substitute from Equation 3-19, thus

R
8 sin (8,+86,) = sin yq = tan yo

S
R /tan? g+l

sin &y

/sin2sy + cos2sy - 2 (no/ne)COS sy + (“o/“e)2

- sin &y
(3-20)
/(1 - 00y2 4+ 2 00 (1 - cos &v)
T\e ne

Equation 3-16 is used to eliminate 8y yielding an equation containing &6,
and known quantities,

. (Ry*R
Rg sin (—lEEl §6,)
— sin (9,+88,) = 2 (3-21)
SR no +
(1-)2+2 2011 - cos (Rl Rz) 661]
Ne e 2R2

20
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We expect 86, to be a small angle and do not expect the factor (5%%53) to
2

prevent a small angle approximation, then

R,+R
Rg ( ;R 2) 66y
= (sin @8, + 66, cos 81) = 2 (3-22)
R R +R
/{1 S0z 10 (L 2) 80,2
ne " 2R,

From Equation 2-8 we expect the first term in the square root to be of the
order of, but less than (8.3 x 10~*)2. This generally will be smaller
than the second term whenever refraction exceeds a few milliradians,
therefore as a first estimate we neglect the first term, yielding

RB e
— (sin 8, + 69, cos 8,) = [ — (3-23)
SR no
or
S n
EE £ sin g,
N
60, ~ B (3-24)
cos 6,
REAPPEARANCE

As the line of sight to the target passes behind the shock front
the target will disappear (ignoring diffraction) and will not reappear
until the external rays S-A and C-T, are tangent to the shock, i.e., the
angle of incidence, ¢, is 90°. From equation 3-18 and 3-16,

B0 = sin (2 - 8y) = cos &y
Ne 2

R1+R2
§61)

= cos ( (3-25)

2R2

ke il Bt il




Again in the small angle approximation

n.g-1 [R1+Rz 50 ] (3-26)
e 2
Inverting,
g0, = X2 fo(1- Moy (3-27)
R1+R2 "s

Substituting the index of refraction ratio from equation (2-6) gives

B fa.22) nol(we1) + 48 x 100 £ (w Lo 1)), (3-28)

S e N
12 0 s

for p, ~ 10-3

( ) (.02) [(u-1) + 4.8 x 103 ¢ (uJo 1)]1/2 (3-29)
R1+R2 . u . T—o TS - ’

when the shock first becomes transparent at‘TS =4 T, and u = 4.7, the
square root term yields about a factor of 2 thus the refraction error will
be about 40 milliradians times the factor involving the relative locations
(which is usually of the order of unity).

If we define the minimum value of interest for &6, we can then
determine the minimum shock strength andtherefore the maximum shock radius
of interest. We can convert equation 3-29 into terms of the relative

shock overpressure, n = %— - 1, using the Hugoniot relation
0

/7 t6x

7+x




|

and the ideal gas law

To-Po.p - ¥
TS p PO 1+1I’

Substitution of these into equation (3-29) yields

2R S 16 ¢ w3
80, = 2) (.02) [2X + 1x-2_)4/2 3-30
! (R1+R2' (-:02) 155 W( o)) (3-30)
which for weak shocks reduces to
2R2 5" ] 1/2
56, = .02) [=— (1+10e , K1 3-31
1= ) (00) 5 )] (3-31)

For example, to produce the above estimate to, say, 1 milliradian, would
require that the factor within the square root be only Zéﬁ which occurs at
about an overpressure of about 0.03 psi, i.e., in the far field of the
shock wave.
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SECTION 4
A MODULE TO PREDICT REFRACTION
AND PRELIMINARY RESULTS

A set . of subroutines was prepared with the intent that an appro-
priate subset could easily be adopted into larger programs. These sub-
routines and their functions are described in the following paragraphs.

Program BLAST and subroutine GETINPUT provide our stand-alone
driver that would be replaced by a calling procedure within the larger
program. Inputs that are expected, units used, and where appropriate
default values, are:

1) RHOA = Ambient air density (gm/cm3, default = 1.225x10'3)

2) TEMPA = Ambient air temperature (°K, default = 288)

3) WATER = Relative partial water vapor pressure (default = .01)
4) W = Effective blast yield (kilotons)

5) TIME = Time of interest after burst (sec)

6) RBS = Actual range between source and burst (cm)

7) RTS = Actual range between source and target (cm)

8) THETAl = Actual angle between RBS and RTS (radians)

In the stand-alone version these are obtained via a common block from
subroutine GETINPUT in which the default values are stored.

SUBROUTINE REFRACT

Subroutine REFRACT is the heart of the calculational procedure.
The first step is to scale ranges and time to equivalent one kiloton
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values so that the shock location (i.e., radius) and density profile data
can be obtained form the AFWL Nuclear Blast Standard (1 KT) (Reference 4)
via a call to DENSITY. Then a set of tests is performed to determine the
relative locations of the source and the target relative to the shock
front and whether or not the LOS extends to the point of closest approach
(RMIN) of the LOS to the burst. These tests define the approximation
procedures and the integration limits.

The primary output provided is the refractive error, in radians,
in the plane formed by the burst point, target and source: that is, the
increase in the angle THETAl caused by the refraction of the ray path in
passing through the density profile of the blast wave. Additional outputs
that are available include PSIO, the angle of incident at the shock front
(when the source is outside); relative locations of target or source with
respect to the shock, and the interior angle ¢; and ;} the effective index
of refraction (when both target and source are outside).

SUBROUTINE ETA

Subroutine ETA returns the index of refraction w:thin the
shocked region according to Equation 2-4b. The input is the scaled radial
dimension of the point of interest. This subroutine then calls the 1 KT
blast model to obtain the overdensity via the common block /WFRT/. A
temperature is needed in Equation 2-4b as part of the water vapor correc-
tion. The 1 KT blast model does not provide a temperature or internal
energy profile behind the blast wave, Although a temperature could be
obtained from the overpressure profile and the equation of state through
an iteration procedure, a simple approximation has been used instead. The
temperature is estimated by assuming a gamma law expansion (at y = 1.4)
from the current shock front density, but limited to be at least ambient
temperature. This is rationalized as being sufficient since the shock i
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temperature does not exceed 1200° Kk, thus any error in the temperature
will probably be less than the uncertainty in the partial pressure of the
water vapor,

SUBROUTINE INTEGRT

This subroutine performs the integration of Equation 3-6 to
provide the angle ¢ between radial limits supplied to it by subroutine
REFRACT. The procedure used is to subdivide this interval into steps
within which the value of eta is essentially constant. Equation 3-6 can
then be integrated analytically to give the increment, A¢, over each step,
Ar, i.e.,

_ dr _ -1 K -1 K
(8¢); = — | = cos™? ( ) - cos=? ( )
- v, + br

neor. T T (Kni)? I njtt2

where n, is the value of the index of refraction at the center of the ith
interval. The approximate number of steps to be taken is specified by a
data statement as NUM, however the step size can be decreased or increased
internally based on a test of the relative change of the index of
refraction within each step.

The calling sequence for this subroutine expects

RS = First integration limit of scaled radius

RM = Second integration limit

CK = Constant K of equation 3-6

ETANEW = Value of eta at starting point of integration

DPDK = A trigger value which causes a calculation of de when

positive or zero, but skips this calculation when set

negative

L RE T AT T
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Upon return, in addition to providing the values of ¢ and when

requested 92, the subroutine stores the most recent values of n, in ETANEW
for use in the second integration when needed.

SUBROUTINES DENSITY AND AIRPT

Subroutine DENSITY contains only those portions of the 1 KT
blast standard that are required for the refraction prediction. These
were extracted from Reference 4 and are carried as a separate routine so
that when the more complete set of blast subroutines is used elsewhere
within a larger code, this subroutine can be deleted and that set used.
An initial call to DENSITY (TIME) at each time of interest sets the
following parameters.

PRAD = Shock front radius {cm)

OPPK = Peak overpressure, at PRAD (dyne/cm?)

ODPK = Peak overdensity, at PRAD (gm/cm3)

RDZ = Radius at which overdensity passes through zero (cm)
TEMPK = Shock front temperature (°K)

Subsequent calls at the same time use entry DENS(RAD) and obtain ODR, the
overdensity at the specified radius, RAD. Outputs from DENSITY are trans-
ferred via the common block /WFRT/. Subroutine DENSITY requires the air
equation of state to calculate 00PK, from the prediction value of OPPK.

The DOAN-NICKLE equation of state of air as given in subroutine
AIRPT(E,R,G,P,T) of the MDAC version of LAMB has been used, since it
includes the temperature and pressure thus providing TEMPK. This subrou-
tine appears to include the subroutine AIR(E,R,G) of the 1 KT standard,
which may be accessed through an entry call.




TYPICAL RESULTS

These subroutines have been exercised for the several conceiv-
able types of sight paths, depending on the relative location sof the
radar target, shock wave and point of closest approach to the burst point
of the sight path. For those case in which absorption dominates or where
the shock is not intersected a message to that effect is produced without
the prediction of refraction. Table 1 describes eight possible sight
paths through the shock wave from a one kiloton burst at one second and
lists the calculated refractive error,

Table 1. Sight path parameters and results.

Case RBS RTS 6, 86,
é cm cm radians milliradians
| 1 1.3€5 1E5 .1 8.4E-4
2 1.3E5 1.6E5 .15 2.9E-2
3 1.3e4 2E4 7 2.5E-4
4 3t4 5E4 72 -6.0E-5
5 2.5E4 3E4 1.9 658.(?)
6 4E4 2E5 7 0.136
7 3E4 1.5€5 2.1 -1058.(?)
8 1.5€5 2.5E5 .22 16 to 104(*)

! (?) These values are abnormally large; indicating that the "smal)l
derivation" approximation is invalid but do show that refraction will
be an extremely severe problem.

* (*) This case did not converge but oscillated between these values, again
indicating a serious refractive error.
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APPENDIX I
ABSORPTION

When the electron concentration within a shock wave is suffi-
ciently high, the absorption of electromagnetic waves becomes so great
that refraction effects can be ignored. Here we will generate estimates
of the conditions at which such circumstances occur and identify those
cases wherein refraction might be important. Except where noted, the
basic equation used below are from The Aids for the Study of Electromag-
netic Blackout (Reference 1).

The differential absorption of an electromagnetic wave of
angular frequency, w (radians/sec), can Le expressed as

46
Ab = (ggy2*+g¥hw)z Ng » db/m (1-1)

where Ne is the local electron concentration (e/cm3) and v is the electron
collision frequency (sec-1). At altitudes below about 100 km the colli-
sion frequency of importance is that with neutral particles, which is

v = 1.7 x 10°% p , sec-! (1-2)

where p is the local air pressure (dynes/cm?). At sea level the ambient
pressure is p_ = 10® dyne/cm? hence v, " 1.7x10!! sec~! which corresponds

. W \Y
to an operating frequency, f = P = = = 2.7x10'% = 27 Ghz. The operating
n n
frequencies of interest may be on either side of the collision frequency.




The factors g and h in Equation I-1 above are correction factors

to account for the velocity dependence of electron-neutral collisions.
For representative calculations values of these factors, as obtained from
graphs in Reference 1, are given in Table I-1 below

i Table I-1. Typical values of g and h.
g h

w<v 0.6 to 0.65 > 1.7

w= .4v 0.75 1.3
W > v 1 1

For w € v absorption is independent of the operating frequency
and Equation (I-1) can be written

Ab = 75 gg , w € v, db/m (1-3)

Using the sea level, ambient value of v this becomes

Ab = 4.5 x 10-10 Ne» f <27 6hz, db/m (1-3a)

At 10 Ghz Equation (I-1) becomes

61 Ne

Ab = , f =10 Ghz, db/m (1-4)

2
v[l +(.54%2J]
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Using sea-level conditions in Equation I-4 yields

Ab = 2.5 x 10-10 N » db/m . (I1-4a)

Note that the second factor in the denominator of Equation I-4 reduced the
absorption by about 40%, but will contribute much less in a strongly
shocked region.

For freguencies well above the collision frequency, i.e, milli-
meter waves, Equation (I-1) becomes

Ab = 46 XE Ne , w v db/m (1-5)
w

Probably the minimum path length through the shocked region that
is ever of interest will be a few tens of meters. Normally the path will
be much longer, i.e., one-hundred or more meters. Equation I-3a indicates
that an electron concentration of 10° e/cm?® would yield about 10 db (one-
way) or 20 db (two-way) absorption over a 20 meter path. Equation I-4a
would require a 40 meter path or twice the electron concentraton. Simi-
larly, Equation 1-5 indicates that 10! e/cm3 will produce high levels of
absorption at a frequency of 95 Ghz. One thus concludes that if the elec-
tron concentration exceeds 10%, or perhaps 10! depending on geometry and
operating frequency, absorption will pe the dominant effect. Thus refrac-
tion is only of interest when the electron concentration is below this
range.

ELECTRON CONCENTRATION

To maintain an electron concentration of 10% e/cm3 by therma)
collisions alone requires a local temperature, T, of about 2500° K for
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sea level conditions. However the ionization generated by the neutrons
and delayed gamma rays from the fission debris can maintain this concen-
tration to a much lower temperature. The gamma source is in general the
more significant, although at early times and close-in the neutrons can be
of equal significance. Reference 1 gives the gamma ray jonization source
as

2 x 101° WF o e-ufpdr‘
Y TaRZ(1 + f)r.2 ’

3

ion pairs cm-3 sec-!  (I-6)

where

W. = fission yield (MT)

= air density at the field point (gm cm-3)
range from the source to the field point (km)
= time after detonation (sec)

= mass absorption coefficient (cm? gm-1)

T o X O ™M
[}

In the following we are interested in the shocked region as the shock
becomes transparent. This occurs at a shock temperature which is only
weakly dependent on yield, thus the shock radius to be used in calculating
q scales approximately as the cube root of the yield. The fraction of the
total yield which is fission is of course an unknown, but 1/2 .is a reason-
able nominal value for megaton class yields. This fraction tends to

be larger for small yields. The intervening absorption (e'“fpdr)
increases with yield causing a decrease in q as the yield increases. As a
result of these various factors, q/p in the region of interest will vary
less rapidly than the cube root of total yield. Furthermore the predic-
tion of Ne and absorption will be shown to vary as the square root of g.
Thus the final conclusion is only weakly dependent on the inputs chosen
for Equation 6. To represent a nomina) one-megaton surface burst we will

choose W = %-Nﬂ, R=1km, t=.3sec and e-updr %., and obtain

qy~3x1017p.
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To approximately account for neutrons we will double this and use

q= 6 x 107 o, ion pairs am=3 sec~! . (1-7)

The quasi-equilibrium solution of the rate equations for the

electron concentration, as given in Reference 1, is*

Yqa + D
N w3 QY R cm-3 (1-8)

€ NaO rmm+D+A

where
Aa,i + Dad

o = , cm3 sec-! (1-9)
A+D

ion-ion recombination coefficient

.."__H.__A
R
[}

p
3 x 10-8 + 6 x 10-© , cmd sec-! I1-10
s (1-10)
a4 = electron-ion recombination coefficient
? 9 x 10-3
i =27 em3 sec-! (1-11)
1 T
% A = electron attachment rate
2 2
= 9.7 x 103 ;, exp(- 329) +0.9 %, . sec-! (1-12)

* In these equations, p is the pressure in dynes per cm? and T is the

absolute temeprature in degrees Kelvin, 1




D = electron detachment rate which is the sum of collisional

detachment, Dc’ resulting from high temperatures and photo
detachment D _ caused by energetic photons emitted by the
fireball. The collisional detachment coefficient is given
in Reference 1 as

5530) + 2.1 p /T exp(- 3229) , sec=! (1-13)

Dc = 2.4 x 10% f__ exp( -

'/.F

The photo detachment coefficient is given in Reference 2 as

RE\2 16 + 5 4 1
D =(—=) 1.36 x 10-°° 7_.°." , sec” I-14
)= (&) : (1-14)
where T_ is the effective radiating temperature (°K) and
(Eﬁ) is the ratio of the fireball radius to the range to
the point of interest (which we shall take to be unity.)

To compute values for the above reaction rates and estimate the
relative importance of the various terms we will use ambient conditions
corresponding to surface values for the mid United States, i.e., an alti-
tude of about 4000 ft, where the ambient density is about 1.1 x 10-3
gn/cm® and the ambient pressure is 9 x 105 dynes/cm?. Earlier studies
have shown that temperatures greater than about 800° K lead to high levels
of absorption. We will use a shock temperature of 1000° K and the
corresponding values of shock overpressure and density. These are an
overpressure ratio, aAp/p, of 15 and a density compression ratio of 4.4,
Then the pressure at the shock front is 1.5 x 107 dyne/cm2. This yields

72 712
9.7 x 103 (1.5 x 107) exp| - 600 \ , 0.9 (1.5 x107)
g (10%)3 P 1000) (1037

>
h

1.2 « 109 + 2 x 108 = 1.4 x 10% , sec-!




(Note that the -first term dominates for these conditiuns)

7
=3 x 1078 + 6 x 1076 1:5 x 107
i (10%)2.5

R
]

3 x 108 + 2.85 x 10-% = 2.9 x 10-® , cm¥/sec

(Note that the second term dominates)

-5
ay 29107 g, 10-8 , cm3/sec
103
7
/103 1000
2.1(1.5 x 107) /107 exp(- 2990
1000
= 4,25 x 107 + 6.8 x 10% = 4.9 x 107 , sec-!
op ~ 1.36 x 10-'® (10,500)%.% = 10® , sec-!

The last two equations show photo detachment can be ignored (within the
shocked zone).

Substituting the above values into Equation I-8 yields an
electron concentration at the above specified shock condition of Ne = 1.1
x 10% e/cm3, showing we are in the range of conditions that are of
interest.

TEMPERATURE DEPENDENCE OF ABSORPTION

We may obtain the dependence of Ne and thus absorption on local
temperature and pressure by noting the dominant terms in these equations.
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In equation I-9 for a, Aqi dominates the numerator and A dominates the

denominator, i.e.,

Aa; = (1.4 x 10%) (2.9 x 10-%) = 4 x 10°

> Da. = (5 x 107) (9 x 10-8) =5

d

and A = 1.4 x 109> D = 5 x 107,

Thus Equation I-9 can be closely approximated by

a=a; = 3x 10-6 (I-10a)
We may also simplify Equation (1-8) by noting that
/Ga = [6x10'7 (4.8) 1.1x10-% (3x10-6)]}/2 = 9x10% €D

Thus Equation (I-8) becomes

3 ., w3 (1-15)

1

=
2
»l o

Now by using only the dominant terms in D, A, and @,

2.4 x 10* P_ exp(- Eigg)
N = ﬁ T 6 x 1017 o 1/2
e 2
9.7 x 103 P~ exp (- 8% |6 x 108 2
T3 T T2.5
12:5 4990 .
« 2.5 exp(- 2990y [ 1028 B q2's |1/2

) T P




we may us the gas law to simplify the square-root term i.e.,

P -Rog.o9x108T7
P M

and that term becomes

[ ]1/2 - 2 x 108 T3/% .

The resulting approximate formula yields predictions that are a few
percent higher than those obtain using all terms. To obtain agreement at
1000° K we will use

3,25
N, = 4.3 x 108 T exp(~ f%EE) , cm-3 (1-16)
p
= 4.3 % 108 F(T)
p
where
F(T) = T3.25 exp(- 4220) : (1-17)

For convenience this function is plotted in Figure I-1.
Equation 1-16 may be substituted into the absorption equations
to relate absorption directly with temperature, pressure and frequency.

From Equation (I-1), (I-2) and (I-16)

8.5 x 1013 g F(T)

b = , b 1-18
73 % 10° (g p)Z + (h )2 /m (1-18)
when w € v, then this reduces to
Ab = s F(T) < db/ (1-19)
2110550, wy, m -
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and in the other limit of w > v, then

T)

Ab = 8.5 x 10!3 Fi w <y, db/m (1-20)

MAXIMUM TEMPERATURE FOR REFRACTION

In order to specify the temperatures above which absorption
dominates we must make worst case assumptions about the path and the
‘ system. The path length will be shortest for a small yield - but even the
5 shock of a 5 kt burst is about 250 meters in radius when it becomes

? transparent. Perhaps one-tenth of this is a minimum path length. If we

| also choose 20 db two-way loss as a system limiting factor, then for
typical radar frequencies we will use Ab =.E db/m. By inverting Equation
19 and using a shock pressure of about 15 atmospheres we obtain F(T) = 5 x
108. Figure I-1 shows this corresponds to a temperature of 1400° K. Note
that this high shock pressure also implies an increase in the applicable
frequency range of Equation I-19, since v is proportional to p.

The above temperature is higher than previously suggested as an
upper 1limit primarily because the path length chosen is quite small., When
the path length through the shock region is chosen as 100 meters, then
this temperature drops to 1130° K. We have also assumed the absorption is
uniform along the path in the shock. Since it is not - i.e., it depends
on p-2, then the above temperature is an overestimate. For convenience in
setting up the refraction calculation we will somewhat arbitrarily use
1200° K as our upper cut off.

There are several assumptions in the above discussion that
should not strongly limit the more general applicability of the result.
For example, the ranges considered and the fission yield and the doubling
to account for the neutrons are all consistent with a nominal 1 MT near-
surface burst, Shifting to a nominal small yield would cause several
nearly compensating changes in the numbers, but the resulting shock
temperature to give specified db levels would change only slightly.
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APPENDIX II
SUBROUTINE LISTINGS

PHOGRAM K AST
ARIVEK FNk TEST UF HEFRACTTIOM ERRAR

INCLULE *GIVENGCMN!?

P OGICAY CONTINUE
OPLN(UNlTlQ,NAHhs'USﬁﬂl3REFRACY.UuT'.SYATUS-'NEu'l
CONTINUE & _FALSE,

1CASE = @

ICASE = 1CLASE+)
WRITE(D,150n)JCASE
FORMAT (! [NPUT FOR CASF NUMBER ,13)

CALL GETINPUT(LONTINUE)
CALL REFRACT(DTHETA)

WRITE (2,184 THETA
FORMAT (Y REFRACTIVE EKRUOK 1S ', 1PF13,0/)

ANDTHER SET UF 10PUT UATA
1F (CLNYTINUEY LH TD

ENG LR LMPIIT 1ATA
cLOSE(unTITe2)
FND

s . A Vomaid o memh e o o o



(s XaXalal

OO0 o [a N o) (g ]

10
151

OO0

[z Ral

1
2

OINTDPOEN -

SUKRROUTINE GFTINPUT(MORL DAYA)

READS INPUT FRUM REFKACT Dad
TRANSFERS THE DATA VIA THbk COMMON KLUOCK GIVEN,CMN

LOGICAL Ftitiaf, MUNKFDATA
ITNCLUDE 'GIVFN CMNY

DIMENSTON THOL(BG),, IW(2),[QMDA(S) , ITEMPA(O), TWATER(O),
TRAS(A) ,IRTS(A),ITHETAY (7)), JCOMMENTY (),
TEND(A), ITIME (D)

NATA [w/t1,1Hw/,
IRHOAZ4, {HR,IFH, 10, LAY,
LTEMPA/S , tHY  IHE , 1 nM, ¢ HP, L HA,,
TwATER/&%, 1HW, 1HA, tHT 4 HF ,11R,,
IRBS/3, 1HH, 1Mk, 1HS/,
IRTS/3,1nk 1M, LHS/,
ITHETAY /n g InT, IHH IHE, IHT 1N, LPL Y/,
ICUMMENT 72 1ML 1M1y,
LENDZ3, I HE 1NN, TR,
[TIMEZ4, 1T, IH] 1 RM, I EY

DATA RHOAZY DP2%F«d/, TEMPA/2RR, 7, waTER /1, 01/

IF (MUREDATAY GO TU Iw

OPEN(UNTI TR ,NAMERVUISERLISREFRACT DATY ,STATUSS V) LY, READUONLY)
GEY ONF | INE b ITMNPUTY

REAL(L, 1050, ,FnNDa6 ) ThuL

FORMAT (AnAt)

SKIP THE LInE IF LT IS A Ln™MENT

CALL HOLEWL (IMOL ,ICOMMENT 8 JaL ) o FALSE , s NSKIP)

IF (EWitAL) GO Tir g

CALL MOLFWL (THOL o IRHOA ¢ HUUaL , g TRUE o s NSKIP)

1F (BODUAL) 60 T 194

CALL MOLFUL (1m0 4, TTEMPAF JitAL , ,TRIF .y NSKTP)
tF (BuntAlL) 60 T 124

CALL HOLFNL (CTHOL o IwaTEw kAL, JTRIE Ly NSKTP)
1F (FultAf ) 60 Th 13
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c
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1860

160

167¢

1679

1476

1a

\CLL

CALL MOLEQL(THUL 4 IWAS,EuUAL,  TRUE  ,NSK]P)
IF CEGUAL) GO TO 12v

CALL HOLFWL (InNL,IRTS FUtlAf o JTRUE ,NSKTP)
1F (EQUAL) GO To f#8:

CALL HOLEWL CIHUL , ITHETAL,LQUAL,, TRUE, ,NSKIP)
IF (EWUAL) G0 T j0u

CALL HOLEUWL (TR o ITIME e dlial, 4 TRUE ,yNSKIP)
1F (EunAL) o To 200

CALL MOLEQL (IMOL, Iw,EJUAL, [ TRUE o NSKTP)
1F (EWUAL) GO TN 1w

END OF DATA StT17

CALL HOLFUL (THUL p JENDJEQUAL , JFALSE ,,NSKIP)
1F (EGUAL) GO T Huwy

FRROR o UNRECOGNIZAKLE NPT
WRITE(2,1u0v)1H0OL

FURMAT ¢t UNRFCUOGNTZARLE INPUTY 64X KAL)
sSTOP

REAL w (YIFLM)

RACKRSPACE 1

READ(L,1074) W

FORMAT (ENSKIPX ,E2N, 1)

TF (W T 1 ,vEed) WRITE(2,1075)

FORMAT (! NARNINGE INPUT YIELD IS (ESS THAN | TUNDY)
1F (w LF ¥ ) THEW

WRITE(2,1970) w

FORMAT (! ERWRNRS YIELD 8 ,PFlu,q4,! 15 NFGATIVE OR ZERQ, PROGRaAM

1 ExJTIS,. "
sTOP
FNDIF
60 10 14

READ KHUA (DENSLITY)

RACRSPACE 1

READ(L,1A7C)RHOA

IF (KHNA LT t vE=D) wKITE(D, 1R D)

FORMAT (' waARNINGS INPUT DENSITY 1g LESS THAN 1Feb,
TRLAST MOnEL 18 SUSPECT, 1)

GO T0 ¢




C KEAl: TEMPA (AMRIENT TEMP,)

12¢ HACKSPACFK
REAL(Y, 3 u7¢) YEMPA
TF (TEMPA LY tWit) THEN
wRITE(?,1:8%)
1ABS FORMAT ¢! WARNMTN(GE IHNPUT AMRLENT TeMP IS VERY SMALL OR
INEGATIVE, NOMTOAL VALUF OF 288K USED,')

TEMPAZOYR,
ENDIF
GO T0 1y
C
C READ WATEW
c

134 RACKSPACFE |
READ(1,147%4) wATER
TF (WATER LT g ) THEHN
WRITEC(D,1190)
1N9A FORMAT (! wARNINGS INPUT VL AUF OF WATER VAPOK IS NEGATIVE
IPDKY ALIR 1S USED,Y)

WATER3P 0
FNDIF
GO TU 1w
c
C READ KHS (RANGE FROM SOURCE TO HURST)
c

174 RACKSPACF 1
WEAD(Y,in72) RRBRS
IF (RES,I T, n n) ThLHN
WRITE(2,1092) RbS
1192 FORMAT (' EPWNKY RANGE FPUM SUURCE TO RBRUIIKST st ,PEIVR,4,' IS
1 NEGATIVE, PROGLIRAM EXITS 1)

sTnP

FNNIF

GO TO g+
C
o READ KIS (RPANGE FROM SOURCF TV Taphtl?)
C

182 RACKSPACF 1

READ(L,1470) PTS§
1IF (RTS 4T i, ») THEN
WRITE(2,1195) NT8

1V95 FONMAT (! EHROWRE RANGE FROM SQURCE TU TARGETY ot ,PFlu,d,! IS
{ NEGATIVE, PRUGRA™ EX]JTy, ')y
sTOP
FNDIF
GO TU tu
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READ THETAL (AMGLF RETWEFN VFCTORg RHS AND RTYS)

c
c
c

192 RACKSFaCE 1
READ(Y,127+) TrETAY
1F (THETA LT, 4,) THEN
WRITE(2,250¢) THETAY
2¢0AN FORMAT (! pHRORS THETALl =',PE1, 4,0 IS NEGATIVE, PRUGRAM EX]ITS,!)

sTUP

FNDIF

GO TO tw
o
(o @EAD TINnF
c

g 2V¥4 RACKSPACK 1

' READ(S,1u7m) TIME

1F (TImME _LF 0, v) THEN

: wRITE(2,2vnSy TIME

‘ 2040 FORMAT (' ERRORS TIME ',PEin,4,' 1§ NEGATIVE, PROGRAM EXITS!)
sTOP

ENDI]F

a0 10 1w

END STATEMFNY

[a NaKel

SA¢. cONT INLIE
MOREDATA & _THUG
GO TO A%y

ENND UF FTILF

(e NaNel

60 rONTINUK
MOKEVATA = _F Al SE,
FLOSE(1iITTay)
GU TU a5%4

O5* WwhITE(2,0Q111:0)

OPAv FORMAT (1 ")
WRITE(2,Q.109)

9nAS FORMAT (! INPUT LATA 'y
wR1TE(D,0171) w

Qn71 FORMATLY w tYFILLD)
wRITE(2,0u72) huOA

Q722 FIRMAT (Y Rywpa (PENSTTY) oo.oooooo.ooooooo."pE|3o°)
wRITE(2,Q73) TEMPA

973 FORMAT(Y TFMPA (AMBIENT TEMP,) o4 ceeeeed' s 1PELI,06)
WRITF(2,0,74) waATEK

C.Oo....o.ooc‘.o...o..."PE'Jlb’
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[a X e

(g XaNsNaNala)

ou74
ou78
9479
Quav

ounal

14

15

29
30
104

FORMATY (! wWATER .o.ooo...oo.o-o.oo.oonooo."lp&’aoa)
wRITE(2,9u78) RAHS

FORMAT (! QAS (MIRSTeSUURCE DISTANCE) ,,,.'¢1PEL13,0)
wRITE(2,0079) HRTS

FURMAT ¢t RTS (TAQH&T—SUHHLF DISTANCE) .,."lpfl3,6)
WRITE(2,9vRn) THETAL

FORMAT (' THETAT oooo.‘o....c.o.cc.ooooo.o."pa13'b)
WwRITE(2,07R1) TIME

‘URM“(. TIME o..o..o0..0.........-..0.0."lpElJQO)
WRITE(?2,9v04)

RPETURN
END

SUBKROUTINE HOLEWL CIONME , TTwn, ANS,LENGTH, ISKTP)

MODIFICATION UF MKCSIm SURROUYIME 3 TESTS FOR EWHIVALEHNCE
BETWEEN AKRAYS IUNE ANy 1TvAD3 IF LENGTH IS _THUE,, IT
RETUKMS THE NUMRER UF CHARACTERS FRUM THE BEGINNING OF THE
RECOND UNTIL AM 3 CHARACTFK 18 HeaCrHED,

| UGICAL 1LENGTH, ANS
NIMENSTON TONECY)Y,ITwUICY)
NATA TRLANK/IM 7,1EHLZ e/
ANSI.FALSL.

1SK[Pay

Jse

NeITwur]Yed

nD 1v led,N

JaJs

TFCIONELD) EL I8LANMKR) Gy T 2
TFOLONECS) JNELTTWHET)) GU TU 1)
CONTINUE

ANSs TRUF

TFILENGTH)Y) GO TO 19

RETURN

CONT THOE

xsJ

N 2 (sKk,A¢

RE FER

TFCIONECT) b TFWH) GU YO ww
CONTINUE

15k ]Psy

RETUNN

Fhb
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' C
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SUBRUUTINE KEFRACT(LUTHETA)

INCLUDE *GIVEN, CMN?

INCLUNFE YWFRTY CMNY

DATA KHUZ /Y ,2256=3/7,TEMPL/28R,/
HALFPIaASINCY )

Pls2enALFP1

DTHE"AU-!.J
WIS(WeRHNZ/RHNALTEMRZ/TFEMPA)o (1 ,/3,)
STIMESTIME/n)

CALL VFENSITY(STIME)

TEST FUR (ORTZAVYIUN
1F CQVTEMPK LE 1201 ) O TO g
WRITE(2,RAM)
FURMAT ¢ SHOCK STRONG ENOLIGHM T0O cAUSE ARSOkPTIUN, REFRACTION
IGNOREN 1)
GN T0 By

R IS TuE WKANGE FROM SNURCE Tn PUINT OF cLOSEST aAPPRNACH
RIBRHSeCDS(THFTAL)
SRADBPRANeW S
RTESSHRT(RAS S a2¢FTSe02ade¢HASeRTSerIS(THETAT )Y
RMINSkNSeSTN(THETAYL)
LASTIMFaw

IF SHOCKk HAS NUT FEACHFD LINE UF SIGKT, 10 HMOTHING,
1F (RMIN_GF  SAD) GU Ty 4w
IF SHUCK HAS NOT CROSSFD LINE DF SIGWT, DD WOTHING,
IF ((KTYR_GF _SRAD) JANDGERTS LT, R1)y G TO 4¢
TF (KRS GF SRAD) JAND(RY 1 T 1)) U TO 44
GU 10 %4
CONTINUE
WRITE(2,8412)
FORMAT (' SHOCK HAS NOT REarHEDL LINF UF SIGHT %)
60 T0 Ava

CONTINUE

SIPSIvg(PMIN/SRAN)

PSIPeASIN(SIPSTE)

ETAUSYL (o0 P2e¢RMOAS(] 44 RELIeWATER/TEMPA)
DEFINF ETAS,CUNMAX, AND CONST

STRYSAMINY (SPAD,AMAXY (HAS,RTR))

STRTISESTRT /WY

FALL ETACSTRTS,kHUL,TEMPL,FTAS)

SMLSAMINE (SRADLAMIN] (RRS,RTH))

SMLSeSM| /w3y




an

[aEeleNe Ne

64

75

CALL ETACSMUS, RHIL,TEMPL,ETAM)
CONMARSSML SeF TAM
TE (STRT L0 _SRAD) THEN
CONSTPRADCETA, ¢STPST
FLSE
IF (SML_EN_HRS) Tukn
CUNSTaCNNMAXGSTNITHE TAYL)
ELSF
SHRSERKS /WS
CALL ETACSRKS, kM0, TEMP] ETASRAS)
CONSTuSRRSeE TASKRSeSTHITHET 4 1)
ENDTF
ENDIF

LooPCep

JF (SKAD (T AMINI(NBS,NTR)Y 6O TO O4Y

CUMPLETE TRAVFHSAL « HNTH TARGFT AND SUURCE ARE UUTSINE SWOCK
INTEGKATE FRUM SHAD TO RMIN

RECALC OMIN USING FTA AY RMIN
SRMINMBRMIN /WY
CALL ETYA(SRMIN,RHOIM TEMPM FTARM]N,
RMINBFMINGFETARMIN/E TAY

DUM1isPRAD

NUMIaRMIN/W]

FTANENWSETAS

CALL INTFGRYCOUME,,NUMZ ,CONST ,ETANEW,PHT,e1)
FTARMIMaFTANEW

ETARAKSCNNST/PRADZCUS(PNMT)

NTHE TAS(SKANSSURT(ETABAR)=RMIN) /(RHSeCNS(THETAL))
TF (LASYTIME Ef,1) GO TO Aup
SIPS1naRAS/SRADSINIIHETALSDTHETA)
PSIABASIN(SIPST)

LOOPCsHOEC e
CONSTreCONST
rOnSYTSET AL ePRANGSIPSLY
RMINBCONSTon3/F TARMIN
TF (CUNST_GE _ CDNMAX) THpN
CONSTaCrIMNMAX
KMIMNgPrINSTewS/ZF TANMIN
LAST MLy
ENDTF
60 TL 7%




TR

e

[ N el

loNg]

[a e Kol

O

[HTERRATE ALL CADES WHERE
TARGET nR SHURCE uR HUTH ARE NSTIDF SHICK
YW THETAJSASTIN(RTIS/RTReSIN(THETAL)Y)
ASTIN KETHRNG VALUES RETWEEN enALFPT AN NALFP]
CHECh IF TRHETAZ SHOULD BF GREATER THAN MalLFPI
TF CCHy 1 F ) R J(RTSLE GKe)) GO t0 95
THETAZBAS[n(RHS/kTHeSIN(THETAL)Y)
tF (CTRETALOTHETA?) I T HALEPT) THETAJI2PleTHETAS

9% rUNTINIIE
1A% PUMISAMINL(RHS,SRADY/ZN]
PUMRAMINT (PTi4,SRAN) /W]
FTANEWSE TAS
nPH]f’)D\li.
CALL IMTFLERT (o M2  cONST e TANEW, Pl ,DPHINK)

TF (ORI LE, Y URL(FTS LELKY)) GN Tu 154

LINE CF SIGHMT (ROSSES PUTHT O CLUSESY APPRUACH
ADDITINNAL JHTEGLRATIUN

DHMIRAMTINY (RAS,IWTHY /&)

DlUMPeRM]r/w]Y

nPhlukaey,

CALL INTERETOR MY, DM, 00NST  ETANEw,PHTuW,DPHIDKY)

PHISPHRT&2ePH]

NPHINK gL, PHTILKIDeVPH]IKIY

FTARMINSFTAVE &

IHY Ik (KnS Y. 3R0AD) GO Tu 1 2%

SMIKCE TS DITSIDE AND TARGFT 1S INSINE SHOCK
LBSURT(RAZee243P AN 2D oRHQeSRAN NS THE TAZePH]))
nTHETAUASIN(SkAnILQSIN(YHttA];DHI))-Tuffai
IF (LASTTIME Ft) 0 TO Hunp
P IvsTrHE TAZaPrleTHETALSNTHETA

ITERATTION | NP
LOUPCSELONPL sy
AR IMALT N
CONOSTEPKADSETAAeDIN(FST 1)
RMINEUNNSTewi st TARM]IN
TF (CUNST GF COMMaX) THEN
CONSTaCHIMAA
RMAINSCUNSTawI /L TARNMIN
LALDT ML s
ENitTR
G TO g4

51




o0 a0

175

186

204

25n

8vv

IF (RTH LT SPAR)Y U TO DJwu

SMHIRCE 18 INSTIE AND TARGETY Jq NDUISINFE SHOCK
CE3SURT(RTHee2eSRAN¢22sRTReSKhANSFOS(THETAISPH]))
PSIVSASIN(RTIR/CoSIN(THETAZAPH] Y YwuALFF]
IF (LASTIME ElL.1) GG TN (dp

ITERATION LGUP
LODPCaLONPC &y
CONST A ONS?T
CONSTaPNALOETAveSINIPS] )
RMINSCNANSTawize TARMIN
1F (CUNST GE , COMMAX) THEN
CONSTaCUNMAKX
RMINBCUNST+A3/FTARMIY
LASTIMES
ENDTF

GO TU ten

SRBSBRRS /WS

CALL ETA(SHuS, Rrli),TEIP),F TARKS)
NTHETARASIN((SRADSETAASSINGPRIV)) y(HBS e TARKS) )= THETAL
GO 10 R

SNURCE AND TARGETY ARE INSIPE gHUCK
TF (LASTIME F,1) G0 T 25@

1TeRATYON LoOP
LODPCSLOOPL Y
CUNSTosCONST
CONSTa(THETAZPHI)ZLIFHINR S OMNST Y
RMINSCNMSTewR/F TANMIN
1F (CUNST , GE _CMHiMAX) THFN
CONSTaCNNMAX
KMINSCONSTYea3/ETARM] N
LASTIME =
ENUTF
GO T e

SRHSSRRKS /7w]
CALL ETACSWRS, e, TLMP b TARHS)
PTHETABASIN(CONMSTZ(HRSOFETARKS ) )wTETAY

RETURN
F N

..




CYOOOOOOOAOOOND

16

20

2%

SUHRUUTINE INTEGRT(HS,RMCK ETANEW,PH],DPDR)

INBUY

RS 3 LIMIT OF INTEGRATION

&M 8 LIMIT DF INTEGRATIOM

CK 8 CONSTANT

E;ANEN s INDEX OF KEFRACTION AT THE UPPER LIMIT UF INTEGWATION
nUTPUT

PHI s BNGLE HETWEEMN THE VECTURS RS AND RM

NPDK & THF DERIVATIVE OF PHI WlvH KESPECT TUO THF CONSTANT

INCLUUVE 'YwFRT _CMNY
INCLUOF *GIVEN,CMN?
DATA NUM Sy TESTLZ¢oti1/7,TESTS/9 a2/

FTACSETANEW

RISAMAXL (KS,RM)
R2SAMIN] (HS,RM)

1epP
SUMisy
SlM2sr

IF (ETAWNF ETAL)
STEPs(R1K2)/FL LUAT (NUM)
RADIsR|
RAD2BAMAX] (R?,RANIeSTEP)
IF (RAP2 by, R2) STEPSRADIenAD2
RADCS(RAD24RADY /2,

18]+

1F (1 GT_NIIMeD) GO T 24w
CALL f.YA(RAnt.le‘2'F.“C)

TESTBAHS(ETARSETAC)/(EVAR=),)
1F (TEST_LE, TESTL) GO YU 2@

STEPSSTER/D,
60 TU 1w

CIsCR/ZETAC/RANY

C2sAMINE (1, ,Ch/FTAC/AMAXLI(R2,RANZY)
ND1sACUS(C1)«ACNS(C2)

SliMmisSiIMyeNny

IF (AMAX1(C1,C2),6Ek,1,) GO TO) 3

1f (PPHK LT, v,) GO TO 2%

D281 ,/78URT(1 ,/C1002e1 )l /SURT(]1  /C2¢e2e1,)
SUM2eSIIMIeN?

IF (RAD2,LFR2Y GO TO 3¢
ETAVPSE TAC
RADLsRAD?

A i a




1F (TEST (F TESTS) STEPaSTePe2,
IF (C2, LTt ) v TU Qo

30 pPHISUMY
DPLRESIHMD /(K

] FTANEwSETAC

Rt TURN

| c

. 200 CONTINIE
WRITE(2,141¢)

1810¢ FORMAT (' tHrDORE INTFORATION ROMITINE NAS EXCEEUEDN THE MAXIMUM

I NUMBER nb LGOPS.'ZY PROGRAM ExITg,!)
sTuP
FHND

'
i
{
-
'
i
i




SUBRNUTINE ETA(SR,WHUR,TEMPR,ETANR,

INPUTY
SK B SCALFD RANGE (CM)
aurTknT
WHNKR 8 HENSTTY (UYNEZCM2)
TEMPR & TEMPERATURE (DEGREES &)
ETAR 3 IMDEX OF REFPALTINN

CALCOLATES RHOR AN TEMPR FROM 4 kT STANDARD, AND
THEN ETAR AT SCALED RANGF

aNaNeNeNaNaEaNaNeRalg]

} INCLULE VGIVEM MM

i INCLUDE thEnS Ty CMN?

NATA kHOZ2/Y ,225E=)/

CALL OENS(SKH)

RHRORsRH(A (Y .Ql)i)R/HMI_IZ)

TEMPREAMAX| (TEMPA, TEMEKe ((1,600R) ,(1,40NPK))e®W 4)
FTARS] (¢4, 22eknNKe(] 44 HEISWATER,,TEMPR)

RE TURNL

FND




OO0

a0

SURRUUTINE ATRPT (EEF ,RKR,GMINFE ,PpFS, TEMP)

DOANSNTICKLE FuUATIUN UF STATE NF aIR (SEMIePHYSICAL FIT)
AS FXTHRACTED FwtiM HDAC FER B2 yFRSING OF | AMB

INPUT
EEE 8 FNFRGY (ERGS/GM)
RPR = PENSTTY (GM/CMY)
nuTPyY
GMONE 8 GAMMA e
PRED 8 PRESSUNME (DYNE /LMD)
TEMP 8 TEVPERATUKE (DEGHRFES k)

160=1
RO TO

THIS ENTRY RETURNS UNLY GHNE
ENTRY ALR(FEF,KKHR,GMUNE)
16D=¢

ESEEE*]| Faty
RHOSRKR/( 203t =3
Ei1s(R,5«F)/, 97%

IF (ABS(F1IY LT, 5,.4) GO TO 3

1IF (E1,6T,4,0) GO TOU 2

FUsW,
FONSEXP (ot /b,0Y)
wSs? v
GO T0 4

FOsbXP (wF/4,4n)
FUNBP  u

wSstl, v

GO TO 4

NELB Y79 (RHN)oe nhH

FEISR Sen, 198a420AL NG (WK
Fla(Et teF ) 7uF Y

wSsl /(b xPlaF)etl,)
tO0skxF (eF /4 _,40)eWS
FONBERAP (E/n AnV)0 (] ows)

RETASY 0
1F (B LE_1,4) GO TQO S 4

;
P ————s ; J




OO0 o

1

RETAB(6,04R7FntdonSe) JRU7AFe12) 0L UG(E)
Fes(Emdy v)/Y, v
1IF (ABS(E2),LT,5,4) LU TU »

1F (E2,GT,» 1) GY TU o

FN.U.-’
WwSs® u
¢0 TO R

FNSEXP (aF /25 ,.%)
wSsi ¥
g T R

NF284 ,AsPHNeen 185
FE2945 eRHDwoew 157
F2s(EeFE2) /DE2

wSel A/ (EXP(ek2)¢],4)
FNSEXP (aF /25, ,5) ew$

Fis(E=stbur ) se, 4

HETABBETA#(] ,=W5) 4 ,1dDeu§

FEsw, ¢

1F (E3,GT,(e5,4)) FEB]l #/7(FXP(etdy¢l, 0)

GMONES ( 1614 ,250¢F 08 28eFUNG 1370 nN¢ USeFE)eRHJeoHETA

1F (ILUJEW ., »Y GO TU 1w
PRESSLMUMNE «FBF ¢RNN
TEMPERATURE
RROLNSALNG (RHO)
FE(0,582549kauS¢RHOLANR2 71434Fed3)eRHOLNGG, 72k =¢]
63(@2,33R7A%E aBekHULteb [ d1RB? SEedyekHUL G2 ,645E «2
H'(3.9?3‘235.“’.RHULN‘5‘9715‘9F.ﬁ‘0RNOLN.9.?|E.F5
CONIB348Q,PeCMIINEE
CON2S(HOESG) o} oF
RETAS(Ee3 1) /0,006
IF (BETA _GT_ 19,10) GU Th ¢

TEMPRLONL/(CON24 (1 ,AeCON2) J(FXP(HFTA) S ,¢))
60 T 1w

TEMPSLONT/COND

RE TURN
END




SOOI O0

()]

(2] oNe 2N alal (g}

SUBKOUTINE nEaSITY (T)

PRUVIDES ulLASY PAHAMETERS 4T INPHy TIME "T" RKRASED ON

NUCLEAR BLAST STANDARD @ § KT, ApwleTRe73e«58, REV APRIL 19075

INITIAL COMDITIUNS ASSUMED TO BE $TP, I,.E,
AMBIFNT PRESSURE 8 1,01128E6 DYNp /(M2
AMBIENT DENSITY ©® 1 ,225Fe) GM/eM3

OUTFUY vIA €nMMON BLUCK On INITIAL CALL AY TIME Y
PRAD = 8SHiCx FRONT RADIUS (CM)

OPPR 3 SHYCE FRONT UVERePRESSURE (NDYNE/CM2)Y

OUPK 8 SHOCR FRONT OVEReNENSITY (GM/CM3)

TEMPKE SHOCK FRONT TEMPERATURE ¢K) «FROM EQUATION OF STATE

OUTPUT ON SHESEQUENT CALLS AT SamF TIME VIA ENTRY DENS
HLR 3 DVERADENSITY AT RADIUS R (GM/CM3)

INCLUDE tWFRT CHN!

DATA TA3/w20,25/,TPuk /10 371/,TPu@2/0 .79/,
AC/I IRE1A, 8075 WAEL 4/ ,ASTADR/9 WEQ/,RSTAR/4 ,454E4/,
Ru2/71,225€=%7,
/v 032017,07«1,0W80/,0273389y ,0/7,R2/78490,0/,
BR/N,M3499/,CC/=1 0068/,
TroLnsa_ a/

P o ) e

1F (VLEG,TTOLD) GO TU ¢
NETERMINF WEPR? (RADTUS)

1F (T LE v,3) Gu TO 14
CALCULATE RADIUS ExPLICITLY,
EARLY TIME EORM,

NETERMINE WZP

RZP8LY NakeToal)o((ZeTaK])

IF (ToLT v, 2H) WFPK2B24210 _¢TeaTPyuRie(1,4(1,23e¢Te1,123)0
1(3,0aEXP(TAZeTealPNR2))Y)
tF (V4T 4,1y 6N T 2
LATE VImME FoRM,
ALTEALNG(T)
ALFTISALT43 391RD
PNEWSRZP 4| JASE4¢2 15L30AL T4 (9, EI/ALFTeb BEI)/ZALFT
INTERMEDIATE TIME (NTERPOLATION,
IF (T LT M, 2H) RHEWBIKRNENC I TeN 1) wFPR2e(1,2ReT)) /0,18
wEPR2BPNEW
ReWFPk?
PRADSK




c
c
C

aXaNal

OoOONn

PETLHRMINE OPPR

RRst v /K

RT1082,245%17Cab ek
CFESURT(ALNGIRTIUCI AEXP (L (SHRT(RTIL)ZS, i1))))
NPPXB((ACANP+AN) #HHEASTAR/CF ) oRR

DETENRMINE DDPK

nNPsOPkK
RTLUSUP /Y S 125F
PP+ 212%E8
MONES 4
AMMASY 4
GAMWAB(GAMMA

nn 9 ngf,2¢

PHOISKHIZ® ((2 GAMRAS(GAMKAG Y ) eRTTO)/ (2, ¢GAMkAS(AMRA®]L ) eRT]IU))
FESP/7(GMONFePHINL)

CALL ATRPT (g ,PHDT ,6MUNF ,PHFS, TEMPK)

GAMNACS(AMRA

GAMRASD ,AaGHONE £(2,%¢6MutiL sl v ) a1’ D

TF (ABS(GAMKAGAMKALG) U T I vbeh) g0 TN 6

CUNTINLIE

NOPKBKHU L eRUNY

NETERMINE WZ2D

RZvsn A
TF (T LT, U265 RZNs2 SnntaeTeon, 195

TF (T,6FE ¢ 26%) KI0B(] renReTeallye(CleTaHl)eBW 0
RE Tlinn

ENTRY DENS(RAIY
RsPAD

PETEKMINE NDDW

RPKEPRAD
1F (ToLT,1,2) G Tu 11

RPRERPKe | Feh
ReRe| ,Fus
1F (TLeW, TTOLD) GO T 4w

59
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10

i1

12

plZeRly

AMIiBRZaQ 7163 SeTee 12118

WIsHlet Fes

KMNSRMNS| F =S

NOMNBed K2 1PK4D 2E=DH0Tev(o1,5420)
RNEGSR2aPMA

RPLSSKPK LR

RNPBRPRaRMN

ALNBUDPK yRPLS

RLNBUUPK QAL NeRPK

ODMNL g AL helRMyeRL N

FMLTSARS (UDMM/ULPK)
(OMHYBOPMNGFEM To (UUMNLNalUDMNY
ALPHAS (NP Z(NDMHYaINFRY SRS 2)DPKy /KNEG
RETAseRPLSe(ALPHASY v/NNPRY
ENGZSRNP /RPLS

NNOMBAI PrHASRNPeAF TA

HCRMNE Y S ve(iaMtiZz (MNP ZUGMIDNPK )
CRMNL Hg Al DG (HCRMN)

CGZLB(RETRe (Y s /" HMNa) 11) JOMOM) 2 ¢ (FENGLZ«CRMNE HeRNP oo (FNGZ=1 ,00)) v
t(RNFeDHNP oI NNIMY )

CL28F22(rGL)
HGEZLBCRMNL /GG Z oo (RIPSeFNGLT)
RG2SEXP(RLZLY

RERskPKaR

ARl a2 ee (20 (FhiReetNGL))

T (K 6T _12) GRe(RPrRel)/kP| SeliRs(ReaRZ)/RPLS
HREKAK/(ALPHAORRNGRE TA)LULPK

NDRSGF MR

PPK.RPK.|.55

PeReY Fh

TR (7,67 _1.0) Gu TO 13

1F (T, TIOLDY GO TO 12

A'-lQZE-J
CoALUG(=A/Z(QDPraA) Y/ (R 2haRpKY
Re(DNDPrap)sp XP (el ekPK)

wFLTSAsHeEXPICOR)
IF (T,LE,»,2) ODRenFLT
TF (T,67,0,2) ODRe(WELTe(] oT)e0uRe(Ta,2)) 01,25

1T0LheY
RETUKN

WRITE(2,11000y
FORMAT(Y FfrepPNRg TIME MUST RAE GREATEWR THAN ZFRO')
sToP

END
60




e e

DISTRIBUTION LIST

DEPARTMENT OF DEFENSE

Assistant to the Secy of Defense
Atomic Energy
ATTN: Executive Asst

Command & Control Tech Ctr
ATTN: C-312, R. Mason
ATTN: C-650

Defense Advanced Rsch Proj Agency
ATTIN: STO, S. Zakanycz

Defense Communications Agency
ATTN: Code 205
ATTN: Code 230
ATTN: J300 for Yen-Sun Fu

Defense Communications Engrg Ctr
ATIN: Code R123
ATTN: Code R410, R. Craighill
ATTN: Code R410, N. Jones
ATTIN: Code R410

Defense Nuclear Agency
TTIN:
ATTN: STNA
ATTN: RAAE, P. Lunn
3 cy ATTN: RAAE
4 cy ATIN: TITL

Defense Tech Info Ctr
12 cy ATTN: DD

Dep Under Secy of Defense
Comm, Cmd, Cont & Intell
ATTM: Dir of Intell Sys

Field Command

DNA Det 1
Lawrence Livermore Lab
ATTN: FC-1

Field Command
Defense Nuclear Agency
ATIN: FCPR
ATTN: FCTT, W. Summa
ATTN: FCTXE
ATTN: FCTT, G. Ganong

Interservice Nuclear Weapons School
ATTN: TTV

Joint Chiefs of Staff
ATTN: €3S Evaluation Office, HDOO

Joint Strat Tgt Planning Staff
ATIN: JLTW-2

Under Secy of Def for Rsch & Engrg
TTN: Defensive Systems

ATTN: Strat & Thtr Nuc Forces, B. Stephan

ATTN: Strat & Space Sys, 0S

WWMCCS System Engrg Org
ATTN: R. Crawford

DEPARTMENT OF THE ARMY

US Army Electronics R&D Command
ATTN: DELAS-AS, H. Holt
ATTN: DELAS-E0, F. Niles

BMD Advanced Technology Ctr
ATTN: ATC-R, D. Russ
ATTN: ATC-R, W. Dickinson
ATTN: ATC-T, M. Capps
ATTN: ATC-0, W. Davies

BMD Systems Command
ATTN: BMDSC-HLE, R. Webb
ATTN: BMDSC-LEE, R. Bradshaw
ATTN: BMDATC-R, W. Dickerson
2 cy ATTN: BMDSC-HW

Harry Diamond Labs
ATTN: DELHD-TA-L
2 cy ATTN: DELHD-NW-P

US Army Chem School
ATTN: ATZIN-CM-CS

us Army Comm-Elec Engrg Instal Agency
ATTN: CC-EMEO-PED, G. Lave

US Army Foreign Science & Tech Ctr
ATTN: DRXST-SD

US Army Materiel Dev & Readiness Cmd
ATTN: DRCLDC, J. Bender

US Army Nuc & Chem Agency
ATTN: Library

US Army Satellite Comm Agency
ATTN: Doc Control

US Army TRADOC Sys Analysis Actvy
ATTN: ATAA-PL

US Army White Sands Missile Range
ATTN: STEWS-TN-N, K. Cummings

USA Missile Command
ATTN: DRSMI-RH
ATTN: Documents Section
ATTN: DRSMI-YSO, J. Gamble
2 cy ATTN: Redstone Scientific Info Ctr

DEPARTMENT OF THE NAVY

Naval Electronic Sys Command
ATTN: PME 117-20
ATTN: Code 501A
ATTN: PME 117-2013, G. Burnhart
ATTN: PME 106-4, S. Kearney
ATTN: PME 117-211, B. Kruger
ATTN: PME 106-13, T. Griffin

Naval Intell Support Ctr
ATTN: NISC-50
ATTN: Document Control

EPPIF SN USRS I I E

+




DEPARTMENT OF THE NAVY (Continued)

Naval Ocean Systems Ctr
ATTN: Code 532
ATTN: Code 5322, M. Paulson
ATTN: Code 5323, J. Ferguson

Naval Postgraduate School
ATTN: Code 1424, Library

Naval Research Lab

ATTN: Code 7950, J. Goodman
ATTN: Code 2627

ATTN: Code 4700, W. AT{
ATIN: Code 4187
ATTN: Code 4701
ATIN: Code 7500,
ATTN: Code 4700
ATTN: Code 4780,
ATIN: Code 5300
ATTN: Code 6730,
ATTIN: Code 6700

B

P. Palmadesso

E
ATTN: Code 6700, T. Coffey

3

S

. McClean

ATTN: Code 4720, J. Davis
ATTN: Code 2000, J. Brown
ATIN: Code 4780, S. Ossakow

Naval Surface Weapons Ctr
ATTN: Code F31
ATTN: Code X211

0fc of the Deputy Chief of Naval Ops
ATTN: NOP 941D

Strategic Systems Project Office
ATTN: N

ATTN: NSP-2722, F. Wimberly
ATTN: NSSP-2722, M. Meserole
ATTN: NSP-2141

Theater Nuclear Warfare Project Ofc
ATTN: PM-23, D. Smith

DEPARTMENT OF THE AIR FORCE

Air Force Geophysics Lab
ATTIN: R. O'Neil
ATTN: OPR-1
ATTN:  SULL
ATTN: PHY, J. Buchau
ATTN: LKB, K. Champion
ATTN: CA, A. Stair
ATTN: OPR, H. Gardiner
ATTN: R. Babcock

Afr Farce Tech Applications Ctr
ATTN: Tech Library
ATTN: TFR, C. Meneely
ATTN: 1N

Afr Force Weapons Lab
ATIN: CA
ATTN: NTYC
ATTN: SUL

Afr Force Wright Aeronautical Lab
ATIN: W. Hunt
ATTN: A. Johnson

Afr Untversity Library
ATIN: AUL-LSE

62

DEPARTMENT OF THE AIR FORCE (Continued)

Assistant Chief of Staff
Studies & Analyses
ATTN: AF/SASC, C. Rightmeyer

Ballistic Missile Office

ATTN:

ATTH: ENSN, W. Wilson
ATTN: ENBF

ATTN: ENSN

ATTN: ENBE

ATTN: SYC, Col Kwan
ATIN: HQ, Space Div/RSP

Deputy Chief of Staff
Research, Dev, & Acq
ATTN: AFRDS, Space Sys & C3 Dir

Foreign Technology Div
ATTN: NIIS Library

Rome Air Development Center
ATTN: 0CS, V. Coyne
ATTN: 0OCD, J. Simons
ATTN: TSLD

Space Command
ATTN: DC, T. Long

Space Division
ATTN: YGJB, W. Mercer
ATTN: YGJB, P. Kelly
ATIN: YGJ

Space Division
ATTN: YKM, Cpt Norton
ATTN:  YKM

Strategic Afr Command
1 XPFS, Maj Skluzacek
ATTN: XPFS
ATTN: NRT
ATTN: ADWAT, R. Wittler

DEPARTMENT OF ENERGY

Department of Energy
ATIN: OMA, DP-22

Department of Energy
ATTN: DP-233

OTHER GUVERNMENT AGENCIES

Central Intelligence Agency
ATTN: OSWR/NED
ATTN: OSWR/SSD for K. Feuerpfetl

Department of Commerce
ATTN: D. Williams
ATIN: F. Fehsenfeld

Institute for Telecomm Sciences
ATIN: W, Utlaut
ATTN: G. Falcon

Office of International Security Policy
Bureau of Politico Mflitary Affairs
ATTN: PM/STM




NATO

NATO School, SHAPE
ATTN: US Doc Officer

DEPARTMENT OF ENERGY CONTRACTORS

EGAG, Inc

Attention Document Control
ATTN: J. Colvin
ATTN: D. Wright

University of California

Lawrence Livermore National Lab
ATIN: Tech Info Dept Library
ATTN: L-97, T. Donich
ATTN: L-31, R. Hager
ATTN: 1-389, R, Ott

Los Alamos National Lab
ATTN: T. Kunkle, ESS-5
ATTN: J. Wolcott
ATTN: MS 664, J. Zinn
ATTN: MS 670, J. Malik
ATTN: R. Jeffries
ATIN: D. Simons
ATIN: MS 670, J. Hopkins

Sandia National Labs

TTN: D. Thronbrough
ATTN: Org 4231, T. Wright
ATIN: Tech Lib 3141

ATTV  C. Williams
ATIN: Org 7112, C. Mehl
ATTN: D. Dahlgren

ATTN: Org 1250, W. Brown

DEPARTMENT OF DEFENSE CONTRACTORS

Aeroject Electro-Systems Co
ATTN: J. Graham

Aerospace Corp
ATTN: 1. Garfunkel
ATTN: G. Anderson
ATTN: D. Olsen
ATIN: J. Reinheimer
ATTN: J. Straus
ATTN: A. Morse
ATTN: V. Josephson, MS-4-933
ATTN: R. Slaughter
ATTN: N. Cohen

Analytical Systems Engrg Corp
ATTN: Radio Sciences

berkely Research Associates, Inc
ATTN: S. Brecht
ATTN: J. Workman
ATTN: C. Prettie

Boeing Aerospace Co.
ATTN: MS/87-63, D. Clauson

University of California at San Diego
ATIN: H. Booker

Charles Stark Oraper Lab, Inc
ATIN: A. Tetewski
ATTN: D. Cox
ATTN: J. Gilmore

DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

Comsat Labs
ATIN: D. Fang

Cornell University
AT M. Kelly
ATTN: D. Farley Jr

E-Systems, Inc
ATTN: R. Berezdivin

Electrospace Systems, Inc
ATTN: P. Phillips
ATTN: H. Logston

EQS Technologies, Inc
ATTN: B. Gabbard

ESL, Inc
ATTN: J. Marshall

General Electric Co
ATTN: R. Edsall

General Electric Co
ATIN: G. Miliman

General Research Corp
AT B. Bennett

Geo Centers, Inc
ATTN: E. Marram

GTE Communications Products Corp
ATTN: R. Steinhoff

GTE Communications Products Corp
ATTN: J. Concordia
ATTN: 1. Kohlberg

Harris Corp
ATTN: E. Knick

Honeywell, Inc
ATTN: A. Kearns MS924-3
ATTN: G. Terry, Avionics Dept

Horizons Technology, Inc
ATTN: R. Kruger

HSS, Inc
ATTN: D. Hansen

Information Science, Inc
ATTN: W. Dudziak

Institute for Defense Analyses
ATTN: E. Bauer
ATTN: H. Gates

International Tel & Telegraph Corp
ATIN: Tech Library

Jamieson Science & Engrg
ATIN: J. Jamieson

Kaman Sciences Corp
ATIN: P. Tracy
ATTN: 0. Perio
ATTN: J. Jordano

1TV s




DEPARTMENT OF DEFENSE_CONTRACTORS (Continued)

JAYCOR
ATTN: J. Sperling

Johns Hopkins University
ATTN: K. Potocki

Kaman Tempo
ATTN: W. McNamara
ATTN: K. Schwartz
ATTN: J. Devore
ATTN: DASIAC
ATTN: B. Gambill
ATTN: J. Devore

Kaman Tempo
ATTN: DASIAC

Lockheed Missiles & Space Co, Inc
ATTN: M. Walt

ATTN: R. Johnson
ATTN: J. Kumer
ATTN: R. Sears
ATTN: J. Perez

Lockheed Missiles & Space Co, Inc
2 cy ATIN: D. Churchill

M.I.T. Lincoln Lab
ATTN: 0. Towle
ATTN: J. Evans

MA/COM Linkabit Inc
ATIN: A. Viterbi
ATTN: 1. Jacobs
ATTN: H. Van Trees

Magnavox Govt & Indus Electronics Co
ATTN: G. White

McDonnell Douglas Corp
ATIN: W. Olson
ATTN: Technical Library Svcs
ATTN: R. Halprin

Meteor Communications Corp
ATIN: R. Leader

Mission Research lorp
ATTN: R. Bigoni
ATIN: F. Guigliano
ATTN: C. Lauer
ATIN: D. Archer
ATIN: Tech Library

ATTN: S. Gutsche
ATTN: R. Hendrick
ATIN: C. Longmire
ATTN: G. McCarton
ATTN: D. Knepp
ATTN: M. Scheibe
ATIN: R. Bogusch
ATIN: R. Kilb
ATTN: F. Fajen

4 cy ATTN: R. Christian

4 cy ATIN: T. Barrett

5 cy ATTN: Doc Control

SR1 International
ATIN: F. Perkins

DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

Mitre Corp

ATTN: MS J104/M, R. Dresp
Mitre Corp

ATTN: J. Wheeler

ATTN: W. Hall

ATTH: W. Foster

Nichols Research Corp, Inc
ATTN: N. Byrn
ATTN: W. Mendes
ATTN: J. Smith

Pacific-Sierra Resrarch Corp
ATTN: H. Brode, Chairman SAGE

Photometrics, Inc
ATTN: . Kofsky

Physical Dynamics, Inc
ATTN: E. Fremouw

Physical Research, Inc
ATTN: R. Deliberis
ATTN: T. Stephens

University of the Commonwealth, Pittsburgh
ATTN: F. Kaufman

R&D Associates
ATTN: M. Gantsweg

ATTN: H. Ory

ATTN: R. Turco

ATTN: W. Karzas

ATTN: F. Gilmore

ATTN: P. Haas
R&D Associates

ATTN: B. Yoon
Rand Corp

ATTN: C. Crain

ATTN: E. Bedrozian

ATIN: P. Davis
Rand Corp

ATTN: B. Bennett

Raytneon Co
ATTN: G. Thome

Riverside Research Intitute
ATTN: V. Trapani

Science Applications, Inc
ATTN: C. Smith
ATTN: R. Lee
ATTN: D. Hamlin
ATTN: L. Linson

Science Applications, Inc
ATTN: J. Cockayne

Science Applications, Inc
ATTN: M. Cross

Stewart Radiance Lab
ATTN: J. Ulwick

o LN T SR ORUNC I o RO



DEPARTMENT OF DEFENSE CONTRACTORS (Continued) DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

SRI International Technology International Corp

ATTN: R. Hake Jr ATTN: W. Boquist
ATTN: R. Leadabrand
ATIN: R. Leonard Toyon :$§§arc3 C?rporation
ATTIN: W. Chesnut : . Ise
ATTN: V. Gonzales ATTN: J. Garbarino
ATTN: J. Casper
ATTN: W. Jayz TRW Electronics & Defense Sector
ATIN: J. Depp ATTN: R. Plebuch
ATTK: G. Smith ATTN: G. Kirchner
ATTN: A. Burns
ATTN: R. Tsunoda Utah State University
ATTN: J. Vickrey Attention Sec Con Ofc for
ATTN: M. Baron ATTN: A. Steed
ATTN: D. McDaniels ATTN: D. Burt
ATTN: C. Rino
Visidyne, Inc
Teledyne Brown Engineering ATTN: 0. Shepard
TTN: J. Cato ATTN: J., Carpenter

ATTN: G. Harney ATTN: H. Smith
ATIN: F. Leopard ATTN: C. Humphrey
ATTN: N. Passino ATTN. MW. Reidy
ATTN: MS-12, Tech Library

e

ik, . asiry e







