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SECTION I

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 accomparying

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 14000 K for relatively short paths. This is further discussed

in Appendix I where the absorption limit is discussed in detail. An

absolute upper limit to the temperature of 15000 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(W KT)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 I gives the approximate relation* for the case of

spherically stratified ionization

4' 107 °/db (2-1)

A yr

where v is the electron-neutral collision frequency (sec- 1) in the region

and r is a characteristic dimension in (km). Using typical values, v -

1011 sec -1 and r - km, we obtain * - 10-3 degree per db or 16 micro-10
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.
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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

15000K.

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)

N= (n~-1)10 6 = 77.6 - 6 - + 3.7 (2-2)

where P is the total pressure, in millibars, T is the absolute tempera-

ture, in OK, 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 106 =64.328 + 29498.1 + 255.4 at 15C (2-3)
146 - (1)2 41 - (1)2

where x is the vacuum wavelength in microns. Since we are not interested
in wavelengths less than one nmm or 103 microns, the corrections are always

negligible and this reduces to (n-1) x 106 = 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, el c /p. The gas law allows

6
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p/T to be replaced by the density, p, in gm/cm 3 , 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.

e0

N (n-1)106 = 2.2 x 105p (1 + 4.8 x 103 -) (2-4a)

or

= 1 + 0.22p (1 + 4.8 x 103 e)' (2-4b)
T

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

n 1 + 0.22 p (I + 4.8 x 103 
(5

s_ = s S)(2-5)

n 1 + 0.22 Po (I + 4.8 x 103 e)
o To

which can be closely approximated by

ns [1 + 0.22 p (1 + 4.8 x 101 [1 - 0.22 p (I + 4.8 103 el)J

no s TS0 O

1 + 0.22 p [( ( -1) + 4.8 x . (2-6)
0P T p T

00 0 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-

sion ratio is about 40% greater than the shock temperature ratio.

7



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 valL

of 0.2 or less, to be compared with the shock overdensity ratio, (p s/PO-1)

S (p-1), which is generally much greater.

For discussion purposes, it is convenient to use an ambient

density of 10- 3 g/cm 3 (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

s. = 1 + 2.2 x 10-i [(p-i) +1 T,- - I (2-7)

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, p = p s, is 4.7. Inserting these values
Po

into Equation 2-7 yields an upper limiting value of

,n

_ 1 + 2.2 x i0- [3.7 +1 (4.7 -1)] 1 + 8.3 x 10-4 (2-8)
no  2 4

8
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SECTION 3

SHOCK-INDUCED REFRACTIVE ERRORS

The geometry of the shock wave related refraction problem is

shown in Figures I 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 01. 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 TO. 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

9
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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 , are to be determined,

and when known represents the solution of the problem.

The location of the target, labeled T, may be anywhere along the
path, including inside the shock. The apparent location, TV, will be

along the dashed extension of the incident ray, at different range. The

propagation path starts from S at the angle (9 + 661) and enters the

shock at point A where it makes the angle p0 with a radial from the burst

point. The actual ray to the target is refracted towards this radial

through an angle 6,p. 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 6~p, and arrives at
the target location at an angle 692 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, n~, 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, IF.The angle between the vector r and the local direction

of the ray path is 4. Note from the geometry of these definitions that

p sin 4, -r sin

and

P Cos 4, S -r cos t



thus

*:tan ( r sin.) (3-1)
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

Thus

no sin 10 
= ns sin 'i ns sin Cs (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 C = 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, C = w/2 and r

= R . Combining equations 3-2 and 3-3 provides a relation between R

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

K = r n(r) sin C (3-4a)

= Rm n(R M ) (3-4b)

= SR nssin C 5 SR ns sin 1  (3-4c)

SR no sin 0 (3-4d)

13



The differential equation of the ray path within the shockea

region is

+ K drd= (3-5)

r /r 2 n 2 (r) - K2

The integral of this equation between two points (ri,01) and (r2, 02)

provides the angle * = 02 - 01 between these points, i.e.,

0 = r2 K dr (3-6)

r r /r2 n2 (r)-K 2

where we have used the symbol 5 to indicate the integral is to be taken

along a specific path and not just between the radial points r, and r2.

Specifically, for paths which pass through the point of closest approach

this integral runs from r, to Rm to r2 . 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 r2 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 V0 which depends on the

entry point. Therefore it is necessary to solve the set of equations

iteratively. Fortunately, we are interested only when the refractive

error is small, thus the undeviated path provides a first estimate of Rm
or *0. From Figure I this can be seen to be

R * RB sin 81 (3-7)

14



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 method 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 R msince the
shock front is never reached.

Source and Target Both Within the Shocked Zone

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

f = W- (e1+e2) (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.,

15



68e =(RB) el (3-9a)

sin-, R K j _ (3-9b)
R B (R B)

An estimate of the correction to K necessary to make the calcu-

lated value of * agree with the geometric value may be obtained by differ-

entiating equation 3-6 w.r.t K.

d: d r2 K dr + F(r2,K ) dr__ 2 - F(r,,K) dr
dk d dK dKdk dk rtr I r2n2 (r) - K2

+ 2K dr + 0 -0

rZr-K r r 2r 2 (r) K2

r2 rn 2 ()d
r 2 (r) dr (3-10)

r, (r2n2 (r) - K2)3/2

Source Outside and Target Inside

This situation is illustrated in Figure 3. The initial estimate
of f is based on K as obtained from Rm, equation 3-4b. This then defines

a revised entry point and thus a new value for *o from geometry, i.e., two

sidbs (RB and SR) and the included angle (e3-€) of the triangle S-B-O are

known. The revised value of K, obtained from equation 3-4d, is then used

to recalculate f. The process is iterated for a consistent set (€,I0).

The refractive error, by geometry is then

6e1 = *o-el-( 3-*) 41o+02 -+o (3- ')

16
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RS R m R T

BS
R  m

s0 -

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 Outside

This is essentially the inverse of the previous case with one

major difference, since the refractive error 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 (€,*0) is obtained

the corresponding value of K is used in equation 3-4a to obtain the

instantaneous ray path angle C at the radius RB. The refractive

error is then

C(RB) -

which is the same as equation 3-9a.

17



Target and Source Both Outside

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 *0 (or B-A-C) is the compliment
of the angle *m (or A-B-D), where #m is defined as one-half the total

angular extent of the ray path inside the shock, i.e.,

m Rm r dr (3-12)
SR r /r2n2(r) - K2

The effective value of the index of refraction which corresponds to a

straight line path inside the shock, is

ne N no sin *o/sin *e = no sin *o/cos m (3-13)

Consider the triangles formed by the unrefracted extension of the external

ray paths. From the small triangle the angle between lines S-A-D and

D-C-T is 26*. From the large triangle (S,T,D) that angle is 6e1 + 682.

Thus

Sol + 602 = 
2 (*0-*e) = 28* (3-14)

The angle between the radial BD and the radial that is perpendicular to

ST can be seen to be (a*-6el) which is also 1 (692-601).

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

yields

(RI+d) sin 681 = t sin(90-68) a (R2-d) sin 6e2 , (3-15)

18



where

RI = RB cos e1

R2 = RT COS 92

d = RB sin ei • tan( 601)

6e, and 602 are small angles, thus the sines in equation 3-15 may be

approximated by the angles, yielding

(Rl+d) 60, - (R2-d) 602

Using this in Equation 3-14 to eliminate 6e2 yields

(1 + !11) 60, = 264.
R2 -d

d can also be neglected, being much smaller than either R, or R2 , yielding

R)
(1 + R2 ) Sol = 26,. (3-16)

A relation between the viewing angle, 01+6e1 and the angle of incidence,

Y, of the ray SA at the shock front is obtained by applying the law of

sines to triangle S-B-A.

sin (0 +60 ) sin (180-*0) sin+ (3-17)

SR B B

19



We now apply Snell's law in the form

no sin *0 - ne sin (*o-6*) (3-18)

where ne is the "effective" value behind the shock. Expanding the left

side of Equations 3-18 and rearranging yields

sin 64
tan *0o = sin (3-19)

COS 6* - no/n e

To eliminate *o we rewrite sin 4o in Equation 3-17 in terms of the tangent

*o.and substitute from Equation 3-19, thus

RB tan *0
- sin (e1+6oe) = sin *0 -
SR tan2 *0+1

sin 6,

/sin26* + cOs 26* - 2 (no/n )Cos 6P + (no/he)2

sin 6*
(3-20)

'1 - 2O)2 + 2 a (1 - cos 6*)
ne  ne

Equation 3-16 is used to eliminate 6* yielding an equation containing 6o

and known quantities,

RB sin (R,+R2 601)
RB sin (el+6e1 ) 2 sR 2  (3-21)

SR /
no n°) 2 + 2 no [I - cos (R +R2 601]

n e ne2R2

20



We expect 6 l to be a small angle and do not expect the factor (RI+R 2) to
2R2

prevent a small angle approximation, then

RB ( 2) Se

IR

B (sin a, + 60, cos e1) (3-22)
SR - -)2 + o [(RI+R 2 ) 66112

ne ne 2R2

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 10-4)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

8  = T O (3-23)
- (sin 01 + 60, cos 1)

R no

or

SR je - sin 61

COS 01 (3-24)cos 01

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-T2 are tangent to the shock, i.e., the

angle of incidence, *o is 90". From equation 3-18 and 3-16,

n0 = sin (. - 8 ) = cos 6*
ne 2

cos RI+R2 Sol) (3-25)

F2 2

21



Again in the small angle approximation

2-0 1 [RI+R2 So]2 (-6

ie2 2R2

Inverting,

86 = R2 2(1- .LO.) (3-27)
Rj+R2"n

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

6e1 = 2R2~L 2(.22) pO[(jz-1) + 4.8 x 103 (TjI _ 1 (3-28)
R 1+R2  T

for p, - 1-

103 T2 1/2
2R (.......) (.02) [(u~-1) + 4.8 x .0 _,i 1)1 ,(3-29)

R1+R2  To T

when the shock first becomes transparent at Ts W 4 To and 1A=4.7, the

square root term yields about a factor of 2 thus the refraction error will
be about 40 mflliradians times the factor involving the relative locations
(which is usually of the order of unity).

If we define the minimum value of interest for so, 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, L - 1, using the Hugoniot relation
PO

7 7+ 6:

22



and the ideal gas law

T0 TfTs P P 1+11

Substitution of these into equation (3-29) yields

R1R2  i7+, (7+, € 2) _ 1/
6 1 R2) (.02) [ 16 c (21 (3-30)

which for weak shocks reduces to

6 22 - )R (.02) [5w (1+10C')]1/ 2 , V < 1 (3-31)

For example, to produce the above estimate to, say, 1 milliradian, would

require that the factor within the square root be only 400 which occurs at

about an overpressure of about 0.03 psi, i.e., in the far field of the

shock wave.

23
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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/cm 3 , default z 1.225xi0- 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) THETAI = 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

24



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
(RM11P) 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 n, the effective index

of refraction (when both target and source are outside).

SUBROUTINE ETA

Subroutine ETA returns the index of refraction wilhin 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 I 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 gammua 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
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temperature does not exceed 12000 K, 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.,

K fri+Ar dr cos_ I _ cos_1 ( K

r •.n (r + Ar

where n. is the value of the index of refraction at the center of the ith
1

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 _.€ when
dK

positive or zero, but skips this calculation when set

negative
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Upon return, in addition to providing the values of * and when

requested LO, the subroutine stores the most recent values of n. in ETANEW
dK -

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/cm2)

ODPK = Peak overdensity, at PRAD (gm/cm 3)

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 ODPK, 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.
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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 61 661

cm cm radians milliradians

I 1.3E5 1E5 .1 8.4E-4

2 1.3E5 1.6E5 .15 2.9E-2

3 1.3E4 2E4 .7 2.5E-4

4 3E4 5E4 .72 -6.OE-5

5 2.5E4 3E4 1.9 658.(?)

6 4E4 2E5 .7 0.136

7 3E4 1.5E5 2.1 -1058.(?)

8 1.5E5 2.5E5 .22 16 to 104(*)

(?) These values are abnormally large; indicating that the "small
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 whercin 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

Ab 46 gv N db/m (I-i)
(gv) + (hw) e,

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 05p , sec -1  (1-2)

where p is the local air pressure (dynes/cm2 ). At sea level the ambient

pressure is po 10 6 dyne/cm 2 hence vo M 1.7x10
1 1 sec -1 which corresponds

to an operating frequency, f = w-. v = 2.7x1010 = 27 Ghz. The operating

frequencies of interest may be on either side of the collision frequency.
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The factors g and h in Equation 1-1 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-I below

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

g h

W < v 0.6 to 0.65 > 1.7

W .4 v 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 Ne W < v, db/m (1-3)
V

Using the sea level, ambient value of v this becomes

Ab = 4.5 x 10-1° Nel f << 27 Ghz, db/m (I-3a)

At 10 Ghz Equation (I-I) becomes

= 61 Ne , f = 10 Ghz, db/m (1-4)

I + (.64 -P
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Using sea-level conditions in Equation 1-4 yields

Ab = 2.5 x 10- ° Ne , db/m (1-4a)

Note that the second factor in the denominator of Equation 1-4 reduced the

absorption by about 40%, but will contribute much less in a strongly

shocked region.

For frequencies well above the collision frequency, i.e, milli-

meter waves, Equation (I-I) becomes

Ab = 46 - N , > w v db/m (1-5)
2 e

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 109 e/cm 3 would yield about 10 db (one-

way) or 20 db (two-way) absorption over a 20 meter path. Equation 1-4a

would require a 40 meter path or twice the electron concentraton. Simi-

larly, Equation 1-5 indicates that 1010 e/cm 3 will produce high levels of

absorption at a frequency of 95 Ghz. One thus concludes that if the elec-

tron concentration exceeds 109, or perhaps 1010 depending on geometry and

operating frequency, absorption will be 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 109 e/cm 3 by thermal

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 I gives the gamma ray ionization source

as

S 2 x 1019 WF P e-ufpdr
qY 4R4(I + t)".4 e ion pairs cm- sec-1  (1-6)

where

WF = fission yield (MT)

p = air density at the field point (gm cm-3 )

R = range from the source to the field point (km)

t = time after detonation (sec)

p = mass absorption coefficient (cm2 gm- 1)

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-uf pdr)

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 q.

Thus the final conclusion is only weakly dependent on the inputs chosen

for Equation 6. To represent a nominal one-megaton surface burst we will

choose= MT, R = 1 km, t = .3 sec and e PfPdr I and obtain

qy - 3 x 1011 p
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To approximately account for neutrons we will double this and use

q - 6 x 1017 p, ion pairs cm-3 sec -1 . (1-7)

The quasi-equilibrium solution of the rate equations for the

electron concentration, as given in Reference 1, is*

q i/qc + 0
Ne cm- 3  (I-8)

where
Aa i  + D d 3= a cm3 sec- 1  (1-9)

A+D0

= ion-ion recombination coefficient
i

3 x 108+6x 0-6 p cm3 sec- 1  (I-10)

d= electron-ion recombination coefficient

cm3 sec- (I-1l)T

A electron attachment rate

Sexp(- 600) + 0.9 p sec -1  (1-12)T . T Z

* In these equations, p is the pressure in dynes per cm2 and T is the

absolute temeprature in degrees Kelvin.
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D = electron detachment rate which is the sum of collisional

detachment, Dc, resulting from high temperatures and photo

detachment Dp caused by energetic photons emitted by the

fireball. The collisional detachment coefficient is given

in Reference 1 as

10 2 P 5590 4990)

c 2.4 x exp(- 550) + 2.1 p Ir exp(- -'-T-" sec- 1  (1-13)c T -T-"

The photo detachment coefficient is given in Reference 2 as

D = 1.36 x 1016 T5 .4 , sec- (1-14)
P RF

where TF is the effective radiating temperature (0K) and

(L) is the ratio of the fireball radius to the range to
R
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 . 10- 3

gm/cm 3 and the ambient pressure is 9 x 105 dynes/cm 2 . 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, Ap/p, of 15 and a density compression ratio of 4.4.

Then the pressure at the shock front is 1.5 x 107 dyne/cm 2. This yields

A = 9.7 x 103 (1.5 x 107) 2  600 + 0.9 (1.5 x107)2

(110)2 xp(- -0 (.10) z

= 1.2 x 109 + 2 x 108 = 1.4 x 109 , sec -1
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(Note that the first term dominates for these conditions)

a = 3 x 10 - 8 + 6 , 10- 6 1.5 x 10
(103)2.5

= 3 x 10- 8 + 2.85 x 10- 6 = 2.9 x 10- 6 
, cm3/sec

(Note that the second term dominates)

a 9 x 10- = 9 x 10- 8 , cm3 /sec

P =2. ~ (1.5 x 107) 5590+Dc =2.4 x 104 1 07 exp(- 150 +

107 10000

2.1(1.5 x 0O7) 7 exp(- 4990
1000

4.25 x 107 + 6.8 x 106 = 4.9 x 10, sec- 1

D 1.36 x 10- 16 (10,500)5. 4  106 sec- 1

p

The last two equations show photo detachment can be ignored (within the

shocked zone).

Substituting the above values into Equation 1-8 yields an

electron concentration at the above specified shock condition of N = 1.1e
x 109 e/cm 3 , showing we are in the range of conditions that are of

interest.

TEMPERATURE DEPENDENCE OF ABSORPTION

We may obtain the dependence of N and thus absorption on locale
temperature and pressure by noting the dominant terms in these equations.
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In equation 1-9 for a, Aai dominates the numerator and A dominates the

denominator, i.e.,

Aai = (1.4 x 109) (2.9 x 10
-6) = 4 x 103

>> D d = (5 x I07) (9 x 10-8) 
= 5

and A= 1.4 x 109 D= 5 x 107.

Thus Equation 1-9 can be closely approximated by

a = a. 3 x 10- 6 (I-10a)

We may also simplify Equation (1-8) by noting that

/qa = [6x1017 (4.4) i.IxlO
- (3xi0-6)]1/2 9xl04 << 0

Thus Equation (1-8) becomes

N - q , cm-3  (1-15)
e Aa i

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

2.4 x 104 P exp(- 5590 )
N rT- T - - 6 x 1017 P 1i/2

Ne 9.7 x 103  PT2 exp (- 60 10- ]

2.5 T2 "5 exp(- 4990) [ 1023 P T2 .5 1/2
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we may us the gas law to simplify the square-root term i.e.,

p R0 T = 2.9 x 106 T

p M

and that term becomes

[ ]1/2 - 2 . 108 T3 /4

The resulting approximate formula yields predictions that are a few

percent higher than those obtain using all terms. To obtain agreement at

10000 K we will use
T3.2  499

Ne = 4.3 x 108 T exp(- 4990 cm 3

ep T

= 4.3 x 108 F(T)
P

where

F(T) = T3 .25 exp(- 4990 (1-17)
-T-

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

Ab 8.5 x 1013 g F(T) db/m

7.3 x 108 (g p)z + (h f)z d

when w ( v, then this reduces to

Ab = 2 x 105 FT) W < , db/m (1-19)
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and in the other limit of w > v, then

Ab =8.5 x 1013 F(T) , < v , db/m (1-20)f-

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

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
1

typical radar frequencies we will use Ab - db/m. By inverting Equation
19 and using a shock pressure of about 15 atmospheres we obtain F(T) = 5x

108. Figure 1-1 shows this corresponds to a temperature of 14000 K. Note

that this high shock pressure also implies an increase in the applicable

frequency range of Equation 1-19, since v is proportional to p.

The above temperature is higher than previously suggested as an
upper limit 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 11300 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

pkt)GA' kLAST

C rnRIvEi F'k T ST oF it.WACT TUj ERRnI

I ll;]CAI CONT1,4.4"

rON.TViN! a *FALsE,
TCASE a A~

I~ TCASF a I L&SE.

1k400 FCJPRMA(' INP11T FOR rASF NimF 0#T 3 )

r AL L 't_ I T 'JPIJT ( (.1)14 11 JUt.)I
r AL L ti F WAr. 1 1) 110 T A

wR ITA t 1~) 7 4.T A

IfA 0F WM A( iRFF- RAC 7 1VF ~f KOk - IS 'I lj~

C ANIJTHLI SE T liP 1NPIJT LJATA

IF (ClPJT T?4'1F) toi Til 10'

C FN(.' L4 jIMPI'T 1'DTA
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,0)iH'IROJT IN fit FT IN P IIT ("0 Rk f)A I A I
C
C READS INPUT FRI. Iw dE~AC~gD*
c TRANSPRS T1'F D)ATA VIA Te4L r.f'IMMN 4LUCg' (,IVFENCMN
C

LOGICAL F1411A, MtkF 'PATh

2)MNTI T~IrJ(4k)ITMo()1 O(STMAt)TA~(

c

I RHfA/4,IHk,IIHH.Pi1,1HA/p
2 ITI-MPA/5,.IHyTIHE. I 1 M* HPIHAj,
3 bwtATLRS, lHk,jIHA, iHT, j9W, IiR/

6 ITHF~TII/toH,IH/,tHHH

7 ICOMMFNjT,tPH.I-,.~j

C
rlATA MA/ 75./T PA)R#&T/ iI

c
C

IF (MOLO~(ATA) (.;o Tu 1w

C
fPENOJNI To INAME*'LI SER1 SRIFACT O)AT v3TATUS3 LUO WIEADOUNLY

C
C GET 014F 1 INFr OP IP1T
C

165 FOW~MAT(Rz Af)

C SKIP THE LIrrur IF It 15 A Ln'IMENT

CALI HOnLE 'JI. I'4''L * 1C MFJT ,F 'JUA&L *FALSI **NSK IP )
IF (E(OIIA( ) GOf T(' 1-11

CALL HO FJ,14)-l~iAft~., R F ,-K P
IF (E'fAJM ) W)r II 1 1-

CALL WIfLFIJI I H01t v TTll'"MP# JlAl ,,Twii,,NSKIP)
TF (E4ivAI. ) (;n to# I P2!

rALL Mr)LF: ( I TiOL , *0 IA T w, F JiiAl. p TW,,E.NSKIP)
IF (FU11Aj ) (;(I Ili 13 31
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C
CALL "fLEWL ( THUL Ik4bfEIWtA TRLJEj NSIP)

C
CALL MflLFwL C J(lLI .f RsFJl)At ,*TI~lJE'0,N6AIP)
IF ffE.4AL ) GO To I S4!*

C
rALL H0LF(L(jHj # ITfl AI.f#EQUAL# TqtjE,,N8KIP)
IF (kJIJAI ) Gn Tn I o~

fALL mnE4(t), ~ LIA,,TWl.F.,NS3KIP)

IF CE1)I#At ) GO TO 20,s
C

CALL HflLFM~ (1,( I O# w,.F JulAL,.TiJE.#m8SKJP)
IF (Ew(UAL ) GOi To I vt -

C FNI) OF DATA StY?

CALL HnO1-43. (IN0Lp1E'LV)EfJ0AI s,.FALSF.,NS.IP)
IF WW~IAL) Go To ~lh

C

C FkRU . 1INPECI1(,NIZAH.Lk. INPtil

1069, FU.RHAI(I LINPFC(.f;NljA94lE INPLITl,61X$.iAfl

C REAI) W CYIFLOi)
C

100~ RACKSPACF I
9QEAD(1.1&'7$)w

WO97 F0RIAT(cNSIP:,-X~f?(A.,
IF (w.LT.1.sC.3) WHITE(21gr7c)

10715 F(3RMAIce WdARNING: INPUT YIfELP IS jESS THAN. 1 TjiN')
IF (wL.Lf .Ai T14EN'
OmRITF(2#1ii7b)A

tid76 FORMt4A(f ERWR: YltL( m##PFjk4,4,# IS NF(,AllVF OR~ ZEJRU, PROG-AM
I ExITS.,')

STOP

rjf to 1$

C REAP kNOA r(,F'astTY)

Ito RACIKSPACE

I 96'A FOIN'A t'w .A PN INrI I 0PIT DWNSIT1 iq ILf 33 TtA N IF -0.
lALAbT mfitiL isS bLSPECTI)
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cC RLAI; IFMPA (A04hItNT TEMP.)

120 RACASPACF I
R'EA 0 1, 1 o7o) TFmP A
IF (T"AL~o, THEN

JONS4 FORMAI(l WAPN~It'(, INPUT AMR1FNT TFMP IS VER~Y SMALL OR
IN!(;AIIVF. NnimtlJAL VALtJF [IF 299 USF0,')

TF.MPA*2$A.
F NO IF
r~o TO Iii

C Pf AD PiAIFk

130 RACK8PACF t

IF (&ATF.LT.o.r) THENI*

109A. rOWMhTrO "ARNINri: INPuTy VLAIE (IF WATER VAPOki IS NEGATIVE.
JI)fY AIR is IJSEj.'*)

C READ) IMS (RANGIV FROM' SIIIJPLF To biUpST)
C

170 PACKbIPACF I
P4E0(1ju4")P95

TF (kthS., T~o*o THIr0
biNIE(21a12) bS

10~92 FORMATC' LP'RONi RANUE FPUM SoiURCE To BltRSY *@,PFI$*4pf IS
I NE(lAlJVF* PRWLAm ExITS.')
SI nP
FNflIF
po To jv

C
C PEAL) XIS (PANrJ.k FWOM S(IUQLF TO' TARGET)
C

184 ~AAI'SPACF I

IF (ITS~l 7.i.o) I HtN
wRITEC2,l'Qb) NY$

j1095 FWkMA(1 LNNR'R: RANGE~ PF(M SO'JRCE To TARGET 9'.PVtld,4pI IS
I NftiATIVF, PRtGPAW' tXIT,0)
STOP
F NO I F
Go O I k;
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C
C REA0 7H4.TAI (ANGIF 4FTW~FFN VFCTnR; R14S ANfl RYS)

C
19A MAC(SP'ALE I

pEAUt1tt.h7vi T"UfTAj
IF ( THFTA.[T,,.,v) JTHFN
i%~R lE(?o2"o,') THjETAI

206411~ F(WMAT(I EWQ":~ T'ItTAI sloPEI1t,4*1 IS NEGATIVEs PRUGRA" EXIT'S,#)

r. N) T 0

C pEADI) IfiFF
C

200 RaACKSPACV I

yF ( T ImE LFSV THF N

20PS FUhm~AT(l E5~Po, TlIML loPLIr.4o ,4qt NEGATIVE, PROGRAM EXITS')
SToP

r,O TO) t'
C
C F() STAYFM~FIJT
C

MORLQATA a ST1.

c FNI' ('F FTLF

m~kLt)ATA a ,VAIS F.

rLOSE wkTIUI F

96400 FORMAT f I)
w~R I TP. (,> e v~

90010 FUWMAY(O INP(IT DATA '

90r73 FOWMAI(O 16MPh (AMP~rtI? Tt,*MP* *..***q*'lppEt3.b)

47



oRITE(2,9078) WAS~
9078 FOnaMAT(' 'WHS (miNSTmSUiWCI. r)ISTANC1 F) .... lP13~'

P.RITE(2pQi079) 'ITS
9079 FORMAT(ll WYS (TA~Rf-ET-)i"'LF DISTAICL,) *..'plPn53.6)

oRITE(2,q~iso THITIE
9081 FOI4MA T ( T TA *..9 .........**** **** *, E13

wR I YE (Ps gooo,)

PETUN

SUBWOIT IN-. ji0O1Fw tit ( 0111. T~.n, 41'5,1 FN(;TH, ISK rP'

C VOIP IUATION UF MIWCSIM St1JW(OU1ItNF ; TESTS FoR EuLlIIVALEFICE
C *ET'wEFN Aw'RAYS ILINE ANO IT40U IF LEN(,TH IS *Tkt)JP*, IT
C RETUI0tS THEf Nttr4R*Ek OF CHARAtTFRS FR~OM THE HwrINNIN; OF THE

C RECOwr' 1114UL Ah s Cl1ARACTFk' IS R4-ACIHEfl

IUGICA I.LLNJGTH, ANS
nlME.NSIdN I0N ft ),ITv'(lfj

ANSW.F ALSI.
ISI Pu.0
Jap
NO ITvvu (1~
no 1i0 JUON

2 J2Y.1
IF(IO)NE(J).EE4.IHLAN') r u In 2
TF(1UNF(jJ.N.EIT-df'(l)) GU I) 104~

ANSmqT F

IF(Lf dr1 TH) C, TO 15
PETURN

lb rO)NTIJIIE

no 2-1 Lux.A4

IF(JOINF (3) tF ij*IFfwi) GO To 10
20 CONTINuE

I~ i~iIFTUWN
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SUIHRUUTINL kFFkACI(U)THETA)
C

TNCLUVF 1(;TVEN*CM~l
INCLI.-Fd IWFPT *CmPN
flATA kHU7.225f3,TLMPZ/,58M.1
HALFPISASIN( I *A)
Pls2.'1ALFPY

C
n TM ETAm..

STIM~nTIJEI.C
CALL LFNSITY(ST1'4E)

C
C ILST FOR 1INuTlAlUN

IF (IEmPK.LE.12vi0.) (;(J TO tiA
tWN I T E ;or A~.4.1

814i00 FURMAT f I ShO)CK %TkIING EN~tIiN lI0 CAUSE AFRSokPT ItO, REFRACT ION
I IGNORF04))
rr) TO Si,'o

C Rl IS TUEF kANG;E FROM SnIJWCL Tn POINT OF cLOSEST APPR~OACH4
so. RPxps.cfl(THFlAl)

PT~mSITMkS.*?,fIS**22.gS.?TS~r(tS(THLTAI )
P'INhS.STrI(TH4rTAI)

L AST JMF@m4

c IF S~riCk HAS NUT WEACHFLP L INE tIF SIG~qTs rin NOTt1ING.
IF (RMIN.GF .SiPAO) r,o Ttu 4V.

c IF SHOCK~ HAS fNOT CROW~D L IP4 OF SIG;HT, 1)0 wOTHIN'G.
IF (CWHCFSRr)AU~PSL.1 611 yf 4(1,
IF ((wFb.GF.SWAII).ANII.fRt.IT~eo)) rlJ TI) 4hi
Go TO so

4R CONT I NiU
wRITE (2,~~iA

8k1 1 FORIMA I ( I HOC K HA S no T RE Ar HE U L I jF UP S I(;m T*
r~n to RoA~

C
SP CONTI-NIE

SIPSIOR'.(PMISRAO)
PSIP'.ASIN(STPSTP)

c VEFINFE TA8,fUNMAX#ANn r(NS1
STPT gAmIN I(SPAD , A 4AXt C HMS,PT
qTRI~wSTQT 1w3
CALL kTAC$TkTS~kHUIfTkMPIFTAb)
SmL DAM IN I(CSPAfI., A' NJ( R5,H)
8ML~smL i"3
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rAL. LTA(SA4LSRH111 *TPM9.' E.TAM)
r ON MA~k*StALS .f TAM
IF (ST4II.OSRAD THNE.~

COjNSTvPW*F-~TA1 IPSI:
FLSF

IF (SmL.FfQ.Wi~i6) Tmt'm
rtfNST ofrNtiA$**S I (TH* TA I)

ELSF

rALL FTA(8SI~kS,(ot IFMP1 .ETASRHS)
r0tN5TS Tm .T A SkHkS*STH fTHTAj)

ENDT1F
FNDIF

60 L0UPC8V

C

r

c RESMOCKI l~N; T T ?1

C jskIN(;AIPM $WFA6)T1 R

CALL ~IT~FSRPT (W)M , ly~m2,CrTFTAMirW H pI
rTARuMINFTAE /TAW

FTAHAksCnNI1PRAI/COS(PtMI)
MTMF TA. S4;AIt*S(JpT (ET AMAR) RmIN) /(p 4*C(1S( THETAI) )
IF (LAST TMF. EQ~.j) (-11 To glip
SIPSliEVF3NaSRAI).SINUHETAI.(JTiETAI
PS r cA.A S IN(CSIPS I ,A)

LOOPCGL:'JnPC,
C ONS5T VoC(INf~ST
rODN3TUETAV'*PRAlI)*SIFSIV
RmI?Jm1OP)ST.W3/F TARMIN
IF (C1DNST.rE.Ci)pNmAx) TMj.N

LLNS T.COiNMA

L AST I mL.
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L .PTErR1ATF ALL CANES bW1F Ri
c 7AWF T till S'U'WCA UP# HTHy AIF TNSIDF SI'4"ICK

9? V4 MFTA,3*AS (TSIPTI ,oS1N(TllFTAl fl

C AbffN #kFVfIIN W*L14S $4tT&VFA. wwAL;PI APJI)% mALFPJ
c CHiC~t IF THET43 SHOUILD BF (QEATE14 TH-AN H&ILFPI

TF ((NI, tn * P PT4 N )G 5 '

THE TA2WASI.v(UShSkII4*81N(THFTAI))
IF ((TI.4TA1+TI-iTA?).IT.iHALFPtJ 1I,1FTA~sPl.THtTA3

9b rIIO4T TI IF
I OP UMI aA m IN I( RkS SW II31A 3

F7ANE~is[TAS5

C.
T F k TSU G() TOI SO

L I NI C F S jrdI4T LR,LSSf S PO 1?4T O~F CL OSE ST APPR(IAt H
c A00I [T I rIN AlI f, TA f,k A T[ IjON

nPIIIII A4 I I PTk o

FT A Pm I N FT A:!

IS, Ti. r ~i .. p G 3A~)Lo To~ Y
c S'IIIktCf TS 'I'iI JiPE AND' TAWrFlT yS I '4SIf)E SHOlCK'

TF (LASTh1"~lFj.1 ) (,it Tk) 94ot

17FRAI TomN I flop~

rf(I N C [ 'm9r T

CI)pjbT8PkAO*t.TA4 .bIN(ST 4)
RMINmCnN,iT .. 3jI TARIAP'
TF (CIJST.GV.CrpfjpiAX) IHf N

CCNSTCIA'1IAA

L A,,T I %o a I
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C

175 rF (QT4,LT.SPAl)) (<tj To pow
C S011RCE- IS IN510t AND TARGET IS fKITS)IflF. SHOCK

PSII' aA SIN ( W7iC*SIN( TiEIT A 3.PII) VmwALUPPI
IF CLASTyrw.ELu.1) G.; To~ j8p

c ITER~ATIO~N L00Ja
LOO)PCi mP(4,1
CON~ST6wCoiSl
C0NSTPA').FTAk:.SN(PSJ 2)

RINs~LnNST.*iArtTAkMPfj
yF (CU~NST.rF.CflUIMAX) T~rN

CotiST UCtINHA P
NI Nmr(JNJST*A3 IFTIAI.IMIN
LA$T Imfsui
ENLUTF

GO to loo

rALL ETA (5W)4.;,Wti1( ,TE.'Pj f TAP~iS)

Gn TO P'T.A

CSPHIiCF &orif TAkH?4T k TNSIPlk SHlUCK
200 I~F (LASTTMEFFrJ)1 (.0 TO 29)pi

c 1l~wATTnIN LOOP
LOP C * L (O N 4.1
C U NS T uCON ST
CflNST* ( TmTAJ-Pis I) PjI ill4CO'NST.i
QMINvC0PlSI*WllFTyATN
IF (CO0JbT,e F.C(r'fjiAX) T.F-N

C IN ST@*C lNm Ax
kMjIN 'C N ST *A 3/ET1AWMI rii
t ASTIMAEs1

r,0 Tu j~v

2514 sRH3%k~s/i3
CALL LTA~b' IS, tl'lTt.'PlI, TAP.'6S)

c rTHEtAuASxkl(ro)NS1,(NeSsTARHS)).TH1TAI

814& pETURN
FAJ
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C
C INPUT
C W4S a LIMIT (IF INTEGRNATION
c km a LIMIT OF INTLLPATIUO,
C tf( 3 CONSi.TANT
C ETANEW a INDEX 11F kEFRACTILJN AT TtIE UPPE14 LIMIT UF INTEGWATION
C OUTPUT
C PHI *ANGLE HETwLEN THE VECTURS IRS ANU PM

C 0)PDO THF DERIVATIVF (I PHI WITH kESPECT TO THF CONSTANT
C
C

INCLIUE I#FRT.CMNl
INCLIJIJF 'GTVViN.CMNl
OATA NLIM/ 4/.TfSTLtI1 l/vUTS,~g~2

C
F TA CuE TAN E
RIUAt4AXI (NS#Rm)

SI a 1

C IF fhTA0t.NE.FTAC)

RADIoRI
10$ RAD2mAMAXj(P,RAI)1.STEP)

IF CPA2*,E-u.P? STEPvHAf)Iww.i2
Vh)Cv(QAr)2*QAPI )/2.

IF (1.flT0 NIIM*21 Gil) TO' 2i4t
CALL ETA(0AnC)EX1 .x?,ETAc)

TESTSAHS ETAfim-FTAC)iLt7Af-1.)
IF (TtqT.LF.TESTL) (91, Toi 2v

C
STEPBSTEP/2.
GO TO 10

C
2V' Cl*CK*/EIALiRAflI

n1 aA C U ScC 1)o*AC"IScC 2)

IF (AMAj1CtCC).GE1t. GO To 10
yF (DPO)K.LT.I'.) Gfl TOJ 2S

25 IF CRA02LFORP) (0), TEV Jl
EYAI9UIETAC
P A I 1.A 02
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c
TF (TLST.L .TESTSJ STf-PsSTFP*.*
IF (CC.LT, ') (t) 711 10

F TANE ~uE AC

20P rO(NT I rJlif

h11 FOi14AT(f Ls*w'OP: 16itU.,ATI(IN WIITIMjF DAS fXCfE(efc) TOIE MAXIMJ)M

I NUeHEP oI LOOPS.#'/ 6 PWORIAO' EX!Tse')

F PJ I)
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SUHRrluY1N i EiTA(SRWH4L'qTEPP,TAkj

C INPUT
C Sk a SCALI') WANE. (CM)
C OU TPIT
C Wet'ln. 8 [)FN.%ITY (L'YNCI/C12)

C TI-mPP aTH'4PtEATL'WE (rFrGRE.ES k~)
C ETAR a j~IkMFX (IF RLFPALTION

C CALCIILATFS RH-OP ANI) TE?4PP FRnM I KIt STANVA~n, ANt)
C THEN LThRJ AT SCALEO( RANGF

INCL(LI'E St,1VEtI'L"I'
I N(L I)F * ~ 'S T y.CMAN
VATA kH.O/1,.725F.3/
CALL OENS[Sw

F7A~u.+i.)*N (*(1.44.4'PE'*ATERTEMPRI

FNO



RllfAWU(.JTINL &ayPPT (EF RkkMijNF PpFS TEMP)

C nOA14mNICKcLE FIJIIArItJN OF STATE OF AIR (SEM1-PHYSICAL FIT)
CAS FXTWArTVO P6411MO'1AC FES (42 VFWklPj (IFL H

C FEE a FfjFPGY (ERGSIGM)
c P a PEtN$1TY ((64/CM3)
c rilTPUT
C GMON'E G AMr$A - I
C PMEb aPkESSUPE (I)YNF./Cl?)
C TEMP *TF kPEQATJWIk. (WG~RFS K)

c
C

c~oYU 1

C THIS L NTRY RE TOW~NS OJNLY rdfiiit
FNTRY APFF.~fIE

IF CAbS(F1l.LT.5,.0) (,O TOl I
C

IF (El*GjTo0i,0) (J)1 TO 2
C

FONUEP(of lb*AI)

wSUfieiri
Go TO 4

C
2 F~xLXPfwF44n)

rfo To 4

TF fluEK PC *F/dt) Go TO 5
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C
RE IAs( I.9 7j .'1 31491 4f-12) *A LUG

IF (AHS(E2).LT.5.eJ) 60O TO) 7
C

IF (E2*GT.O.0) W.) TU
C
5 FNu*,.

W S. 80 , wr
C.0 TO A

C
6 PFNvLXP(.F/?5.%)

7 oF2sd~4r'*P0*0~.,odS
FE~vb*VRH0*00V57

METAsBFTA*(l.m.dS)4.14b*hS
P EvO.o
IF (EJ.GT..5.44)) Ft61*0/CFXP.aE3j*1,d

IF (It'O.EwJ.o 6o To to

PkESuLMONE*FfEEPWk

C TEMPLkATPREC

iPHOLNBALn6(5lH(J)
Pu (b. g254QgE.45.*kOLN271434Fod3).RHOLN.9,?2&mtI
Gur.2,33ARE.S~kHJLI.4~1Ab7JE.d,.WHNLJN2.64d[e?
HU C3,9231 23Ea-7*RHU4LN45.971 SAQEFti'*kMOLtilw9,?1 .b~i
UONI U3480,PC.M0NEF*E
CON28(.H*F*G).I *F
AE TA. CE .t4) J1.Cbb

!~ HET.GT1~ltI)GO To- 9

TEmPUfNi/(CfN.C1.A.CC1f4i)(P(HTA),.1))

GO Ti) lid

C,

toi Pf TIWN
FND~ B



C PIIVIL)FS tILAST PAR4AMETERlS AT INP11T TIME "T HASEJ) ON
C NUCLEAR 04LAST STAN)AWC, . I KT, AFLwrRa73.55# REV APRIZL 1975

c I NITIIAL rrHwI)ITIUNS ASSI)M~r) To HIE STP# I.E.
C #H8tIP'4T PkFSStlRE a I1.&it.L6 r)YN~oCm2
C AMMII NT 'ENSITY a 1,225Em3 GM/rM3

C (1IJTP'UT VIA C~flF4N t4LUC#( ONj INITIAL CAll- AT TIME T
c PRAI) a 3HOJK FRONT WAI)IUS (CM)
C (1PPK a SH'Jr.I FfWONT UVtLRwPRESLJRF (I)YNEiCm2)
C OL)PK a Smfl(K FRONT O)VEkW!MENSITY (UM/CM3)
C TEPPK. SHCK FR~ONT TFMIPkATUPE gIK) wFRflM EQUATION OF STATE
C OI17PUI r. ill4SEQOUf4T CALLS AT SAmF TIME VIA ENTRY DENS
C 1 aU OVFl4.1VNSITY A1 RADIuJS W (GMI~m.4)

INCI.UUF *IdFRT*Ct4NI

DlATA IA £3 #i2S2/. TPwIk 1 t#1,71/I.TPwR2/fr,79/.
I AC/3,tmFR/A /!.4$E1d/,ASTAp/9,iFQItW3TAR/4,454Ed/,

4 H9/0i.349/#C/-.0b/

TF (TeE(W.ITULD) Go 1TO 9

C nEIERMINF 4sPP (RA0D11S)

I IF (Te.t.. bi) Gtl TO 14
C CALCULATE FOIUS EYPLICITLY.
C EARLY TIM. FORM,
C ,'uFTtfdAJNF wZP

TF (1,0,0,79?) WPk2n242l1.*TeoTPw4t*Io(1 .C1.3*T*4I'123)e

IF (1,1 T*'v *j1 r~n To 2
C L.Alt TIMr: VOHM.

ALF TBAL?.j.391AP
PNES~k7P41,dd54F4*2.SL3A1t.+(9eE3/ALFTob.8E3)/ALFT

C INTERMEDIATE: TIME INTERiPOLATInN.
IF (T~t T.*i.ZM, wRPJe u(H4Fwt.,Too,1 )*wPR2*(o,2sT))b1R I
WF PP2 uRNEN:

PRADSH
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C PETLkMrINE tPPK
C

3 IaRa1.vtk

C nETEkovirJo flDPg
c

4 flP$OPPK

(r'4ONE U -1.4

GAMMA8164

GA mk~AuGAmM~'A

CALL ATRPT ( FPH4Pl#6i(.he~Pk'FS,TLiPK)

7F CAtIS(GAMAmArA ~kA(ij,t TlI~.5.) ro' Tnl o
5 CUrdYINtlF
6 fDP~wRUjwW'40/

C
c riETt~R-INf Wil)
C

IF (T.LT.-..2b% 1)UL**.l~~
IF (TGF.0.76%) WiS
PEi lk

C

C nFETFNVTNF tloW
C

9 PPKBPkAf)

R*R. I 'Ems
IF Tp(* oh)Gol TO. lo
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c

RN3ORPMk-RM

A L NaJ5U1PI( ORPLS
9LN mULPKw.AL No q
flfMNLta t~A LhoP*RvyFAL N
FML13aA (0011 ILP'K

(oi 3H a(119 MNF mL I * C 0 J1 0 N 4-N 1tMN )
A LPHA.a (WNP I ( IO'4YIIi ) +PPq StlP /kTNLE
9LTA*mRPL5*(ALPH-A*,h/rwlP.j
F NC, . INP PIPL8
flNOM*AI.PHA*RNsP.M9 TA

C CMN

rMl. HwA ( OCTGZ

IF (WRT*."ll) (F(Rj lPLSo*(R.PwZ),PPLS
I4P3W~/ALPAMMRW4&QIA).UOPK

PPKuWPK~*9F'

IF G(rTt.' ~I Ti) 13

c

12 wFLTsAt%)4*EXP C*P)
IF (I.LE.,'.2) OI13PuWFLT
IF (TG',A2 OflRe(vFLT.(1*mT).O)Q.(Tofi,2) )'t 25

13 YTOLIJST
o~f ON

C

100019 FOPmAI(' rPPR TIME'1 MUST RE CGREATE6' THAN~ ZFPO()
stop
F~Nfl
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