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BLAST-WAVE ANALYSIS OF HIGH-PRESSURE COUPLNG 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
."4

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)( 4 ) and inertial fusion (coupling of pellet

explosions to a buffer gas in reactor chambers), (5) 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 experiment." 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

develop 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 (LV 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 is shown in Figure 1. Although the experimental arrangement

has been described before, ( 6 ) we briefly review the setup.

A (4 * l)-nsec pulse from the NML Pharos II Nd-laser is focused onto a

thin (4.6-Um) AX-foil target. The ambient gas used in this series of

experiments was usually a mixture of 90% 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. (8 )  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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* .Table I. Parameters used in laser-plasma experiment.

Range

Laser Energy: 4 - 165 Joules 40x

Ambient Gas:

Pressure 0.2 - 10 Torr 50x
Molecular weight 28 (NI), 4 (He) 7x

Debris:

Initial velocity 150 - 700 km/sec 5x
Mass (Ae) 0.1 - 0.5 ugm 5x

Shock Front:

Observation times 52, 96, 164 nsec 3x
Radii 0.5 - 2.5 cm 5x

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

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

diagnostic. These photographs indicate that the shells have the following

general features:

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

propagating into the ambient media at times long after the laser

pulse has terminated.

. o The shocks decelerate as they propagate away from the focal

region.

*C '. The velocity of the shocks is a function of the deposited laser

C-, energy, ambient gas type and, of course, time; but the motion of

the shell is insensitive to the initial debris velocity.

3
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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

44. 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

* 1/5 2/5(E/ P) t . 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 debris mass is

important,"') others are hydrodynamic calculations,( 10 , 1 1) and some treat the

stability of shock fronts. (4 )  We follow the method of Chernyi as outlined in

Zeldovich and Raizer. ( 12 )  This blast-wave approximation has been shown to

4



yield results within a few percent of exact treatments. The following

assumptions are made:

1. The energy release is considered an instantaneous point explosion.

2. Spherical symmetry is assumed for simplicity.

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

undisturbed ambient sound speed.

4. The expansion conserves particle energy and momentum.

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.

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

specific heats y.

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

density jump is therefore given by

P_ y+ (1)

P p0  Y-1
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The flow velocity behind the shock u is related to the shock speed Vs by

-- S

2 -- (2)

*% .%'

%. giving the pressure within the shock,

2 2
%P P -) V .(3)

s 0yl os

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,

Jb 2. 4wR 3

2.7.. R A ° + (md) M. (4)
4i s~ 3 p0  d

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 md (neglected here). The relative thickness

of the shell is found by combining Eqn. (4) with Eqn. (1), i.e.,
.. '.-

AR . 1 y-i.. 3 y-+l•(s

Proceeding, conservation of momentum is given by,

d 2(Mu) - 4iR . (6)

Pb is the pressure within the bubble volume which pushes outward on theb% is

,. SWI =*-a- -- - -.-.



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 systeL; this

is expressed as:

E 1Mu 2 + L 4wR3  + 1v 4iRR2ARP) (7)
2 s y-1 3 Pb + (T(- s

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

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

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

energy become more comparable as AR increases, as Pb 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

t he shell). This assumption about the apportionment of thermal energy does

not change the blast-wave R-t scaling - only 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 P5 gives a bubble pressure about half that of the shell pressure Ps,

4% i.e.,

Note that Harris (13 ) made the opposite assumption, i.e., neglecting the

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

and those that follow them,(9 ) do not apply here.

-.. -. . . -, ..*.*. . ... *- -.- .4 . ,.. '-. -- '.- ..



P =-P (8)

[This is compared to Pb = 0.41 Ps for y = 1.2 in the exact case.]

Now, from the above relations the expression for the blast-wave radius

with time similarity solution is

R(EP ot) = o (E/Po) 15t2/5 (9a)

or, in "practical" units,

* R(cm) = 0.092 o [E(J)/(P(Torr)/MW/MWN2)]I/5t(nsec)2/5, (9b)

where 0 is a function of y of order unity.. Within our set of

assumptions, C is given by the relation,

02

'- 75 (y-I)(y+l) 1 /5 (10)""'"~(- o (-6ff (3-y-1) (0

For completeness we can extend the treatment in Ref. 12 to include the

shell thermal energy in the energy balance [third term of Eqn. (7)]. We also

allow for the y of the plasma within the bubble to differ from the

shell/ambient plasma y by designating the bubble y by yb and that of the

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

2
75 b 1/5 (( 0I )[. .. ~~~ 67r- - 4y b + Y-3 )I/ .(1"ob

'5The ratio (4 0; )5, the ratio in inferred explosive energy release under the

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

8
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possible error in R(t) is only 12%. It is clear that detailed hydrodynamic

calculations, keeping track of the local values of y, are necessary 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 energy to kinetic energy in the blast-wave system

is interesting; this ratio, obtained by taking the ratio of the second-term to

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

wTH 1 +(11)
--. Z W~KE - n

[ [The right hand side of Eqn. (11) becomes [ (y+l)/(y-1) + 1 under the same

set of assumptions as Eqn. (10').] 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

internal energy of air,
( 1 2 )

e'- 8.3 T s(eV) 15 /P ) eV/molec, (12)

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

10 P (P = atmospheric density) and 10-3 ; y ranges from 1.1 to 1.3 for air
A AA

in this regime( 1 2 ) with y 1.24 a good "effective" value. The internal

energy is also given by

1 Pe'-' 7 = , (13a)
.,,-, y-1 p)

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

• '." .. . . •, % o . . - " . . ..' ," . ° '. . - ""- ' ." ". . .. '' , °'- '. ' '. ." . . ."' '' ''• " '* """ ' ''9 ,
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estimate for Ts . In the shock front Eqn. (13a) becomes

2V 2

E = 2 (J/kg), (13b)

or, to obtain the same units as Eqn. (12), multiply by 0.334 x MW and express

the shock speed V. in units of (107 cm/sec). The resulting expression for

temperature in the shell is thereby found to be,

*Vs2 0 (xl0 cm/sec)*MWI 2/3

T (eV) = 4.0 x (14)

_f,.2( A..* 5 1

,.A tabulation of some of these blast-wave parameters is given in Table

II for y 1.2, 1.4, and 5/3. Figure 6 shows exact blast-wave density and

temperature for the case of y = 1.23 to illustrate how these parameters
B12)

vary.( 12 )  Note that, as assumed, most of the mass is in a very thin shell.

Also, the high temperature within the bubble is 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:
R3 /y-i -6/5(y-l)

P - R and the temperature increases as:
T T R-3/y-l t(6/5)(2-y)/(y-1) . (12)

We now compare the experimental findings with the blast-wave model.

10
Sii'
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-.'" Table II. Variation of blast-wave parameters with effective y.

Parameter Relation y=1.2 y=1.4 Y=5/3

s Y+1
-i- 1 6 4

AR ly-1R 0.03 0.06 0.08

W TH 1 Y+5
5."'-'5 35W 2 y-1

KE

2 2 3P+Pvs ( 10 atmospheres at 7 Torr Nj, Vs  100 km/sec)

1 1 0.4 0.35P s 2
- .a., -

Eqn. (10) 0.89 1.01 1.12
0

C Eqn. (10'),y =y 0.86 0.97 1.06
-. 0'b

4. IV. Comparison of experiment with blast wave model

Y The main observables in this experimental series, that we will relate

to blast-wave theory, are the shell position R, the thickness of the

shell AR, and density p and temperature Ts  of the shell plasma.
SS.

Experimental variables included: the laser energy, the laser focal spot size

(and thereby the initial debris velocity), the ambient gas type and pressure,

the presence or absence of a 630 G magnetic field, occasional variations in

the target angle or structure, and the observation times.

Shell position and blast-wave scaling

A plot of the distance R of the shock fronts from the target surface

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

N 11
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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/P )t2 ] 1/5, with a single universal constant of

proportionality, oe 0.123/0.092 - 1.34 (from Eqn. 9b). The scaling is

insensitive to the initial debris velocity for constant incident laser energy.

Unfortunately, for this series of experiments it is difficult to

accurately relate the observed e to theory C 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 0 S. We make two corrections to the experimental o. First,

the absorption of laser light is about 80-90% not 100%, in our irradiance

regime; (14) 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 400 from the normal of the target in vacuum( 14 , 1 5 ) 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

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

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

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

half the energy within the 400 cone). Taking the one-fifth power of these two

corrective factors together [(0.8) x (5)]1/5 - 1.32 and dividing it

into (1.34) we obtain an equivalent spherical experimental valueoe

for o of o - 1.0 * 0.1.

12
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Assuming complete coupling of the debris energy then yields y 1.4 *

0.2 by setting Eqn. (10) equal to o - 1.0. If the coupling were reduced

then ; and y would tend to increase. But Zeldovich and Raizer ( 12 ) claim
0

that y for air in our density-temperature regime ranges between 1.14 and

1.3. Additionally, we show below that the shell thickness implies a y of

about 1.2. Further, we have shown previously (16 ) that no distinct debris

energy reaches our time-of-flight detectors at 2 Torr, and that most of the

debris peak is lost 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. (18 )  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 y = 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. 12 ) Actually,

the shell thickness is a relatively sensitive independent indicator of the

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

V. 13

"-. V



y ;l+3(AR/R)
1-3(AR/R) (15)

Shell density

McLean et al. (8) 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 N2 density at 1 and

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

(pslpo)+l
%so

Y = s /Po0 )+1 (16)
(.so0)

N yields y 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. (8 ) 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 y - 1.2, p A/p = 100, MW

28, and a typical shock speed at R-1 cm of Vs = 1 (x 107 cm/sec) in Eqn. (14)]

is T = 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 Ts . No measurement of Tb 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

than the shell's by a factor of order (P /P This scaling was obtained

s b hssaigwsotie

by assuming pressure balance throughout the blast-wave system, which sets P =

constant. A more accurate air and debris equation-of-state for the bubble

plasma is needed for a better estimate. Measurement of Tb 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 is often stated that expanding ideal blast-waves are

hydrodynamically stable, yet this statement has not, to our knowledge, been

proven in general.( 19 )  It has been proven for a few special cases but not for

the y's and uniform ambient media of interest here. If the shock fronts are

Rayleigh-Taylor unstable for some reason (inherently, or due to differential
1P0

radiation from swept up debris and ambient plasma( 18 )) the growth-rates can be

very large. For example, taking shell decelerations typical of the experiment

(g - 5 x 1014 cm/sec 2) and typical wavelengths observed (X - 3 mm) yields

sufficiently large growth rates, yRT =  (kg) 108/sec, to create large

nonuniformities within typical expansion timescales.

Another possible mechanism, target 4etting, favored by C.

Longmire (2 0 ) , 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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blast wave. We will test this hypothesis in the next experimental series by

using thin foils and limited mass targets which should be completely ablated

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

Keskinen( 2 1 ) has proposed interesting asymmetrizing mechanisms caused

by the self-generated magnetic fields (2 2 ) 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. If 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.'2 ,24

VI. Summary and Conclusions

We have seen that strong-coupled blast-waves are formed at pressures

above 200 mTorr in the NM laser-experiment. These shells are

thin (AR/R = 0.03) dense (ps/p0 = 10) cool (Ts  1 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
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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?( 25) Kilb claims that the radius of such a shell

scle.ik 1/4
scales like R - (Vdt/p) I , where Vd is the initial debris velocity. We will

attempt to address these and other issues in future work.
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Figure I 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 3 Shadowgram of a shock wave at 52 and 96 nsec in a 5 Torr ambient

(N 2+H 2 ) 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).
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"Figure 5 Schematic radius versus time dependence of expansion front. The
!i standard blast-wave regime occurs after the front has picked up

several debris masses of ambient material but before the shell

speed nears the acoustic speed.
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Figure 6 Normalized density p, pressure P and flow velocity near the

shock front for Y - 1.2 ideal blast-wave. Note the very thin

shell. Taken from Ref. (12).
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Figure 7 Plot of shock front positions R as a function of the normalized

blast-wave scaling parameter for the entire data set outlined in

Table I. Note the excellent consistency with blast-wave scaling

with 0.092 R .0.123.
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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

f ront.
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Old? ATTN DONALD HANSEN 5AK DIEGO, CA 92121
01CZ AXIS IRWIN JACOBS

ILLINOIS, UNIVERSITY OF
107 COBLE HALL LOHED NESSIMZ & SPACE CO., INC
150 DAVENPORT SOUSE P.O. DOE 504
CHANPAIGH, IL 61820 SUNNYVALE, CL 94088

(ALL CORRES ATTN DAM MCCLELILAND) Old? ATTN DEPT 60-12
.. qJOld? ATTN K. YEN Old! ATN D.1t. CHURCHUL

INSTITUTE FOR DEFENSE ANALYSES LOKEE MISSILES & SPACE CO.,* INC.
1801 NO. REAUREGARD STREET 3231 HANOVER, STREET
ALEXANDRIA, VA 22311 PALO ALTO, CIL 94304

* Old! ATTN 3.)!. AEIN 01C0 ATT- MARTIN WALT DEPT 52-12
Old? ATTN ERNEST BAUE Old? ATTU W.L. IOF DEPT 52-12
OICY ATTU HANS WOISARD 01CY ATTN RICK=R 0. JOHNSO= DEPT 52-1 2

4..,OICY ATTN JOEL BENGSTON Old? ATIN JJB. ICLADIS MEE 52-11

INTL TEL & TELEGRAPH CORPORATON HARMIN ARIETTA CORP
500 WASHINGTON AVENUE ORLANDO DIVISION
NUTLEY, NJ 07110 P.O. BOX 5837

Old? ATTN TECHNICAL LIBRARY ORLANDO, FL 32805
Old? ATIN R- HEFINER

JAYCOR
11011 TORREYASA ROAD
P.O. BOX 85154

--.
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S.

,.' MCDONNELL DOUGLAS CORPORATION PENNSYLVANIA, STATE UNIVERSITY
5301 BOLSA AVENUE IONOSPHERE RESEARCH LAB
HUNTINGTON BEACH, CA 92647 318 ELECTRICAL ENCIJ;EER NG EAST

OICY ATTN N. HARIS UNIVERSITY PARK, PA 16802
OICY ATTN J. MOULE (NO CLASS. TO MHIS ADDRESS)
OICY ATTN GEORGE ROZ OICY ATTN IONOSPHERIC RESEARCH LAB
OICY ATTN W. OLSON
OICY AT7Ni R.W. RALPRIN PHOTOMETICS, INC.
0ICr AT TECHNICAL LIBRARY SERVICES 4 ARROW DIVE

WOBURN, NA 01801
MISSION RESEARCH CORPORATION OCf ATTN IT.VING L. ZOFSI
735 STATE STREET
SANTA BARBARA, CA 93101 PHYSICAL DYAMICS, INC.

OCY ATTN P. FISCHER P.O. BOX 3027
OICY ATTN W.F. CREVIER BELLEVUE, VA 98009
01CY ATTN STEVEN L. G2TSCHE OCr ATTU E.J. PREMO W

" OICY ATIN R. BOGUSCR
OICY ATTN R. HENDRICK PHYSICAL DYNAMICS, INC.
OICY ATTN RALPH KILB 'P.O. BOX 10367
OICr ATTN DAVE SOWLE OAKLAND, CA 94610
01CY ATTN F. FAJEN 01CY ATTN A. THOMSON
OICY ATTN N. SCHEIBE
OICY ATTN CONRAD L. LONGMIRE R&D ASSOCIATES
OIC B. WRE P.O. BOX 9695

MARINA DEL REY, CA 90291
MISSION RESEARCH CORPORATION 0ICr ATTN FORREST GILMORE
1720 RANDOLPH ROAD, SE OCY ATTN WILLIAM B. WRIGHT, JR.
ALBUQUERQUE, N 87106 01Cr ATTU ROBERT F. LELE TR

01Cr ATTN L STELLINGWIP OCT ATTN WILLIAM J. URAZAS
OICY LIN M. ALHN GICT ATIN R. OR
OICY ATTN L. WRIGHT 01Cr ATTN C. MACDONALD

0ICY ATTN R. TURCO
MITRE CORPORATION, THE 0ICY ATTIN L. DRIADO
P.O. BOX 208

BEDFORD, MA 01730 RAND CORPORATION, THE
0ICY ATTN JOHN MORGANSTERN 1700 MAIN STREET
01CY ATTN a. HARDIN SANTA MONICA, CA 90406
01CY ATTN C.E. CALLAHAN 01Cr ATTN CULLEN CHAIN

OICT ATT ED BEDROZANl
MITRE CORPORATION
WESTGATE RESEARCH PARU RAYTEON COMPANY
1820 DOLLY MADISON BLVD. 528 BOSTON POST ROAD
MCLEAN, VA 22101 SUDBURY, MA 01776

01CY ATTN W. HALL OICr ATTN ARALRA ADAMS
01Cr ATTN W. FOSTER

PACIFIC-SIERRA RESEARCH CORP.
-, 12340 SANTA MONICA BLVD.

LOS ANGELES, CA 90025
.. OIC ATTN E.C. FIELD, JR.
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SCIENCE APPLICATIONS, INC. TY DFEZES" & SPAME SYS GROUP
P.O. BOX 2351 0U SPACE PARK
L.A JOLLA, CA 92038 REDONDO BEACH, CA 90278

OICY ATTN LEVIS H. LINSON QICY AM, R. K. PLE3UCH
O1CY ATTN DANIEL A. RA'LIN OICY ATT S. ALTSCHULER
OlCY ATTN E. FRIEMAN SIC! ATTN D. DEE
OICY ATTN E.A. STRA.ER @ICY ATTX D/ STOCIEL,
01CLY ATTN CURTIS A. S'ITRl SNT/T1575
01CY ATTN JACK MCDOUGALL

SCIENCE APPLICATIONS, LNC SOOT BEDFORD STREET
1710 GOODRIDGE DR. BURLINGTON, MASS 01803
MCLEAN, VA 22102 SICY AXTN W. RUDY

ATTN: J. COCkAyNE OICY ATTS4 J. CAPENTER.
SIC! ATTN C. HMREY

SRI IN E NATIONAL
333 RAVENS 0D AVENUE
MENLO PARK, CA 94025

OICY ATlN DO3ALD IEILSOX
O1CY ATTN ALAN BURN'IS
01CY ATTN G. SMITH
OCY ATTN R. TSUNODA
OCY ATTN DAVID A. JOHNSON
01CY ATTN WALTER G. CHESNUT
OCY ATTN CHARLES L. RLNO
0IC! ATTN WALTER JAYE
0ICY ATTN J. VICIKREY
0ICY ATTN RAY L. LEADABRAND
01CY ATTN G. CARPENTER
0IC! ATTN G. PRICE
SIC! ATTN R. LIVINGSTON
OICY ATTN V. GONZALES
SIC! ATTN D. MCDANIEL

TECHNOLOGY INTERNATIONAL CORP
75 WIGGINS AVENUE
BEDFORD, MA 01730
OICY ATTN W.P. BOQUIST

TOYON RESEARCH CO.
P.O. Box 6890
SANTA BARBARA, CA 93111

01CY ATTN JOHN ISE, JR.
OICY ATTN JOEL GARVAINO

4.
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