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CROSS FIELD JE llING OF ENERGETIC IONS PRODUCED
BY RAYLE IGH—TAYLOR INSTABILITY

I. Introduction

A high attitude nuclear explosion (H.ANE) can lead to cross field

transport of debris which in turn produces energetic trapped betas on

L shells considerably higher than the one on which the detonation took

place. The jetting model currently used in the SPECTER code is

an estimate from ad hoc arguments. In this work the cross field transport

of charged debris, during expansion of the debris sphere, is modeled

by considering the Rayleigh-Taylor instability in a linear calculation.

The model considers three phemonena. Two provide energy sources for

the instability and the third provides a damping mechanism. The damping

mechanism allows estimates of minimum wavelengths for the modes as well
as critical thickness and temperatures for onset of the instability.

The first phenomenom which can initiate the Rayleigh-Taylor instability

is the laminar like accelerations of a percentage of the ions within the

shock1. Essentially this leads to a three species description of the

plasma. Particle simulations of an advancing shock have demonstrated the

existence of these accelerated ions which have densities of approximately

1O~ of the ion density in the shock. The third species causes a space

charge with the resultant electric field. The result of this is the

Rayleigh-Taylor instability. The second source of energy for the instability

is the curvature of the magnetic field lines caused by the bubble expansion.

This force is more apparent during early phases of the bubble evolution.

Finally, there is damping of the instability provided by finite Larmor radius

corrections to the inomintum equations (i.e. magnetic viscosity). The dasçing is a
Note : Manuscript submitted June 25 , 1979.
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function of the instability wavelength and is directly coupled to the

thickness of the debris shell as well as the perpendicular presst~ e of the deiris.

In this report a simplified model for prediction of these effects

will be presented. Details of the calculation of all three phenomena are

discussed in Appendix A and B and some samp~.e estimate of growth rates,

wavelengths and mass transport are presented in Appendix C.

II. Model

In this model we make use of the growth and damping rates represented

by Eq. A-2l and Eqs. B-9, 1), 11. Use is also made of some acaling relations a~~1daI

by Dr. Robert Clark. These relations have been previously provided under

this contract. As in Appendix B, we work in cylindrical coordinates where

the B field is in the ~ direction and displacements are in the r and z

direction , Fig. 1.

The growth rate from the laminar acceleration is represented by the

following equations

/ f 12y = k V IL 
- 

z A 
k2LL(k2 - ilL2)

— 1 ii1 
p ’ —1 B ’

where L
n ~~ ~~~~ ~ L~ l~~I, VA is the Alfven speed and f is the

fraction of Ions acceleratad in the shock, typically lOs. In this report

is taken equal to L
m• Equation u - i  provides one of the restrictions on

xz,

~~ 
<2 TrL 11-2

It should also be noted that as 
~ °~~L 

-, constant. The dan~ ing rate2



produced by finite larinor radius effects is calculated in Appendix B.

and is found to be

3 ~~ 
k k

11-3
powci

The growth rate due to the centrifugal acceleration, calculated in

Appendix B, is represented by one of two relations:

( k ?
Vct = 

~~~~ r )  II-~i.I a

l1.1Tp k T  ll.i7Ø k T L 2
or if (B’)2> o r  

~~ ~~> 
o r  J.m

0 L
1~ B 2Lo n

B
.~~~._o LL \I~ 115

~cII ~~L t~Pa orT

Equations 11-1,3,5 lead to estimate of the minimum wavelength in the z

direction ie: the condition for growth is

ii-6

Where Eq. 11-5 is the limit most likely to occur in this problem,

usiug equations u - i , 11-3, and 11-5,. one obtains the following relation

~~ + (L)1 ~ 
p k k  11-7

L~ L~~°1 2 2 
~o~ci ~

or

,~ > 
l2n 2 Lnkxp.J.VA PA 11-8

a 
Bo

2m j [(
~.!)*+ (f/2 )~~]p

3

~~~~ 0~~~~~~~~~ 
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Equation 11-2 and 11-8 provide the upper and lower bound on ).
~~~
. One

additional condition is required to complete the discription that is

<ir R . This implies that the wavelength must be less than the upper

half of the circumference of the bubble. These three conditions determine

the time ‘f onset for the instability and provide additional information

as to possible orientation of region of maximum instability.

The next estimate required is the amount of mass invoiv&l In the inaabi.lity.

If we consider a typical sinusoidal oscillation as the perturbation, an

estimate of amount of debris can be achieved. See figure 2.

If Cr 
< X/4 and X/li. < R we can assume angles e and ~ small and arrive

at the following relation

Z 11—9Cr i~~

where 
~ 

mu8t be less than ~~, the coupling shell thickness. In order

for the instability to remain in the linear regime it has been shown2 that

- 
. C~ 

< We will take .1 ).~~~. As the instability progresses into

the nonlinear regime most of the mass involved can be reasonably es-

timated by the area within the linear regime. The area subtended by

a triangle which covers the ejected mass regions of a single oscillation

is approximately

11-10

The total mass ejected per lobe is then estimated by poALe and the total

4



number of debris particles is estimated by

DT ~ 
11—11

The scale length, ~~~~~, is considered to be the wavelength in the G

direction. Since the Rayleigh-Taylor instability is a flute type mode

typically k B ~ 0, however there can be finite k11 or in this case
as long as k il /kA < (melmj)k This establishes an upper baindon A

lower boimd is approximately half the hemispheric distance in the 8 direction

so the minimum L8 =~~~~~~. Here we will take the conservative estimate

L e 
= = . The volume of debris involved in each outward jetting

lobe can now be calculated from Eq. lI-il.

The scaling used in this model was obtained from numerical calcu-

lations by Dr. Robert Clark. We begin with the usual kinetic energy

relation

= 1/2 M0U
0

2 11-12

where is the kinetic yield in ergs.

Assuming complete coup ling and PA(R) 
‘-

~ const

M u 
(M + ~ 1rR

3
PA)u

more exactly M u  — (M0 + Ri e 
~~~ 

)dR’ )u

If we def ine R~~ 14j(4/3 rTpA ) as the radius at which a weapon mass of

air is swept out then the following scaling appears:

u/Iso — 1/Cl + R~ /R~~ ) 11-13

~~~~ 0~~~~~~~~~



= 1 + R3/R 3 11-14

u t  = R( 1  + 1/4 R ~~*3) 11-15

Making use of the marginal stability criterion for the ion-ion instability

and asannlng 8e is less than unity, a scaling re latim can be derived fo r the

B field in the shock as a function of radius

u(4rrpA )~B~~ - 2.5

Using Eq. 11-13 we obtain the relation

B 
~ 

u ( 4
~

pA
)
~ 

/2.5(1 + R3/R 3) 
11-16

where B0 � BA must hold . This relation is an underestimate of the

B f ield as the ion-ion instability has already begun. Comparisons with

simulations show that a factor of 3 is necessary to bring this relation

into agreement with the simulations . Therefore, the factor ~ is set

equal to 3 in recognition of this fact.

The scaling of temperature is obtained by noting that Ti <

must hold because Landau damping for the ion-ion instability occurs

where v - VA ~ 
- We then use the following scaling:

2 — kTmu — kinetic

(kT
i
/mju

2) .2

therefore kT 1 
.04 miu2 

— .04 kTkj ti 11-17

Substituting Eqs. ii-i6, 11-17, 11-13 into Eq. 11-8 we obtain

6



12TT2k L (  .04 )m1u2 0A
Z 

>
w B ( ~~~~~)~ 

((PA /P
~)~ 

+ ( f/ 2 ))~~~

or

3rrL k ( .04 )(2 .5)2 m C
n r  i

~~~ 4~7p ~ (( ~~i 

~
) 
~ 

+ (f/2 )~
) 

e 
-

This minimum wavelength can now be estimated if kr and Ln are known.

We estimate the maximum to be the coupling shell thickness, ~,and

estimate the density and magnetic scale lengths to be the e-folding

distance of half the coupling shell thickness, Ln — .37 ~/2. From

simulations of Dr. Clark it is found that the coupling shell thickness

with respect to the magnetic bubble radius varies with time. For reasons

to be discussed in the following paragraph the instability will have its

onset when approximately one weapon mass has been swept out. For Starfish
*

the time at which R = R is approximately 120 asec , at this time ~ .025R .

*
The estimate that the instability onset begins at approximately R=R

is determined by Eq. 11-2 . At thi s point in the dynamics a variety of

effects appear but the dominant effecl~ are the drop in temperature and

continued increase in the coup ling shell thickness allowing the condition on

Eq. lI-I to be met. Applying this scaling for kr and L~ ,Eq. 11-2 and

Eq. 11-18 can be written as

< 0.37 t112 11-19

7



and

6112( .37)( .C)4)(2.5)2
Z 

~~2(4~~~~ )~ [PA /oo ~ ) + (f/2 )~] 
11-20

An additional piece of information is also available from Eq. 11-19.

The coup ling she ll thickness is a function of ang le with respect to the

magnetic field approximated by

~(R ,e) = ~ (R)/sine , 0 > 0 0

where is the angle at which coupling fails, e0 — /~/R.

Equation 11-19 prov ides the major restriction to the onset time of the in-

stability. As can be seen, increasing ~ leads to earlier onset of the mode,

therefore there will be a preferred direction to the largest modes. Since

the field lines are frozen into the plasma and the instability is a flute

instability k• B = 0, the region of max. ~~~, where the expansion is per-

pendicular to the frozen field line, will be some angle between field

alignment, e = 0 and perpendicular to the ambient field line e = ~/2, but

will easily satisfy the condition e > 8. For symmetrical

expansion into a B field in a constant density atmosphere, one expects two

regions of earliest onset, see Fig. 3. However, the atmosphere is exponential

and therefore one has a preferred direction along the ambient density gradient

where ~ will actually be the largest, Fig . 4. This argument suggests that the

region of maximum growth will be in a direction slightly southward and

essentially upward for Starfish, Fig. li . This model predicts onset of the

*
Rayleigh-Taylor instability at a time when R = R . At this time the wavelength

is estimated to be

m.~c 48
X > —  5. 11—21z e 

~~~~~~~~ ~~ [CPA/o0~~ 
+ (f / 2 )~]

8



and the number of debris atoms injected is represented by

R 11-22
N
D = 2O

~~ ~~

Here n.0 
is taken to be 0 .5  ( n )  with n 4 where is the ambient

ion density, K is as usual the radius df the bubble and is the ambient

mass density of the ions. Generally all quantities labeled 10 are defined

in the coupling shell and the ambient is defined to be the air located at

the shock.

III. Suzinary

The Rayleigh-Taylor instability is found to be unstable with growth

rates determined by Eqs. 11-1,3,5 and wavelengths determined by 11-2

end 11-21. The wavelength and the total number of debris particles trans-

ported across the field lines, ND, are found to be functions of altitude .

The instability appears to onset lehen a weapon mass of air has been swept

out by the expanding shock front. From conniderations of the relative

thickness, ~~~, of the coupling shell a directional dependence can be surmised .

The direction most optimal for the instability appears to be oriented in

the direction of the ambient density gradient.

For the purpose of modeling the following relations appear to produce the

appropriate results. The wavelength is

5.48 m~c
xz = ~~~~~~~~~~~~~~~~~~~~~~~~~~~ (f/2)~]

where ~ = 3, p is the mass density in the coupling shell, f = °~
1’~ A is the

ambient density at tie coupling shell and m1 = 27 m The total number of debris

- - - -_

~~~~~~

__

9
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particles transported across the field lines is computed by the relation

20

with 11D 
= 0.5 n5 

where n
5 
is the density in the coupling shell and n — ~

where is the ambient mass density at the coupling shell altitude. The

* *
8 scale length is taken to be = IT R/2 where R ~ R and R is the radius

at which one weapon mass of air has been swept out.

10



Appendix A. Linear Calculation of Rayleigh-Taylor Instability

Dr iven by Shock Acceleration

In this calculation it is assumed that the shock is moving

perpendicular to the magnetic field lines. The shock, spatial gradients

and force are taken in the 2 direction with the magnetic field in the ~

direction. Three species are considered. The electrons and ions

moving in the shock frame of reference and a third species com-

prising approx. l0~ of the density, accelerated within the shock with2

a force F = ~ , where V is the Alfven speed and , L is the
L mm

magnetic field scale length. Further, it is assumed that the magnetic

field is frozen into the p lasma .

Five variables are unknown, the perturbed velocities for the two

ion species and the three perturbed densities. Therefore, f ive

equations are necessary. Consider the general momentum equation:

n
jrnj ~~J- + n

j
mj(v. 

.v)v~ = q
j 

v~ x + n
jqj~ 

- VI~ + n
3
F~ A-i

and apply the following scaling Wci >> . ~ and ~ce >> w~~ . This

implies that inertial terms can be neglected and that v 
i’Wce << “ie~~ci

represents collisional drag or acceleration depending on the species

and is in the 2 direction. With this ordering the electron momentum

Eq. becomes:

n~q5(E + Ye x 
~

j •_VPe + 
~e~e - 0 A-2

11



The ion momentum equation to lowest order in the cyclotron frequency

becomes:

q
~ ~~~~~~(Yj  

x B)+ n1q~ E - VP
1 + n~F

1 with I = 1,2 A-3

so that the lowest order in velocity is:

B xV P B x F
v~~°~~= + c  ~~~~~ 

-i
-i 

~~n~B
2 q~B

2

To the next order one obtains

mimi 
[

~~~~(O) 

+ ~~~~~ v)v~~(0)] = ~~~~ [E + ~~~+n 1F 1 A-5

In addition to Eqs. (A2 and 5) we use the continuity equation

+ V .(n ~v~ ) = 0 A-6

and the ideal gas assumption

P~ = n~T~ A-7

We shall assume charge neutrality, V . J = 0, and incompressibility,

V . !j = 0. Further, we substitute 
~~~~ 

for V . in the equations and

then write to reprase~t Yi~
°
~~ 

Thc assumption that ~~
(o)

i~ equal

to the v is valid if cB x E cB x VPe cE x F which is—i — —- — - e
c 

n q B 2 q B 2e e  e

generally true . Therefore, Equation (A-6 ) becomes

- + v ~~.Vn 0 A-8

12
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Adding Eqs . A-2 and 5 we obtain

dv 1 dv2
n1

tn~ ~j— + n2m2 ~~~~~
— = (n~q0 

+ n~q~ + n2q2
)E + (n~q~v~ + n1q1v1+n2q2v2)x —

- V(P + p1 + 
p2) + n F e + n1F1 + n F 2 

A-9

Recall that V•J = 0 implies that one can write

J = — e  x V i ~ A-b

where ~i is a scaler potential function such that J x B —BVip.

Using Eq. (A-l0)in Eq. (A-9)and maklng uaeof quasineutrality, we obtain

dv1 dv
n1m1 ~~~

— + n2m2 = -VP + ~~~~~~ A-il

where ~ — 
~e + + + BII) and we have assumed this problem is electro-

static. At this point two ways to approach the problem are avajlable

either linearize Eq. A—fl as it stands using f1 
= f

1 ~~~~~ 
— ut) and

keep fourier components In both directions, x and z, or move to a center

of mass of motion for the ion species and then linearize. If the first

option Is applied one must use energy conservation to close the set of

equations. The result, to first order in k, is a complex cubic equation

with complicated coefficients. The second method which will be followed

here requires the following definitions:

En~m~ v~
V where p = ~~n mp ii

F = E~n~F~ and the perturbation takes the

form f(x z) = F(z)e i~~xx — ut)

13



Incompressibility Is still required for the center of mass velocity as

well as the individual ion velocities. Equation (A—il) becomes

p~~-~~~~— V ~~+~~ (A— i2)

when V•V = V.V
1 

— V~V2 
= 0 is used . Taking the curl of Eq. (A—i2), and

noting that V0 is in only the x direction since the calculation is done

in the reference frame of shock moving in z, and linearizing the resulting

equation leads to

p 0 { — ik
~ d~~ 

+ 
~~~ 

} + p = — i k F  (A—13)

Apply ing V •V1 = 0 to equation (A—l3) leads to a second order equation

~V i k For 3 p lz 
— k2p ~~ = — 

x—lz (A—14)az o az x o lz (u—k V )
- x ox

Since we are in the shock f rame all accelerations on the shock are zero

with the exception of those generated within the shock itself. The force

on the second ion species is due to a type of laminar acceleration within

the shock.
1 Therefore, the force term reduces to F 1 n21F2. In order

to proceed the force term is multiplied and divided by a factor of p, where

the ratio of the perturbed density to the perturbed center of mass density

is taken as zeroth order so that

n F  
-

n F -~~
pzi 2 1 2  1 p

1

Linearizing the center of mass continuity equation

ft + V’V p — 0 (A—l5)

14
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one obtains —i(w-- k Vox)p 1 + V1 p 0. Solving for p1 and substituting

into the force term one can rewrite Eq. (A 14)

k2F p Vf P~f V1 
— k~ oV1z + o lz 

— 0.
x o x

The solution to this equation is easily obtain and has the form,

± iKz
V e elz

where

/ - \2 
F k P ~/

= ~~~~~~~ + (u-k V ) 2 
— k2

The boundary conditions applied to the oscillatory portion of the solution,
±iKz

q — e , leads to the quantization condition.

K2d 2 = n2 12 (A— 17)

where the boundary conditions are q = 0 at z = 0 and q = 0 and z = d. With

z measured from the peak of the shock profile and d is the distance to the

foot of the shock from z 0. Using Eq. (A—17) leads directly to the

equation

• -3 
~~~~~

- 1/2

(u - k V ox) = kx ( ° ø .. 2
__) (A—18)

Now p
~
/p0 

— —1/L on the front side of the shock and there will be a growth

rate from this mechanism if

+ (
~
) > (P/)

2 
- 1/12 (A—19)

- — - — -— 

15 
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If (~~)2 > the mode will become convective. One can then estimate the

order of n that will allow the mode to grow. Since £ = de 1
, then n~ < -4

must be met. This means only the n = 0 terms will allow growing modes.

Therefore, the wavelength of the instability must obey

< 2~r.Q . 
(A—20)

Providing this condition is met the growth rate becomes

(~~~~~
If 

\1/2

y = k V
A~~
2L(.( )2)) 

‘ (A-21)

where f is the fraction of accelerated ions and L the scale length of
in

the magnetic field. En the cylindrical coordinates employed in the main

body of this work k~
-3.k

~
.

16



Appendix B. Rayleigh-Taylor Instability Driven by Centrifugal Forces

To calculate the effects of centrifugal forces and the Larmor radius effect ,

it is necessary to work in cylindrical or spherical coordinates. For this

problem cylindrical coordinates allows the necessary physics to be described ;

therefore, we will work in thIs system. Here we will work in Lagrangian

with the various quantities described as follows:

= (0,B8
(R),o) R(t) = R(t0) = ~( t )

R (t )
U (t ) = ° = 0 u

1
(t) = = iw~

where = 

~~r’ 
0, c5 ) and = f1e

t ~~~~~~~~ (tot)

Four equations are necessary, we use: Faradays law

1~~B
-~~~— = V x u x B ,where Ohms Law B-].c~~t - - -

E + U x B/c = 0 has been used, the momentum equation

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ B-2

, the continuity equation

~ 
.(n ~) 0 where we assume V .U = 0 B-3

and finally we assume for the pressure equation, the ideal gas law

P= n T  B-14

Equations B-1,4 are now linearized . The off-diagonal pressure elements

provide the finite Larmor radius effects. The off-diagonal pressure are

represente’.A in the following fashion,

1~ z ~ur
11 - I T  1 +rr zz w

C1 L~ ~
f B-5

IT P / 2w
j[~~~ 

- ~~r]

17 _
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where TT~~ = 1Trz • The set of linearized equations consisting of two com-

ponents of the momentum equation, Faradays law and the continuity equation

are the placed in matrix form and the determinate set to zero to determine

the frequency. After considerable algebra a dispersion relation accurate

to the second order in k is obtained

G ± (G 2_4A )~
2 

B-6

2

where G = - 

p0 (0 0
K ) )  , A = ~ n~ /p 0 + ‘~;~G~

) (B)2)
k~P ,~

with 5 ~ (,~
3/r + — - (3/2 k )

ci o

P k  ,
J.
W i v n~~~r

i Tk

and

€ - + ~~ ~~2~) 
kr 

- ikr2)

K P:/2wci (k (l/r + l/r~~~~~) 
_k
rkz) 

-

Neglecting terms of order l/r2 and k3

G ~~~~~ (3/r + h r  0 
- I 3/2  

k )  
B-7

18



Equation B-6 is in a form to be hand led numerically since all of the components

are either zeroth order term s or must obey scaling relations which have to be

postulated to proceed any further .

The functional dependence of the growth rate for the wave can be ob-

tained by approximating or expanding some of the components of Eq. B-16.

For example, if one assumes the gyro-radius terms are smaller than the curva-

ture term then

4A>G2 or (C2 - 4A)~~~ 
i2A~ (1 - G2/8A )

and - ± ~~~ (1-G2/8A ) . B-8

The variable, A, can be approximated in three separate forms:

case 1 
A~ 

ikrTjnt 
~~ 11 - + 

2

[ 8 i rk T n ’ Vt ~r /

case 2
¶ iB

+ 0

2r(pTT )~ 
2

case 3 / 2

A - ± ~ 
~ (p0IT)~ ~~ 

- 

r2 (~)~
)

Since G is complex there will be both a real frequency and a growth late.

The three cases lead to the following solutions:

case ]. I m A > R e A

• P k T n  
~ i B

2

— - 

~ 
P:U)C1 

k k  ± 

~‘) ( + 
&tk T n ’ 

[B~2 + (
~
) ])

r i o  B-9

P k  k T  n ’~~~ B 2

~~~~~~~~ (3/r+n
’
/n)~~
(
~~

±_ l
~~~
) 
(‘
~~~~k:T~

fl
~ 

[3
i2 +(... ~

) 1)
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/ \~case 2 lB In > B’2 > m A
\o /  0

P ° B I ~~~/ 2rrk T n ’
k k  ±~~ t—~--4 ~ 

r~~.o
r z 2r ~~ p I T/  \ B 2/r2

Wr 
— 3 /2  

~~~~ (3/  
+ )r~

..2 ~~~ 
(1 G~irY~) 

B-1~

case 3 
B

’2

~2 _ >  1/n2 > ~~~~~~~
-

B 2 B 2
0 0

— - 3 /2  —i--- k
rkz 

± 1/2 B~, (
~
)
~ (1 

- ( B )2)

Pr °k / %.~~~. /�r k T n ’ ~ B-l l
— 
i Z (3/ /~~~~~~~~ )FB ’ 1_Li z f - 

r i o
r ° ° ° 

~~
‘O )  \ B’2

As can be seen from these relations, the finite larmor radius terms

provide a damping term and the curvature affects provide a growing term .

For the work of current interest only case I or 3 are of interest. Typically

case 3 appears to be the dominate limit.
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Appendix C

Here we make an estimate of the various quantities derived in Sec. II

of the report. We take the following parameters from calculations by

Dr. Clark.

fl~ = 27mp ‘~ .025R

R % 220km ni 4nA
f ~~O.1 ni~~~

l x  106

nA
’
~~
2.5xlO n0

3
~~
.Sni

“~ 6.68 x p
0 

‘
~
. 4.5 x io—l7

With these parameters we find the following sizes for the parameter. From

Eq. 11—21 we obtain

A ‘~~2 .8x1O
6 cm for cx lz

C—l

A ” ~ 3 .1x 10
5 cm for ct 3

From Eq. 11—22 the total number of debris atoms can be calculated using

C—i.

~r 2n .. A RI
ND = ~~ ~ 1.52 ~ 1o~

8i~ ‘ a = 3

9.15 x 101810 , a = 1 

C—2

Now C—2 can be completed if we know L~. If we use

10 = Xe = A~ (mi) 
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then ~~ 1.09 x io
8. If we use -R then 6.97 x I0

7
. Actually

because of the effects of the exponential atmosphere in as discussed

in section II. We estimate £
~ 

~ TrR/2 and use this as a lower bound on

Then £
& ~ 

3.5 x 1O
7 

and

N
D 

‘
~ 5.3 x ~o

25 
Oi. = 3 C—3

mm

ND ~ 1.7 x io
26 

~ = 3 C—4
max

using the upper bound as

Using the result from C—i the total number of wavelengths that will

f i t on the bubble is

N = “~ 2.23 x io2 a = 3w
C— 5

N ~ 25 , a = 1
w

The growth and damping rate have the following magnitudes . First we

calculate some useful parameters

V
A ~ 

.3/(4lrp
A
)11’2 ~ 3.2 x

R ~~ R*

u ‘~‘ u /20

2? \ 1/ 2
1.7 x io8

B “ czu0 (4~ p A
) 1 h ’ 2 /5
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From Eq. lI—i and 5

+ 
~CN 

~~~[(PA4
)h/2

+(f/~)h/~
j
~ 1.91 x io2

From Eq. 11—3

— 1 . 5  ( . 0 4 )  u2 -
~~

-
~~ 

-~~-~ - 

;
~c

— 1 .21 x io2

Y Y D
+ YL +1C~~~~

7
~
l x 1 O  C—6

This mode will e—fold quite rapidly after onset of the instability.
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Fig. 1 - Coordinate system for the general calculation.
In the bubble B =  B(B).

9.—

R

Fig. 2 - Linear deformation of the plasma surface during growth of
Ray leigh-Taylor instability . 

~r 
is the linear displacement , typically

less than 207. of X.
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~ min

Fig. 3 - Expansion of bubble into constant density atmosphere. The
development of the coupling shell is symmetric about Amin . For cou-
pling to occur e > e j~ip~. 

Regions of earliest onset are demarked
~max. 

0

S 
f~~no

L—~~~-~~~~ 7
7~ ~~~

~~~~~~~~~~~~ ~.‘ 7 ~‘ ~~~ 7~
,~
‘ 

~~~~~ ~
,- ~
,‘

~~~~~~~ L.~IEIax 
~ 7 .‘ 

~~~
~~~~~~~~~~~~~~ / 7

Fig. 4 - Expansion of bubble into atmosphere with density gradient
directed upward and field line s directed obliquely to the gradient.
Coupling shell has lost symmetry and ~max is directed at an angle
to both An0 and the field line . Region for earl iest onset of the
instability is demarked Amex.
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WHITE SANDS MISSILE RANGE, r~.l 88002 AIR FORCE AVIONICS LABORATORY

01Cr ATTN AT&A—SA WRIGHT—PATTERSON AFB , OIl 45433
01Cr ATTN TCC/F. PAYRN JR. OICY ATTN MD WADE PRiNT
01CY ATTN ATU—TAC LTC 2. FPESSE 01Cr ATTN MD ALLEN JOVISON

COBE~ 70ER DEPUTY CHIEF OF STAFF
NAVAL ELECTRONIC SYSTEMS COBPW.0 RESEARCH , DEVELOPMENT , I ACQ
WAS*IINGTOW, D.C. 20360 DEPARTMENT 0 TIE AIR FORCE

01Cr ATTN NAVALEX 034 T. FRJG*-4ES WASBPII-GTO4, D.C. 20330
01Cr ATTN PME 117 01Cr ATTN AFRDQ
01Cr ATTN PIlE 117— T
01Cr ATTN COOE 5011 HEADQUARTERS r

ELECTRONI C SYSTEMS DIV ISION/XR
COJE%A?OI r.G OFFICER DEPARTMENT OF THE AIR FORCE
NAVAL INTELLIGENCE SUPPORT CTR PIANSCIX i AFO , MA 0173 1
430 1 SUITLABO ROAD , BLDG. 5 01Cr ATTN VA U. DEA5
WA SHINGTON, D.C.  20390

01Cr AT TN MA. DUBBIPI STIC 12 HEADQUARTERS
01Cr ATTN NISC—50 ELECTRONI C SYSTEI6 DIV ISIOW /YSEA
01Cr ATTN CODE 5404 2. GREET DEPARTMENT OF YME AI R FORCE

MANSCOM MB, MA 017 $!
01Cr AT’S YS€A
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GENERAL ELECTRIC TECH SERVICES CO., INC. KAjIAN SCIENCES CORP
APES P . 0. BOX 7463

COURT STREET COLORADO SPRINGS, CO 80933
SYRACUSE, NY 1320 1 01Cr ATTN T. P€AGIIER

01Cr ATTN 0. MILLMAN
LIPI(ABIT CORP

GENERAL. RESEARCH CORPORATION 10453 ROSELLE
SANTA BARBARA DIVISION SAN DIEGO, CA 9 2121
P. 0. BOX 6770 01Cr ATTN IRWIN JACOBS
SANTA BARBARA, CA 93111

01Cr ATTN JOlt, ISE JR LOWELL RSCH FOUP-CATION, UNIVERSITY OF
01Cr ATTN JOEL GARBARING 450 AIKEN STREET

LOWELL , MA 01854
GECPPIYSICAL INSTITUTE 01Cr ATTN K . BIBL
UNIVE RSITY OF ALASK A
FAIRBA ’~ S, * 99701 M . I . T .  L INCOLN LABORATORY

(ALL CLASS ATTN: SECURITY OFFICER) P. 0. BOX 73
01Cr ATTN T. N . DAVIS (UP~ i. OILY) 

LEXINGTON, MA 02173
01Cr ATTN MEAL BROWN (UNDO. O4..Y) 30Cr ATTN DAVID M. TOW LE
01Cr ATTN TEO IICAL LIBRARY 01Cr ATTN P. WALOROW

OCC Y ATTN L. LOLGA-ILIN
01Cr ATTN 0. CLARKGTE SYLVANIA, INC.

ELECTRONICS 5r5TEMS GRP—EASTERN DIV 
MARTIN MARIETTA CORP77 A STREET ORLANDO DIV ISIONMR 02194 P. 0. BOx 5837

01Cr ATTN MARSHAL CROSS ORLANDO, FL 32805
01Cr ATTN R. IIEFFNER

ILLINGIS , UNIVE RSITY Of
DEPARTMENT OF ELECTRICAL ENGINEERING MCDOPA€LL DOUGLAS CORPORATION
URBANA, I L  61803 5301 80*.SA AVENUE

01Cr ATTN K. YEll HUNTINGTON BEACH, CA 92647
31Cr ATTN N. HARRIS

ILLINDIS, UNIVERSITY OF 01Cr ATTN U. POLE
107 CO6LE P-PALL 01Cr ATTN GEORGE MROZ
801 5. P~~IGHT STREET 01-C r ATTN 1.. OLSON
URBANA, IL 60680 01Cr ATT N 9 . V. It#LPRIN

CALL CORRES ATTN SECURITY SUPERVISOR FOR) 01Cr ATTN TECHNICAL LIBRARY SERVICES
01Cr ATTN K. r~

.p

INSTITUTE FOR DEFENSE ANALYSES MISSION RESEARCH CORPORATION
400 ARMY -NAVY DRIVE 735 STATE STREET
ARLINGTON, VA 22202 SANTA BARBARA, CA 9310 1

01Cr ATTN 2. N. AEIN 01Cr ATTN P. F ISCHER
01Cr ATTN ERNEST BAUER 01Cr ATTN V .  F. CREVIER
01Cr ATTN HANS WOLFNARO 00Cr ATTN STEVEN L. GUTSCHE
01Cr ATTN JOEL BEIGSTON 01Cr ATTN D. SAPPEIFIELD

01Cr ATTN A. BOGPJSCH
P155, INC . 01Cr ATTN R. HENDRICK
2 ALFRED CIRCL E 01Cr ATTN RALPH KILB
BEOFORD, MA 01730 01Cr ATTN DAVE SOWLE

01Cr ATTN DONALD 
~~~~~~ 01Cr ATTN F . FA~~N

01Cr ATTN M . SCHEIBE
INTL TEL £ TELEGRAPH CORPORATION 01Cr ATTN COJI~ A1) L. LOdGARIRE
500 WASHINGTON AVEMJE 01Cr ATTN WARREN A. SCILUETER
NUTLEY, N.J 07110

01Cr ATTN TECHN I CAL LIBRARY MITRE CORPORATION, THE
P. 0. BOX 208

JArCOR BECFORD, MA 01730
1401 CNPI VO DEL MAR 01Cr ATTN JO-El MORGANSTE~ I
DEL MAR , CA 92014 01Cr ATTN G. HARDING

31Cr ATTN S. R. GOLDMAN O1CY ATTN C. E. CALLA1WI

JCPAIS lOPE INS UNIVE RSIT r MITRE CORP
APPLiED PHYSICS LABC RATCRY WESTOATE RESEARCH PARK
JOtIS EP% INS ROAD 1820 DOILY PIADI SOT-P BLVD
LAUREL, 70 20810 NGLEAN, VA 22101

01Cr ATTN DOCLJ’EPRT LIBRARIAN 01Cr ATTN W . HALL
01Cr ATTN THOMAS POTEMEA 01Cr ATTN W. FOSTER
01Cr ATTN JOEl DASSOS..LAS

PACIFIC—SIERRA RESEARCH CORP
LOO (I€ED MISSILES £ SPACE CO INC 1R56 CLOVERFIELD BLVD.
P. 0. BOx 504 SANTA MONICA, CA 90404
SIJIIYVALE, CA 91.088 01Cr ATTN E. C. F I E LD JR

01Cr ATTN DEPT 60—12
01Cr ATTN 0. R . CIR.ROIILL PEIIISYI..VANIA ST ATE UNIVERSITY

IOCSPHERE RESEARCH LAB
LOO’II€EO MIS SILES NO) SPACE CO INC 318 ELECTRICAL ENGINEERING EAST
3251 PINID VER STREET UNIVERSIT Y PAW , PA 16802
PALO ALTO, CA 94301. (p-C CLASSIFIED TO TEllS ADDRESS)01Cr ATTN MARTIN WALT DEPT 52 — 10 0 1Cr ATTN IOI SPP-,ERIC RESEARCH LAB01Cr ATTN RICHARD G. .JC**PSON DEPT 52- 12

01Cr ATTN W . I.. IN-POP DEPT 52—1 2
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PHOTOFETRICS, I NC. SCIENCE AFA ICATIONS . I NCOEPCEATED.42 MARRETT ROAD 8400 WEST?AR K UX IV E
LEXINGTON, NA 32173 MC.EUA , VA 02101

01Cr ATTN IRVING I... KOFSKY 01C r AT~~ U. COOCAYNE

PHYSICAL DYNA MICS INC . SCIENCE APPL~ CAT IONS, INC.P . 0. BOX 3027 80 MISSION DRIVE
BELLE VUE , WA 98009 PLEASANTcN, CA 94 566

01Cr ATTN E. J. FRE1~~JW 00Cr ATTN 5.1

PHYSICAL O~~ V-lICS INC . 
SRI INTER A IONALP. 0. BOX 1069 
33.3 RAVENS,,ooO A~ E’&EBER K ELEY , CA 94101 
MEM O PARC, CA ~- 3 2 501Cr ATTN A . T~~~~5ON 31Cr A T ’- UCAN ) NEILSCJ-,

0 1Cr A T ’~N ALL,’. BURNSV S D ASSOC I ATES 
01Cr ATTN 0 S’-IIT-IP . 0. BOX 9695 01C r ATTN L. L. COBBMARINA DEL REV , CA 90291 01C r ATTN DAVID A. .C*-\SQN01Cr ATTN ~3RREST GILMORE 01Cr ATTN WALTER 3 CHES’~~Y01Cr ATTN BRYAN GA88ARD 
01Cr ATTN CHARLES L. RI ’~C01Cr ATTN W ILL IA M B. WR IGHT CR 01C r A rYM WALT Er JAY E01Cr ATTN ROBERT F . LELEVIER 
01Cr ATTN N. BARON01Cr ATTN W ILLIAM J. KARZAS 
-31Cr ATTN RAY L. LEADABRA~O)01Cr ATTN H. ORr 
OIC Y ATTN 0. CA~T EMTER0 1Cr ATTN C. PEAcDcNALD 
01Cr ATTN01Cr ATTN 9. CLVC O 01Cr A ’TM U. PETERS ON
01Cr ATTN 9. PlAICE, JR.RXAB ) CORPORAT ION, THE 0 1Cr AY ~~N V . GONZALES1700 MAIN STREET 01Cr ATTN 0 NDDANIELSANTA MONICA , CA 90406

01Cr A TT N CULLEN CRA I N TECJ-INOIJDc,Y INTrRNATIQMA. CORP01Cr ATTN ED BEDROZ IAN 75 IWI;GINS AVENUE
BEOFORD, MA 017 3CRIVERSIDE RESEARCH INSTITUTE C 1CV ATTN P. P . BOQU I ST80 WEST END AVENUE

M E l YORK , N P -  10023 TRW DEFENSE £ SPACE STS GROUP01cr A T T N  VITCE TRAFAN I ONE SPACE PARC
REXAIDO BEAC H, CA 93219SCIENCE APPLICATIONS, I N C .  3 1C r ATTN R . K . PLEBLCH

~~. 0. BOX 2351 01Cr A T ’ N  S. ALTSCrRJtER..E COL .A, CA 52038 01Cr A~ TN 0. JEE0 1C r A ’~~, LEWI S M .INSOM
01Cr ATTN DANIEL A . EWLIN .IS !O’NE , MC.31Cr A T N  0. SACIIS 19 ~~1AD ApEN~EOIL Y  ATTN E. A . STRAK ER NORTH WEST IN.AST RIAL PARKJICV ATTN CURTIS A . SMITH 8URLINOTCN, MA 0 180301Cr ATTN JACK Y~~DOJGALL 01Cr A” M CHAR L E: — P-~ ’-’REr

01Cr A T N  U. ~~. CJ.-~PENTEQ9AY-E ). CO.

~29 BOSTON ~OST ROAD
S~OBuRY , MA 01776

01Cr AT~N BARBARA ADA’~

SCIENCE APPLICE IONS, INC.
‘P-LNTSIILLE DIVISION
2109 ~ CLI\’C-El AVENUE
, j T E  700
YJ NTSVI LLE , AL 3 5805

01Cr ATTN DALE El. DIVIS
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