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BLAST-WAVE ANALYSIS OF HIGH-PRESSURE COUPLING SHELLS

I. Introduction

A strong shock can form when an energetic plasma burst expands
supersonically into another plasma if the coupling between the two components
is strong. The shock propagates through the ambient plasma, sweeping it up
into a thin coupling shell which consequently slows down due to the mass
accretion. If the initial energy is released quickly compared to the time
scales of interest and both particle energy and momentum are conserved, the
resulting shock front is termed a Taylor-von-Neumann-Sedov shock(1'3) or a
"blast wave". Although the self-similar solutions to this problem were
motivated by the desire to describe nuclear weapon explosions, the behavior of
such coupling shocks and the state of the resulting plasma are also of
interest to other disciplines involving sudden releases of large energy.
Astrophysics (e.g., supernovae)(a) and inertial fusion (coupling of pellet
explosions to a buffer gas in reactor chambers),(s) are two such application
areas.

In this report we develop features of the blast-wave model and use
them to interpret the properties of coupling fronts observed in the NRL laser-

plasma experimenc.(6'8)

We find good agreement between experiment and blast-
wave theory. However, in contrast to an ideal blast wave, which is often
thought to be hydrodynamically stable, the shells in the laser-experiment
cdevelop striking spatial structure, often resembling aneurisms, under certain

circumstances. The cause of these nonuniformities is not yet isolated:

nonetheless, we speculate on some possible responsible mechanisms.

Manuscript approved December 15, 1983,
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II. Review of experimental features

In the NRL experiment, laser irradiation of a solid target creates a
burst of energetic debris plasma which expands outward into a low-density
ambient (stationary) plasma. The initial ambient plasma is created when a
background gas surrounding the target {is ionized by the radiation (UV and x
rays) generated in laser-plasma interaction; subsequent ionization can occur
due to radiation emanating from the expanding plasma shell or electron and ion
impact. A sketch of the experiment and the distribution functions of the two
ion components 1is shown in Figure 1. Although the experimental arrangement
has been described before,(s) we briefly review the setup.

A (4 + 1)-nsec pulse from the NRL Pharos II Nd-laser is focused onto a
thin (4.6-um) A%-foil target. The ambient gas used in this series of
experiments was usually a mixture of 907 nitrogen and 10% hydrogen gas, but
occasionally we used helium instead. A list of the parameters used in these
experiments is shown in Table I. Notice that the parameters were varied over
a wide range to adequately test the blast-wave model scaling. Also, in some
shots a 630 G magnetic field was applied over the interaction volume
(transverse to the laser beam). However, no magnetic field dependence was
seen in the results to follow. Dark-field shadowgrams were taken of the shock
structure at several times after the laser pulse.(7) Spectroscopic
observations were made on similar shots to determine the state (density and
temperature) of the ambient and coupling shell plasmas.(s) Detailed
descriptions of these diagnostics and findings are presented elsewhere. Here

we concentrate on relating these results to a blast-wave model.
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A Table I. Parameters used in laser-plasma experiment.
XN
iy Range
- Laser Energy: 4 - 165 Joules 40x |
._T.._: 1
f.‘::": Ambient Gas:
I Pressure 0.2 - 10 Torr 50x
. Molecular weight 28 (NZ)’ 4 (He) 7x
S
O Debris:
A . —_—
A
N Initial velocity 150 - 700 km/sec S5x
Ly Mass (AR) 0.1 - 0.5 ugm 5x
N Shock Front:
NN D
:i:' Observation times 52, 96, 164 nsec 3x
&N Radii 0.5 - 2.5¢cm 5x
Lt

A -
> TN .‘.5

Stamper et al.(7) showed numerous examples of coupling shells, such as

8, &

2
DNy

L4

the one shown in Figure 2, taken with a dual-time dark-field shadowgraph

A diagnostic. These photographs indicate that the shells have the following
.-\ .l

e general features:

N

w‘:')

: o Thin (AR/R = 0.03), approximately spherical shocks are observed

A L]

;:}?‘: propagating into the ambient media at times long after the laser
\: pulse has terminated.

.'::::j o] The shocks decelerate as they propagate away from the focal
=

< region.

3

L o The velocity of the shocks is a function of the deposited laser
b

;E' energy, ambient gas type and, of course, time; but the motion of
~ the shell is insensitive to the initial debris velocity.
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However, shells develop structure, such as shown in Figures 3 and 4, at
the higher ambient pressures and the lower laser energies. The unperturbed
portions of these shells follow the same blast-wave scaling as totally
unperturbed shells, but the spatial perturbations appear to accelerate away
from the blast-wave position.

The spectroscopic results from McLean et al.(8) indicate that the
ambient plasma is initially weakly ionized (0.2%) at 1-2 eV, one centimeter
from the target surface. But just after the blast front arrives the plasma is
100% ionized with a temperature of about 14 eV; the mass density is found to
jump above the ambient level by a factor of 10 to 15 at the shell position.

We shall compare these experimental observations with a blast~wave

model in the remainder of this paper.

III. Blast-Wave model

The temporal evolution of a spherical blast-wave position looks
similar to Figure 5. After the initial energy release the debris rapidly
expands, picking up ambient material along the way. After the shell has
accreted sufficient mass for us to ignore the initial debris the shell expands
and decelerates with the familiar self-similar blast-wave dependence Re

(E/ 9)1/5t2/5

. Finally, when the shell velocity approaches the acoustic speed
in the ambient media the disturbance is no longer shock-like and it propagates
with the speed of sound. There have been many treatments of blast-waves since
the first treatments by Taylor, Von Neumann, and Sedov. Some of these works
extend the theory into the initial phase, where the detris mass 1is

importan:,(g) others are hydrodynamic calculations,(lo’ll) and some treat the

stability of shock fronts.(a) We follow the method of Chernyi as outlined in

Zeldovich and Raizer.(lz) This blast-wave approximation has been shown to
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.:‘:t yield results within a few percent of exact treatments. The following

~';f: assumptions are made:

i |

-:;:: 1. The energy release is considered an instantaneous point explosion. '

N j
2. Spherical symmetry is assumed for simplicity. !

N

o

o

o -~

A

‘o~ 3. The debris velocity and shock speeds are much larger than the

o undisturbed ambient sound speed.

" )

Y

\1

o 4, The expansion conserves particle energy and momentum.

X

._:'.j: 5. The ambient gas/plasma is swept up by the debris front into a thin .

-. cold shell having a mass large compared to that of the initial

* debris.

b s, 1

- 4

. b

e

< 6. The media can be characterized by a constant effective ratio of

-,-_' specific heats Y.

.'_:.

s

-'f: 7. The counterpressure due to the ambient plasma is negligible.

".';: The shell front is treated as a strong shock wave and, hence, the

... ’ Hugoniot jump relations apply between the ambient media (o) and shell(s). The H

N

density jump is therefore given by

A

o

) o]

) s Yyt (1) )

P, Y ‘h

: K 2
"o";\b\) J.'.l‘._ ‘

(41}
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giving the pressure within the shock,

2 2
Ps Y+l) poVs * (3)
Now, combining the results of the strong shock jump relations with
conservation of mass, energy and momentum we obtain many of the blast-wave
properties. conservation of mass is expressed by,

3
2 _ 4mR -
4uR ARpS =3 po + (md) M. (4)

The quantity on the left side of Eqn. (4) is the total shell mass as a
function of shell radius R and shell thickness AR; on the right side is the
mass of ambient gas within the bubble volume (assumed to be completely swept
up) plus the initial debris mass m4 (neglected here). The relative thickness

of the shell is found by combining Egqn. (4) with Eqn. (1), i.e.,
=1 (5)

Proceeding, conservation of momentum is given by,

d 2
3 (Mu) = r°P . (6)

Py 1is the pressure within the bubble volume which pushes outward on the

N
NOSRY

.~
2 TR Y -




shell. The shell is assumed to have most of the system mass but some small
amount of mass must remain inside the shell boundary (bubble). Finally,
conservation of energy sets the energy in the explosion E equal to the sum of
the shell kinetic energy plus the thermal energy invested in the systewn; this
is expressed as:
1 2
+ (7-1 LrRTARP ).

The first term of E is the shell kinetic energy, the second and third terms

are the thermal energies within the bubble and shell respectively. The last

XNADXN

term (shell thermal energy) is usually neglected* relative to the second term

+

(bubble thermal energy) since the ratio is of order 10"},  We make the same

ot
Py Y

assumption here, however, note that these two contributions to the thermal

Wy b
» 4 2

2l

energy become more comparable as AR increases, as Py decreases or in the event

-—

that the Y of the plasma in the bubble is higher than that of the shell (which

could be true since the bubble has a much hott- -, lower—~density plasma than

::
Ry
4
.
e

the shell). This assumption about the apportionment of thermal energy does
not change the blast-wave R-t scaling - 9only the <constant of
proportionality. We shall return to this point later. Demanding that the
energy E be independent of radius throughout the expansion and assuming that
P, o¢ Py gives a bubble pressure about half that of the shell pressure Pg,

i.e.,

o e

(13)

*Note that Harris made the opposite assumption, i.e., neglecting the

A
R
Y P T T}

bubble energy relative to the shell’s kinetic energy. Therefore his results,

@:

and those that follow them,(9) do not apply here.
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P=<p. (8)

[This is compared to Py = 0.41 P, for Y = 1.2 in the exact case.]
Now, from the above relations the expression for the blast-wave radius

with time similarity solution 15(2)

1/5t2/5 , (9a)

R(E,Po.t) =z, (E/Do)
or, in "practical" units,

R(cm) = 0.092 ¢_ [E(J)/(P(Torr)/MW/MWNz)]1/5t(nsec)2/5, (9b)

where ;o is a function of v of order |unity.. Within our set of

assumptions, Co is given by the relation,

2
- (12 =D+ 1/5
o = Ten “(w-D . (10)

For completeness we can extend the treatment in Ref. 12 to include the
shell thermal energy in the energy balance [third term of Egqn. (7)]. We also
allow for the vy of the plasma within the bubble to differ from the
shell/ambient plasma Y by designating the bubble y by Yy and that of the

remaining plasma by y; then Eqn. (10) becomes instead,

2
o 16w 4y, + v-3 *

b

The ratio (colco)s, the ratio in inferred explosive energy release under the

two sets of assumptions can differ by about a factor of two although the




possible error in R(t) is only 12%. It is clear that detailed hydrodynamic

calculations, keeping track of the local values of Yy, are necessarv to get a
precise description of the expansion. Unless otherwise indicated we use Eqn.
(10) in the remainder of this paper.

The ratio of thermal energv to kinetic energy in the blast-wave system
is interesting; this ratio, obtained by taking the ratio of the second-term to

irst-term in Eqn. (7), is given approximately by

W

TH Y+1
Wee

=1 L
[The right hand side of Eqn. (11) becomes-% [(Y+l)/(yb—l)] + 1 under the same
set of assumptions as Eqn. (107).] Other relevant blast-wave parameters are
the plasma effective Y, temperature in the shell and in the bubble volume.
The temperature in the shell can be estimated by using an approximation to the

(12)

internal energy of air,
€ = 8,3 'I.‘s(eV)l'5 (pA/ps)o'12 eV/molec, (12)

which 1is valid for temperature TS between 1 and 25 eV, and density ps between

10 p, (p, = atmospheric density) and 1073 o] Y ranges from 1.1 to 1.3 for air

A Pa A’
in this regime(lz) with v = 1.24 a good "effective" value. The internal

energy 1s also given by

’ (133)

° |y

e = L1
y-1

where P and p can be determined through Eqns. (1), (3), (8) or direct

measurements. Equating Eqn. (13a) to (12), with appropriate units, gives an
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=3
b
‘32§f estimate for Ts. In the shock front Eqn. (13a) becomes
N
0 )
o ZVS“
L e = —— (J/ke), (13b)
NN (y+1)
'..‘:I-.\'
’u;ﬁ or, to obtain the same units as Eqn. (12), multiply by 0.334 x MW and express
o
the shock speed V, in units of (107 cm/sec). The resulting expression for
at
_ temperature in the shell is thereby found to be,
Jr;_:. . ,
e [Vs‘(xlo cm/sec)*MW| 2/3
T (eV) = 4.0 . 14
v +(*7) o266 )0 12 o
YOUAY A'"s
s~
;kﬁ A tabulation of some of these blast-wave parameters is given in Table
N
‘iﬁf II for Yy = 1.2, 1.4, and 5/3. Figure 6 shows exact blast-wave density amnd
\-.:
;t}:. temperature for the case of vy = 1.23 to {illustrate how these parameters
R
‘:{Q vary.(lz) Note that, as assumed, most of the mass is in a very thin shell.

‘ Also, the high temperature within the bubble 1is a consequence of the
approximate pressure balance with the shell (but with a much lower density).
As we go towards the center of the bubble, the plasma density goes to zero as:

o ~ R3/Y-lt-6/5(Y-l)’ and the temperature increases as:

T~ =311 (6/5)(27)/(1-1)  (12)

We now compare the experimental findings with the blast-wave model.
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Table II. Variaticn of blast~wave parameters with effective Y.

RN Parameter Relation y=1.2 y=1l.4 Y=5/3
AYAY
‘ S )
.\."“ s ‘Y+1 ’
SN — — 1 6 *
s °0 -
PR AR 1y-1
. R 3 Y41 0.03 0.06 0.08
)
W
o s ;5 5.5 3 2
N K
:::'::‘; P 2z v 2 (~ 103 atmospheres at 7 Torr N V. = 100 km/ )
. s Y+l po s P No, s sec
N0 P
_b 1 0.4 0.35
v P 2
1A S
= 3 Eqn. (10) 0.89 1.01 1.12
o
.\d:--.'. ’ E . ‘ , = . 09 .
"'§zJ Co qn. (107) Y=Y 0.86 0.97 1.06
P
i
258 Iv. Comparison of experiment with blast wave model
*l
f-::{; The main observables in this experimental series, that we will relate
>
gt
'::"" to blast-wave theory, are the shell position R, the thickness of the
:"_:-t: shell AR, and density Py and temperature Tg of the shell plasna.
Lo
R .
$:€-: Experimental variables included: the laser energy, the laser focal spot size
P
- ’3 (and thereby the initial debris velocity), the ambient gas type and pressure,
::::j-::' the presence or absence of a 630 G magnetic field, occasional variatioms in
e
e the target angle or structure, and the observation times.
o
Qs
j::‘-;:[: Shell position and blast-wave scaling
A
Y A plot of the distance R of the shock fronts from the target surface
e
N
'T;;." for all of our experimental shots (with the exception of an "odd-ball" shot
::'.‘_'.::' 13601), which span the range of parameters tabulated in Table I, is shown in
'.‘-,"l
&l
_.-.'.-:
'.I {I
ol 11
L
o 7%
A T A A T SN
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Figure 7; the variables along the abscissa of Figure 7 are scaled according to
Eqn. (9b). Note the good agreement of the entire data set with the blast-wave
scaling parameter [(E/po)tzll/s, with a single wuniversal constant of
proportionality, oe ™ 0.123/0.092 = 1.34 (from Eqn. 9b). The scaling is
insensitive to the initial debris wvelocity for constant incident laser energy.

Unfortunately, for this series of experiments it is difficult to
accurately relate the observed Coe to theory co due to our lack of spherical
symmetry. Subsequent experiments will improve the symmetry by using smaller,
limited mass, targets and, eventually, double-sided illumination.
Nonetheless, we shall make a rough comparison between experimental and
theoretical co's. We make two corrections to the experimental Coe' First,
the absorption of laser light is about 80-90% not 100%, in our irradiance

(14)

regime; also, about 90% of the absorbed energy becomes debris energy.

Therefore, the energy E in the blast-wave relation should be multiplied by

about 0.8. Second, a much larger correction, but less well defined, is to
account for the lack of spherical symmetry of the debris expansion. If we use
the fact that about half the plasma debris energy is contained within a half-
cone angle of 40° from the normal of the target in vacuum(14515) and assume
that this debris angular distribution still holds true throughout the

expansion (this may not be too bad an assumption since the flow is very

R WIS _ ) R S SN

supersonic), then the ratio of the solid angles between a complete sphere

(4m steradian) and the experiment half-energy content cone is about 10. Thus,

I NN

we must also multiply E by about 10/2 = 5 (the factor of 2 comes from only

half the energy within the 40° cone). Taking the one-fifth power of these two

corrective factors together [(0.8) x (5)]1/5 = 1.32 and dividing it
into Coe (1.34) we obtain an equivalent spherical experimental value

for Co of Co = 1.0 £ 0.1.
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Assuming complete coupling of the debris energy then yields y = l.4 %

0.2 by setting Eqn. (10) equal to ;0 = 1.0. If the coupling were reduced
then z;o and Y would tend to increase. But Zeldovich and Raizer(lz) claim
that vy for air in our densitv-temperature regime ranges between 1.14 and
1.3. Additionally, we show below that the shell thickness implies a Yy of
about 1.2. Further, we have shown previously(l(’) that no distinct debris
energy reaches our time-of-flight detectors at 2 Torr, and that most of the
debris peak 1is 1lost at 200 mTorr.(6) We conclude, therefore, that the
coupling between debris and ambient plasmas for this high pressure regime (0.2
to 10 Torr) is high, perhaps nearly complete.

We note here that the coupling seems much better than that implied by
a naive application of the nuclear-elastic and bound-electron stopping powers
as presented in Fig. 4.14 of ref. (17). This stopping power curve seems too
weak to account for our good coupling by at least an order of magnitude.
Prettie also makes this point.(la) Most likely free-electron and possibly

plasma phenomena contributions are important in our case.

Shell thickness

The shell thickness-to-radius ratio AR/R is observed to be about 0.03
£ 0.01. In fact the bright-dark-bright structure seen in the shock front
shadowgrams implies a steep gradient on both the front and back surfaces of

the shell, consistent with the blast-wave picture shown in Fig. 6. This

implies v = 1.20 % 0.07 from Eqn. (5), a value consistent with both the

determination from R(t) above and the equation-of-state of air.(lz) Actually,

fa

. s e

the shell thickness is a relatively sensitive independent indicator of the

effective y; for convenience, we invert Eqn. (5) and solve for v, i.e.,

a"a’a oA i%s
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- 1+3(aR/R)

1-3(AR/R) ° (15

Shell density

McLean et al.(a) use results from spectroscopic continuum measurements
to infer the density of the plasma within the shock front. Typical shell
densities are found to be about 10 to 15 times the ambient N, density at 1 and

5 Torr fill pressure. The inferred vy from Eqn. (1), given by the expression,

(ps/oo)+1

Y =2 7> (16)
(ps/po)-l

yilelds vy = 1.14 to 1.22 for the experimental density values. Thus, the
density jump at the shell is also consistent with a blast-wave with y ~ 1.2

and the other experimental results.

Shell temperature

Shock front temperatures of order 10 eV were estimated by McLean et
al.(s) from the highest ionization state of nitrogen observed. This is also

consistent with the blast-wave model, although, presently, neither the

measurement nor the theoretical prediction are expected to be very precise.
For the temperature within the shock front [using v = 1.2, pA/ps = 100, MW =
28, and a typical shock speed at R=1 cm of V; = 1 (x 107 cm/sec) in Eqn. (14)]
is Tg = 9 eV. This is also in remarkable agreement with experiment.

The very low density plasma within the shell cavity, or bubble, should
be at a much higher temperature than Tg. No measurement of Ty was made in
this experimental series. But, as an estimate of what to expect, if we assume
that the equation-of-state of this plasma continues to follow Eqn. (12) [not

likely since Eqn. (12) is based upon the Saha equilibria and the bubble is

14
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closer to coronal equilibrium], then the bubble temperature will be higher
0.6
b)

than the shell’s by a factor of order (ps/p . This scaling was obtained
by assuming pressure balance throughout the blast-wave system, which sets ep =
constant. A more accurate air and debris equation-of-state for the bubble
plasma is needed for a better estimate. Measurement of Ty is an experimental

challenge due to the low density of the bubble plasma within the high density

shell.

v. Blast-wave front nonuniformities

What causes the shock front nonuniformities that are observed to
develop in the NRL experiment? Why are the nonuniformities, such as in Figs.
3 and 4, so weird? To answer these questions we will require inventive theory
and more experiments to eliminate or confirm mechanisms. Listed below are a
few speculations.

It 1is often stated that expanding ideal ©blast-waves are
hydrodynamically stable, yet this statement has not, to our knowledge, been
proven in general.(lg) It has been proven for a few special cases but not for
the v’s and uniform ambient media of interest here. If the shock fronts are
Rayleigh-Taylor unstable for some reason (inherently, or due to differential
radiation from swept up debris and ambient plasma(ls)) the growth-rates can be
very large. For example, taking shell decelerations typical of the experiment
(g ~5 x 1014 cm/secz) and typical wavelengths observed (A ~ 3 mm) yields

q
1z, 108/sec, to create large

sufficiently large growth rates, Yar © (kg)
nonuniformities within typical expansion timescales.
Another possible mechanism, target jetting, favored by C.

(20)

Longmire could cause aneurism-type protrusions. Bumps in the coupling

front occur due to the impact of slower target debris with the decelerated

15
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e blast wave. We will test this hypothesis in the next experimental series by
A

L5

ﬁ_,}i using thin foils and limited mass targets which should be completely ablated
I..".'J

e

by the laser pulse, thereby'eliminating a source of slower debris material.

Keskinen(ZI) has proposed interesting asymmetrizing mechanisms caused
by the self-generated magnetic fields(zz) that may be present during the
initial expansion; these magnetic fields modify the flow patterns of the
expanding debris plasma.

| We hypothesize that if a local thinning of material at the shock front

occurs, then that region will be pushed ahead of the thicker regions, as
sketched in Fig. 7. 1If we further hypothesize that either the mass pickup
rate is reduced or mass flows away from the tip of this protrusion then the
projection will grow nonlinearly. Similar phenomena may occur due to thermal
or composition nonuniformities in the shock front.

Other nonuniformity-inducing mechanisms are, no doubt, possible; an
understanding of this phenomena awaits further experimentation. It is noted
here that some shock front nonuniformities have been seen previously in other

laser experiments.(23’24)

VI. Summary and Conclusions

We have seen that strong-coupled blast-waves are formed at pressures
above 200 mTorr in the NRL laser-experiment. These shells are
thin (AR/R = 0.03) dense (ps/po =z 10) cool (TS = 10 eV) and exhibit many
properties associated with energy- and momentum—conserving blast-waves.

However, questions remain. What is the source of the structure that
develops on the shell, particularly the aneurism=~like protrusions? Why do the
bumps seem to multiply at later times and higher pressures? What contributes

to the good debris-ambient plasma coupling we seem to have? Are free-bound

16




collisions sufficient or are plasma instabilities, such as the unmagnetized
ion-ion or ion acoustic instabilities, operative in this regime? Can we
really distinguish our case from a radiating energy-non-conserving (but
momentum-conserving) shell?(zs) Kildb claims that the radius of such a shell
scales like R ~ (th/p)l/a, where V4 1is the initial debris velocity. We will

attempt to address these and other issues in future work.
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ambient ablation
o vo v
Figure 1 Laser-plasma experiment for debris/ambient plasma coupling

(left) and a schematic representation of the debris (ablation)

and ambient ion distributions (right).
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Figure 2

R-1033

Dual-time dark-field shadowgram of shock fronts in a 1.5 Torr
(90% Ny + 10% HZ) gas. The observation times were at 52 and 164
nsec, the incident laser energy was 20 J, the initial debris
speed was approximately 3 x 107 cm/sec, and a 630 gauss magnetic
field was present into the plane of the paper. The gap in the

target holder was about 5 mm.

18




i S AR A AR R Y ST AA RS R ¥ i ™

R-1035

Figure 3 Shadowgram of a shock wave at 52 and 96 nsec in a 5 Torr ambient
(No+Hy) gas. The laser energy was 38 J and the initial debris
speed was 5 x 107 cm/sec. B=0. Note the growing "aneurism" at
the 4:00 pm position. The object on the right is a magnetic

probe (out of focus).




R-1034

Figure 4 Shadowgram of shock waves at 52 and 96 nsec in 5 Torr N2+H2
gas. The incident laser energy was 4.1 J and the initial debris
velocity was 2 x 107 cm/sec and B=0. Note the multiple growing

aneurisms.
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i Figure 5 Schematic radius versus time dependence of expansion front. The
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Figure 8 A possible mechanism to cause aneurism-like structure due to the

enhanced acceleration of a localized thin region in the coupling

front.
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DEPARTMENT OF THE AIR FORCE
RANSCOM AFB, MA 01732

01CY ATIN YSEA
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HEADQUARTERS
ELECTRONIC SYSTEMS DIVISION/DC
DEPARTMENT OF THE AIR FORCE
HANSCOM AFB, MA 01731

01CY ATIN DCKC MAJ J.C. CLARK

COMMANDER
FOREIGX TECHNOLOGY DIVISION, AFSC
WRIGHT-PATTERSON AFB, OR 45433
01CY ATTN NICD LIBRARY
01CY AITN ETDP B. BALLARD

COMMANDER
ROME AIR DEVELOPMENT CENTER, AFSC
GRIFFISS AFB, NY 13441
01CY ATIN DOC LIBRARY/TSLD
01CY ATTY OCSE V. COYNE

SAMS0/SZ

POST OFFICE BOX 92960

WORLDWAY POSTAL CENTER

108 ANGELES, CA 90009
(SPACE DEFENSE SYSTEMS)
01CY ATIN SZJ

STRATEGIC AIR CORQIAND/XPFS

OFFUIT AFB, NB 68113
01CY ATTIN ADWATE MAJ BRUCE BAUER
01CY ATIN NRT
01CY ATTIN DOK CHIEF SCIENTIST

SAMSO/SK
P.0. BOX 92960
WORLDWAY POSTAL CENTER
LOS ANGELES, CA 90009
01CY ATTIN SKA (SPACE COMM SYSTEMS)
M. CLAVIN

SAMSO/ 08
NORTOX AFB, CA 92409
(MINUTEMAN)

0I1CY ATTN MWNL

COMMANDER
ROME AIR DEVELOPMENT CENTER, AFSC
HANSCO:! AFB, MA 01731

OICY ATTY EEP A. LORENTZEN

DEPARTMENT OF ENERGY
LIBRARY ROOM G-042
WASHINGTON, D.C. 20545

01CY ATTN DOC CO¥ FOR A. LABOWITZ

. » - ..
SN
L) L]

30

DEPARTMENT OF ENERGY
ALBUQUERQUE OPERATIONS OFFICE
P.0. BOX 5400

ALBUQUERQUE, N4 87113
01CY ATITIN DOC CON FOR D. SHERWOOD

ECsC, INC.
LOS ALAMOS DIVISION
?.0. BOX 809
LOS ALAMOS, NM 85544
OICY ATTH DOC COX FOR J. BREEDLGVE

UNIVERSITY OF CALIFORNIA

LAWRENCE LIVERMORE LABORATORY

P.0. BOX 808

LIVERMORE, CA 94550
01CY ATIN DOC CON FOR TECH INFO DEPT
01CY ATTN DOC CON FOR L~389 R. OTT
01CY ATIN DOC CON FOR L-31 R. HAGER
O1CY ATTN DOC CON FOR L-46 F. SEWARD

L0S ALAMOS NATIONAL LABORATORY
P.0. BOX 1663
L0S ALAMOS, NM 87343
01CY ATIN DOC CON FOR J. WOLCOTT

0l1CY ATTN DOC CON FOR R.P. TASCHEK
01CY ATIIN DOC CON FOR E. JONES
Q1CY ATTN DOC CON FOR J. MALIK
01CY ATIN DOC COX FOR R. JEFFRIES
QICY ATIN DOC CON FOR J. ZINN
0ICY ATTN DOC CON FOR P. KEATON
01CY ATIN DOC CON FOR D. WESTERVELT
01CY ATIR D. SAPPENFIELD

SANDIA LABORATORIES

?.0. BOX 5800

ALBUQUERQUE, N4 87113
01CY ATTIN DOC CON FOR W. BROWN
01CY ATIN DOC CON FOR A. THORNBROUGH
01CY ATIN DOC CON FOR T. WRIGHT
01CY ATTX DOC CON FOR D. DAHLGREX
01CY ATITN DOC CON FOR 314l
01CY AITR DOC COX FOR SPACE PROJECT DIV

SANDIA LABORATORIES

LIVERMORE LABORATORY

P.0. BOX 969

LIVERWORE, CA 94550
01CY ATIN DOC CON FOR B. MURPHEY
OI1CY ATIN DOC CON FOR T. COOK

OFFICE OF MILITARY APPLICATION
DEPARTMENT OF ENERGY
WASHINGTON, D.C. 20543

01CY ATTIN DOC CON DR. YO SOXG




OTHER GOVERNMENT

DEPARTMENT QF COMMERCE
NATIONAL BUREAU OF STANDARDS
WASHINGTON, D.C. 20234
0l1cY (ALL CORRES: ATIN SEC OFFICER FOR)

INSTITUTE FOR TELECOM SCIENCES
NATIONAL TELECOMMUNICATIONS & INFO ADMIN
BOULDER, CO 80303

0I1CY ATIN A. JEAN (UNCLASS ONLY)

01CY ATTN W. UTLAUT

01CY ATTN D. CROMBIE

Ol1CY ATIN L. BERRY

NATIONAL OCEANIC & ATMOSPHERIC ADMIN
ENVIRONMENTAL RESEARCH LABORATORIES
DEPARTMENT OF COMMERCE
BOULDER, CO 80302

01CY ATTN R. GRUBB

01CY ATTN AERONOMY LAB G. REID

DEPARTMENT OF DEFENSE CONTRACTORS

AEROSPACE CORPORATION

P.0. BOX 92957

L0S ANGELES, CA 90009
01CY ATIN I. GARFUNKEL
01CY ATTIN T. SALMI
01CY ATTIN V. JOSEPHSON
01CY ATIN S. BOWER
01CY ATIN D. OLSEN

ANALYTICAL SYSTEMS ENGINZERING CORP
5 OLD CONCORD ROAD
BURLINGTON, MA 01803

OICY ATIN RADIO SCIENCES

AUSTIN RESEARCH ASSOC., INC.
1901 RUTLAND DRIVE
AUSTIN, TX 78758

01CY ATIN L. SLOAXN

01CY ATTIN R. THOMPSON

BERKELEY RESEARCH ASSOCIATES, INC.
P.0. BOX 983
BERKELEY, CA 94701

O1CY ATIN J. WORKMAN

0ICY ATTN C. PRETTIE

OICY ATIN S. BRECHT

BOEING COMPANY, THE

P.0. BOX 3707

SEATTLE, WA 98124
0I1CY ATTN G. KEISTER
01CY ATTN D. MURRAY
0ICY ATTN G. RALL .
01CY ATTN J. KENNEY

CHARLES STARK DRAPER LABORATORY, INC.
555 TECHNOLOGY SQUARE
CAMBRIDGE, MA 02139

01CY ATIN D.B. COX

0ICY ATIN J.P. GILMORE

COMSAT LABORATORIES

LINTHICUM ROAD

CLARKSBURG, MD 20734
01CY ATTN G. HYDE

CORNELL UNIVERSITY
DEPARTMENT OF ELECTRICAL ENGINEERING
ITHACA, NY 14850

QICY ATIN D.T. FARLEY, JR.

ELECTROSPACE SYSTEMS, INC.
BOX 1359
RICHARDSON, TX 75080
01CY ATIN H. LOGSTON
O01CY ATIN SECURLTY (PANL PHILLIPS)

EOS TECHNOLOGIES, INC.

$06 Wilshire Blvd.

Santa Monica, Calif 90401
OlCY ATIN C.B. GABBARD

ESL, INC.

495 JAVA DRIVE

SUNNYVALE, CA 94086
0ICY ATTN J. ROBERTS
O1CY ATTN JAMES MARSHALL

GENERAL ELECTRIC COMPANY
SPACE DIVISION
VALLEY FORGE SPACE CENTER
GODDARD BLVD KING OF PRUSSIA
P.0. BOX 8355
PRILADELPHIA, PA 19101
0lCY ATTN M.H. BORTNER SPACE SCI LAB

GENERAL ELECTRIC COMPANY

- P.0. BOX 1122

SYRACUSE, NY 13201
OI1CY ATIN F. REIBERT
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CENERAL ELECTRIC TECH SERVICES CO., INC.
NES
COURT STREET

.SYRACUSE, NY 13201

01CY ATIN G. MILLMAN

‘CEOPHYSICAL INSTITUTE

UNIVERSITY OF ALASKA

FAIRBANKS, AK 99701
(ALL CLASS ATIN: SECURITY OFFICER)
0lCY ATTN T.N. DAVIS (UNCLASS ONLY)
01CY ATTN TECHNICAL LIBRARY
01CY¥ ATIN NEAL 3ROWN (UNCLASS ONLY)

GIE SYLVANIA, INC.
ELECTRONICS SYSTEMS GRP-EASTERN DIV
77 A STREET
NEEDHAM, MA 02194
01CY ATIN DICK STEINHOF

HSS, INC.
2 ALFRED CIRCLE
BEDFORD, MA 01730
01CY ATIN DONALD HANSEN

ILLINOIS, UNIVERSITY OF

107 COBLE HALL

150 DAVENPORT HOUSE

CHAMPAICN, IL 61820
(ALL CORRES ATTN DAN MCCLELLAND)
01CY ATIN K. YEH

INSTITUTE FOR DEFENSE ANALYSES
1801 NO. BEAUREGARD STREZT
ALEXANDRIA, VA 22311

A ArAT R A N

o1CcY
01CY
01CY

ATIN J.M. AEIN
ATTN ERNEST BAUER
ATTN HANS WOLFARD

TeaY T N

P A

JORNS HOPKINS UNIVERSITY
APPLIED PEYSICS LABORATORY
JOHXS HOPKINS ROAD
LAUREL, KD 20810
01CY ATTX DOCUMENT LIBRARIAX
QICY ATTX THOMAS POTEMRA
01CY ATTY JOSX DASSOULAS

FAMAN SCIENCES CORP

P.0. 30X 7463

COLORADO SPRINGS, CO 80933
0ICY ATTS T. MEAGHER

KAMAX TEMPO-CENTER FOR ADVANCED STUDIES
816 STATE STREET (P.0 DRAWER QQ)
SANTA m CA 93102
01CT AITK DASIAC
o1ce
aicy
01CY

ATTX WARREN S. KMARPP
AITN WILLIAM MCNAMARA
ATIX B. GAMBILL

LINKABIT CORP

10453 ROSELLE

SAN DIECQ, CA 92121
OI1CY ATIN TRWIN JACOBS

LOCKHEED MISSILES & SPACE CO., INC
P.0. BOX 504
SUNNYVALE, CA 94088

01CY ATITX DEPT 60-12

QICY ATIN D.R. CHURCHILL

LOCKHEED MISSILES & SPACE CO., INC.
3251 BANOVER STREET
PALG ALTQ, CA 94304

O01CY ATTR MARTIN WALT DEPT $2-12

01CY ATIN W.L.

IMHOF DEPT S52-12

01CY ATIN JOEL BENGSICN
INTL TEL & TELEGRAPH CORPORATION
500 WASHINGTOS AVENUE
NUTLEY, NJ 07110
01CY ATIN TECHNICAL LIBRARY

JAYCOR
11011 TORREYANA ROAD
P.0. BOX 85154
SAN DIEGO, CA 92138
01CY ATTN J.L. SPERLING

32

01CY ATIN RICHARD G. JOHNSON DEPT 52-12
01CY ATTX J.B. CLADIS DERT $52-12

MARTIN MARIETTA CORP

ORLANDO DIVISION

P.0. BOX 3837

ORLANDO, FL 32805
01CY AIIX R. EEFFNER
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e MCDONNELL DOUGLAS CORPORATION
N 5301 BOLSA AVENUE
~ RUNTINGTON BEACH, CA 92647
*. 0lCY ATIN N. HARRIS
M 01CY ATIN J. MOULE
. O1CY ATIN GEORCE MROZ
oy 0ICY ATIN W. OLSON
< O1CY ATIN R.W. RALPRIN
o 01CY ATTN TECHNICAL LIBRARY SERVICES
.
.\f MISSION RESEARCH CORPORATION
- 735 STATE STREET
N SANTA BARBARA, CA 93101
01CY ATIN P. FISCHER
: 01CY ATIN W.F. CREVIER
[ 01CY ATTN STEVEN L. GUTSCHE
~ - 0lCY ATIN R. BOGUSCH
2., 01CY ATTN R. HENDRICK
2 01CY ATIN RALPH KILB
Y 01CY ATTN DAVE SOWLE
01CY ATIN F. FAJEN
s 01CY ATIN M. SCHEIBE
4 01CY ATIN CONRAD L. LONGMIRE
- 01CY ATTN B. WITE
N\
v
. MISSION RESEARCH CORPORATION
N 1720 RANDOLPH ROAD, SE
+s ALBUQUERQUE, MM 87106
01CY ATTN R. STELLINGWERF
. 01CY ATTN M. ALME
A 01CY ATTN L. WRIGHT
A MITRE CORPORATION, THE
P.0. BOX 208
BEDFORD, MA 01730
01CY ATIN JOHN MORCANSTERN
01CY ATIN G. HARDING
" 01CY ATIN C.E. CALLAHAN
e MITRE CORPORATION
WESTGATE RESEARCH PARK
o 1820 DOLLY MADISON BLVD.
MCLEAN, VA 22101
s 01CY ATIN V. HALL
. 01CY ATIN W. FOSTER
o PACIFIC-SIERRA RESEARCH CORP.
Fa i 12340 SANTA MONICA BLVD.
&N LOS ANGELES, CA 90025
:' 01C? ATIN E.C. FIELD, JR.
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PENNSYLVANIA STATE UNIVERSITY
IONOSPHERE RESEARCH LAB
318 ELECTRICAL ENGINEERING EAST
UNIVERSITY PARK, PA 16802

(N0 CLASS. TO THIS ADDRESS)

01CY ATIN IONOSPHERIC RESEARCHR LAB

‘PHOTOMETRICS, INC.
4 ARROW DRIVE
WOBURN, MA 01801

01CY ATTN IRVING L. XDFSKY

PHYSICAL DYNAMICS, INC.
P.Q. BOX 3027
BELLEVUE, WA 98009

01CY ATIN E.J. FREMOUW

PHYSICAL DYNAMICS, INC.
P.0. BOX 10367
OAKLAND, CA 94610

OlCY ATIN A. THOMSON

R&D ASSOCIATES

P.0. BOX 9695 ’

MARINA DEL REY, CA 90291
01CT ATIN FORREST GILMORE
01CY ATIN WILLIAM B. WRIGHT, JR.
01CY ATIN ROBERT F. LELEVIER
01CY ATTN WILLIAM J. KARZAS
01CY ATIN H. ORY
01CY ATTN C. MACDONALD
01CY ATIN R. TURCO
01CY ATIN L. DeRADD

RAND CORPORATTION, THE

1700 MAIN STREET

SANTA MONICA, CA 90406
01CY ATTN CULLEN CRALN
01CY ATIN ED BEDROZIAN

RAYTHEON COMPANY
528 BOSTON POST ROAD
SUDBURY, MA 01776

01CT ATIN BARBARA ADAMS

-
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o “SCIENCE APPLICATIONS, INC. TER DEFZNSE & SPACE SYS GR0UP .
.o P.0. BOX 2351 ONE SPACE PARK
L0 1A Joria, ca 92033 REDONDO BEACH, CA 90278
f_\ 01CY ATTN LEWIS M. LINSON OICY ATTN R. K. PLESUCH
- 01CY ATTN DAVIEL A. HAMLIN 01CY ATTN S. ALTSCHULER
01CY ATIN E. FRIEMAN 0ICY ATTN D. DZE .
01CY ATTN E.A. STRAKER 01CY ATTN D/ STOCKWELL
2 QICY ATIN CURTIS A. SMITH SNTE/1575
-y 01CY ATTN JACK MCDOUGALL
Y : VISIDYNS
N SCIENCE APPLICATIONS, INC SOUTH BEDFORD STREET
'\ 1710 GOODRIDGE DR. BURLISGTOY, MASS 01803
4 MCLEAN, VA 22102 01CY ATIN W. REIDY
ATIN: J. COCKAYNE OICY ATTN J. CARPENTER
P 01CY ATIN C. BUMPHREY
~ SRI INTERNATIONAL
.. 333 RAVENSWOOD AVENUE )
MENLO PARK, CA 94025 f
01CY ATTN DONALD NEILSON
29 OICY ATTN ALAN BURNS )
e 01CY ATTS G. SMITH
01CY ATTY R. TSUNODA i
~ 01CY ATTN DAVID A. JOHNSON
01CY ATTY WALTER G. CHESNUT 1
01CY ATTN CHARLES L. RINO 4
O1CY ATTN WALTER JAYE 4
}_. 0ICY ATTN J. VICKREY 9
Y 01CY ATTN RAY L. LEADABRAND 1
01CY ATTN G. CARPENTER
\ 01CY ATIN G. PRICE
01CY ATTN R. LIVINGSTON
Y OI1CY ATTN V. GONZALES
T 01CY ATTS D. MCDANIEL :
) TECHNOLOGY INTERNATIONAL CORP 9
R 75 WIGGINS AVENUE 1
BEDFORD, MA 01730 l
" 01CY ATTN W.P. BOQUIST
*
s TOYON RESEARCH CO. ]
N P.0. Box 6890
N SANTA BARBARA, CA 93111 L
. 01CY ATTN JOUN ISE, JR. A
= 01CY ATTY JOEZL GARBARIN
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