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Abstract

The passage of debris from a high altitude (>400 km) nuclear burst over the
ionospheric plesma is found to bé capable of excitihg large amplitude whistler
waveés which cah act to structure a collisiohless shock. This instability will occur
in the loss cone exits of the nuclear debris bubble, and the accelerated ambient
ions will free-stream along the magnetic field lines into the magnetosphere, Us-
ing Starfish-like parameters and accounting for plasma diffusion and thermalization
of the propagating plasma mass, it is found that synchronous orbit plasma fluxes of
high temperature electrons (near 10 keV) will be significantly greater than those
encountered during magnetospheric substorms. These fluxes will last for suffi-
ciently long periods of time so as to charge immersed bodies to high potentials and
arc discharges to take place. Synchronous orbit satellites expecting to operate in
a high latitude, hizh altitude huclear burst environment should be désigned against
this effect as well as the radiation encountered,
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LOINTRODE CTION

Turbulent coupling between the ejected debris plasma and background air
plasma of a high-altitude nuclear burst appears capable of bringing ubout electron
streaming to high altitudes. In the presence of the compressed magnetic field
which can penetrate the debris bubble, plasma turbulence takes the form of large
amplitude whistler waves, These waves can couple the background air plasma
with the expanding debris plasma, Fot electrons are acquiréd and some have
sufficiently large velocities to escape along the distended field lines. The nonlin-
ear wave-resonant particle intéractions produce anomalous resistivity whose scale
length determines the extent of magnetic field penetration into the bubble which, in
turn, determines the rate of escape of B and plasma electrons.

S‘upéralfve'nic debris plasma carn escapé directly through loss cone exits in the
debris bubble since, in general, the cylindrical axis of the bomb cas ing is not
initially aligned with.the direction of the geomagnetic field. The more perpendic-
ular the cylindrical axis is to the field lines, the greater the number of such
escape particles. Their superalfvénic velocities suggest the formation of parallel
collisionless shock waves (Yshock‘ |§ - geomagnetic field). Studiesl' 2 reveal
that such shock fronts are structured by turbulent whistler modes which couple the
ihtoming background air plasma to the shocked debris plasma. Air plasma can
therefore be picked up by the loss cone debriz and accelerated to high altitudes.

The presence of a magnetic field has a significant effect on shock wave struc-
ture. Gradients in the magnetic field give rise tc electron currents that can drive
forni acoustic waves unstable and increase the effective collision l‘requency(B' b
(this dictates the penetration depth of the compressed magnetic field into the debris
bubble, so that the rate of escape of debris and air electrons is profoundly affected).
When propagation is perpendicular to the magnetic field, the magnetic field can
inhibit the electrons from shorting out ion plasma vscillations for wavelengths long
compared with the eléctron gyroradiuss' 6,7,8,9,10 454 wavelengths short com-
pared with the electron gyroradius. 11,12 [ieractions between the ion beam mode
and the electron Bernstein modes gencrate instabilities which are stabilized by
electron heating, resonance broadening, or ion trapping. For oblique or parallel
propagation, interactions of whistler waves with ion acoustic beam modes ™" or
ion-cyclotron beam modes‘l' 2 are likely to be important, and the existence of
whistiers depends upon the presence of a magnetic field,

An instability found to be especially attractive as a collisionless mechanism
for pickup and heating of air electrons is the ion cyclotron beam mode-whistler
mode (current-free) instability that Goldenl' 2 found to be operative along the field
lines and particle trajectories issuing directly from the loss conc exits.
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The collisionless shock waves can be modeled as Mott-Smith layers of inter-
penetrating unshocked (background air) and shocked (thermalized debris-air piston)
flows, so that these layers are natural environmetts for streaming instabilities,

Recent linear dispersion investigations of parallel shock layer52 which form
ahead of the debris plasma issuing from the loss cone exits reveal that, for a given
Mach number MA > M* - 2,77 (MA = Vu'/CA, V,, = shock velocity, CA = Alfvén
speed in urishocked plasma), the shocked hot ion cyclotron beam mode can dlways
drive unstable a particular whistler mode which, in the rest frame of the shock
front, is stationary near the leading edge. An analysis of the shock interior
reveals that the shock Mach number détérmines the portion of the shock thickness
in which unstable whistlers are stationary in the shock rest frame. For MA = 2,77
such modes may stand only at the leading edge, whéreas for stronger shocks
(MA > 2,77, they may stand at all points between the leading edge and some interior
point which is dependent on shock strength., For very strong shocks (MA > 1),
fully one-third of the shock thickness is filled with these modes, which can there-
fore grow to large amplitude and couple the quiescent background air plasma to the
expanding debris -air piston,

2 INSTABILITY EACITATION

The number of such debris particles which enter a loss cohe exit depends
critically on the mass and orientation of the bomb casing just prior to the burst.

In the loss cone corridor, the debris plasma drives a shock wave. This shock is
structured by unstable whistler waves which stand at its leading edge. To verify
that these whistler modes can grow to sufficiently large amplitude to scatter incom-
ing air ions (as viewed in the reference frame of the shock front) the following
analysis is performed: During daylight burst conditions the density of oxygen ions
is n,+~ 105-106, the larger value reflecting maximum sunspot activity. For an
ambient field strength B ~ 0. 3 gauss, this corresponds to an Alfven speed

CA ~ 163 - 516 km/sec irn the ambient air piasma.

For typical initial casing velocities of from 500 km/sec to 2000 km/sec, the
initial Alfven Mach numbers are from 1.96 to 12. 22, A summary of the spectrum
of stationary unstable leading edge whistlers, bhased on the whistler dispersion
relation, 14 is given in Figure 1. It is seen there that a broad range of wave num-
bers can grow to large amplitude during daytime (n ~ 10% cm-a) bursts. To
investigate whether these modes can achieve these large amplitudes in the loss
cone exit, we must calculate the growth rate of these unstable waves. For simplic-
ity we choose 'kICA/Qd - 2 for which MA - 4,12, indicating a realistic initial
debris vei-city ofu 674 km/sée. In this case the calculated linear growth rate
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Figure 1. Summary of Unstable Leading Edge Whistlers
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for lcading edge modes, from the whistler dispersion relation, 14 is v 167
where n is shock strenigth expressed as the ratio of shocked to unshocked densi-
ties. For £ = 500 km and n = .2 at the shock leading cdge, we find 7 ¢/u= 10,
indicating 10 e-folding times pass as the shock traverscs 500 km of the loss
coné corridor. This | k| = 2szci/CA uhstable whistler mode can grow to suf-
ficiently large amplitude after traveling 500 km alofig the loss cone corridor to
pick up background air plasma. The air electrons are rapidly accelerated by
ensuing ion-electron electrostatic instabilities. Since the calculation is buased
on the lower bound of M,, itis clear that 10 e~folding times i 500 km is a con-
servative estimate sincé stronger shocks will have larger growth rates.

3. COMPARISON OF BURST FLUNES WITH MAGNETOSPHERIC SUBSTORM FLLAES

In the past few years there has been considerable concern over thé phenomena
of synchrofious orbit satellites charging to high potentials as a result of magneto-
spheric substorms. 15 These substorms consist of the injection of high energy
plasma from the earth's magnetotail into the region of synchronous orbit. Those
portions of a satellite subject to the high energy plasma will charge to a potential
several times the electron energy, while other portions of the satellite will remain
at ground potential. Potentials near ground are maintained by photoelectron emis-
sion from illuminated surfaces on the spacecraft or by contact with the ambient
low energy plasma.

During eclipse photoelectron emission disappears, and during a substorm the
ambient low energy plasma flux is strongly dominated by the injected high encrgy
plasma. The most damaging discharges probably occur between shadowed space-
craft components influenced by substorm plasma and illuminated components at
ground potential. When the discharge passes through electrical circuitry between
the components, damage can result, Electromagnetic interference can also result
from surface discharges and considerable surface deterioration can be caused by
arcing,

The following discussion will be an assessment of the possible spacecraft
charging effects which can result from the large scale transport-of ionospheric
plasma to synchronous orbit by a nuclear burst. The plasma instability just dis-
cussed demonstrates 2 mechanism for structuring a collisionless shock wave.
This mechanism will operate during a high altitude nuclear burst as the expanding
nuclear debris passes over the stationary ionospheric plasma. Through the inter-
action of large amplitude whistler mode waves, plasma will be picked up by the
collisionless shock and accelerated into the magnetosphere,
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i Using nuclear bufst parameters for a Starfish-like (nominally 1, 5 megaton)
¢ burst, 16 calculation&s14 have cohservatively estimated that near 1027 o' ions
would be carried by the shock when 1 percent of the total debris exits the loss
cone. Depending on orientation, mass, and shape of the bomb casing, this number
; could be considerably higher. This number is rcasonably estimated by the mass
= of debris which exits the loss cone, for ion pickup slows the debris piston and
éventually shuts off the pickup instability.

The total propagation timé for the plasma mass from the burst point just
above the earth's surface to synchronous orbit is tens of seconds and more than
, sufficient to have thermalization of the complete plasma mass at near the ion
‘ temperature as the mass slows and diffuses,
3 The estimated pickup of 1.027 0" ions by the nuelear burst shock wave would
have an energy of approximately 10 keV at reasonable shock velocities, The
demands of plasma neutrality would quickly accelerate an equal number of electrons
which would thermalize with energies equal to or greater than the ion energy. 17
21 electrons with energies of 10 keV would be in a

At the loss coné exits these 10

cylindrical volume of approximately 2 x 1()21 cm3, assuming 1 percent of the

‘ nuclear burst bBubble as comprising the loss cone exit and the p.asma pickup region

‘l being several hundreéd kilometers in extent. These numbers and energies translate

to an omnidirectional flux at the loss cones of Jo =3 v 10% electrons/cmz-sec.
The calculation of fuxes at higher altitudes than the burst altitude follows

directly from the Liouville Theorem that a differential intensity along particle

trajectory is constant (jo = jf)‘ Conservation of magnetic flux (BodAo = deAf)

and solid angle area (dAodslo = dAfde) yields the following relation between initial

omnidirectional flux (Jo) and final omnidirectional flux (Jf); from (J = fj dsz) and
4

. g B
‘a. JfodeQf: fJo d‘.deQo‘”F‘ fJonO ’
4 4r ° 4,
=y

g B,

ol the relationship Je B Jo is obtained.

: o

ﬁ During a magnetosperic substcrm, many of the plasma injections observed
i, are characterized by omnidirectional electron fluxes ner 109 electrons/

s cm2 -sec, 18,19 The previous calculations would yield omnidirectional electron

fluxes from high altitude huclear bursts of approximately JI' T 1013 electrons _.!cmz-
sec at synchronous orbit. It is clear that these fluxes are significantly greater
than those encountered during a magnetospheric substorm and would poise u strong

AE spaéecraft charging erivironment,




While the duratien of the nuclear burst and resulting injection will be on the
2
order of seconds and therefore much shorter than-a typical substorm, studies“o
indicate the charging process takes only fractions of a second,

L CONCLUSIONS

The atmospheri¢ nuclear burst environment appears to present the potential
for spacecraft charging effects at synchronous orbits. The calculated fluxes,
and energies of the injécted electrons are greater than those encourntered
during substorms, and which have been observed to cause spacecraft charging.

These calculations contain many approximations, but preliminary results
indicate that it may be expected that syrichronous orbit satellites under certain
nuclear burst conditions would find themselves subject to a short, but intense,
period of spacecraft charging. Potentials in the teris of kilovolts are suggested.
The resulting transient charging and arc discharging should be a part of the
design criteria of any spacecraft expected to Survive a situation where high
altitude nuclear bursts are involved.

References

1. Golden, K.I., Linson, L.M., and Mani, S.A. (1973) Ion streaming instabilities
with application of collisionless shock wave structure, Phys. Fluid 16:2319,

2. Cipolla, J.W,, and Golden, K.I. (1975) Role of streaming plasma instabilities
in parallel shock wave structures, Phys. Lett, 51A:251,

3. Jackson, J.D. (1960) Longitudinal plasma oscillations, Plasma Phys.,
(J. Nuclear Energy, Part C) 1:171. -

4. Stringer, T.E. (1964) Electrostatic instabilities in current-carrying and
counterstreaming plasmas, J. Nuclear Energy, Part C 6:267,

5. Papadopoulos, K., Davidson, R.C., Dawson, J.M., Haber, 1., Hammer, D. A
Krall, N.A., and shanny, R, (1971) Heating of counterstreaming ion beams
in an external magnetic field, Phys, Fluids 14:849,

6. Landau, R.W. (1972) Counterstreaming ion instability for arbitrary angles,
Phys, Fluids 15:1001,

7. McBride, J.B., and Ott, E, (1972) Electromagnetic and finite x?e effects on the
modified two stream instability, Phys, Lett, 39A:363,

8. Ott, E., McBride, J.Is,, Oréns, J.H,, and Boris, J.P, (1972) Turbulent
heating in computer simulations of the modified plasma two stream insta-
bility, Phys, Rev, Lett, 2¢ vy,

173

o

.y

b




S
.

-

e ———

—

-—

9, MeBride, J.RB,, Ott, IX., Boris, J,P,, and Orens, J, H, (1972) Theory and
simulation of turbulent heating by the modified two <tréam instability,
£hys, Fluids 15:2367,
10. Cipolla, J.W,, and Golden, K,I, (1975) Crossfield magnetosonice two stream
instability, Can,J, Phys, 53:1022,
11, fLampe, M., Mannheimer, W, M., McBride, J. B., Papudopoulos, K.,
Orens, J.H., Shanny, R., and Sudan, R.N, (1972) Theory and simulation
IR of the beam cyclotron instabilily, Phys, Pluids 15:662,
12, Forslund, D., Morse, R., Nielson, C., and Fu, J, (1972) Electron eyclotron
drift instability and turbulence, Phys. Fluids 15:1303.
13. Lindmand, E, L., and Drummond, W, L. (1971) Studics of Oblique Shock
Structure, Report ARA-28, Austin Research Associates, Inc., Austin,
- Texas.
14, Cipolla, J.W., Golden, K.I., Pavel, A, L., and Silevit~h, M, B, (1476)
e Nuclear Burst Induced Shock Wave Modeling of Encrgetic_Electron Injection
into the Magnetosphere, AFGL-TR-76(-0186, A} Geophysics Laboratory,
Bedford, Mass.
15. Rosen, A, (1975) Spacecraft Charging: Environment induced anomaualies,
AIAA Paper 75-01,
16, Zinn, T., Hoerlin, 1I., and P. tachek, A. (1966) Motion of bomb debris
=" following the Starfish test, Radiation Trapped in the Earth's Magnetic
. Field, Edited by Billy McCormac (Gordon and Breach, New York),
17. Biskamp, D. (1973) Collisionless shock waves in plasmas, Nuclear Fusion,
13:719, T
k 18. sharp, R.D., and Johnson, R.G. (1972) The behavior of low-energy particles
during substorms, Planet.and Space Sci, 20(No, 9):1433,
; 19, DeForest, S.F., and Mcllwain, C.E, (1971) Plasma clouds in the magneto-
. sphere, J.Geophys.Res. T6(No. 16):3587,
20. Rothwell, P.I.., Rubin, A.G., Pavel, A.lL., and Katz, .. (1974} Simulation
~ of the plasma sheath surrounding a charged spacecraft, Proc, of Conference
on Spacecraft Charging by Magnctospheric Plasr».os, AIAA,
; 174
e — R ——— ; S P— e
T I T o - : g




