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I SUMMARY AND RECOMMENDATIONS 

I 
> 

A workshop on magnetosphericwave-particle interaction under Joint 

sponsorship of ARPA and ONR met 11-13 July 1972 at Stanford Research 

Institute, Menlo Park, California. The people who attended the meeting 

and contributed to' this report are listed In hist  of Attendees.  The 

following areas were considered:  (1) defense applicaticis of magneto- 

spheric ULF and VLF wave amplification and of particle precipitation, 

(2) physics of the amplifying mechanism, (3) experimental observation 

and current theory of ULF and VLF wave-partic'le interaction, and (4) de- 

sign of experiments to investigate wave-particle interaction phenomera. 

The report of the workshop Is correspondingly divided into four sections, 

each of which is summarized below.  Recommendations follow this summary 

A.   Summary        .  . 
• i 

1'  ^fense Applications of Magnetospheric Wave Amplification and 
Particle Precipitation ' i' 

i 

At present, frequencies below about 100 Hz probably provide 

the most realistic hope of communicating with deeply submerged submarines. 

Due to the exceedingly long wavelength it is very difficult to radiate 

sub-LF (<30 kHz) -vaves efficiently from ground-based or satellite 

transmitters.  It is thus evident that a high payoff would be realized 

if the ability of the magnetosphere to act as a ULF/VLF amplifier 

could be utilized.  It is important that this be assessed. , - 

High-altitude nuclear explosions inject radioactive particles 

into the magnetosphere where they can be trapped for months to years. 

The artificially stimulated precipitation (dumping into the lower 

atmosphere) of these particles would enhance the survivability of 

1 

i 

| .  . 



satellites that must survive in the magnetosphere.  Artificial precipita- 

tion by the injection of cold plasma therefore seems to be a technique 

well worth pursuing.  These two areas-amplification of sub-LF waves and 

Precipitation of tr^ed particles appear at present to hold promise as 

defense applic.t.on for magnetosphe.ic wave-particle interactions 

stimulated by cold plasma injection. 

2.   Physics of the AmnUfvinp Mechanism 

Energy from the solar wind is injected into the Earth's mag- 

netosphere and stored as energetic trapped particles in the trapped- 

Particle (Van Allen) belts, some 1015 Joules being stored> A ^ 

fraction of this energy is converted into natural electromagnetic waves 

in the O.l-to-1-Hz (ULF) and 100-Hz-to-lO-kHz (VLF)* frequency ranges. 

On occasion these waves are greatly amplified by naturally occurring 

Plasma instabilities.  Thi. wave-growth process is accompanied by particle 

precipitation-that is. energetic partic.es escape the trapped particle 

belts and deposit their energy on collision with atoms in the lower 

atmosphere (-100 km altitude).  This naturally occurring process is thought 

to be the result of a wave-particle interaction known as cyclotron re- 

sonance.  In this process ULF waves interact with energetic protons and 

VLF waves interact with energetic electrons spiraling around geomagnetic 

field lines, but traveling in a direction opposite to the waves.  At 

resonance tne particle perceives the wave-frequency Doppler shifted up to 

its own cyclotron frequency (the frequency with which it circles the 

magnetic field line) and some of the particle energy is (on average) 

transferred to the wave, thus amplifying it. In  addition, the particle 

velocity typically becomes directed more nearly along the magnetic 

field line, making the average particle more likely to precipitate. 

For a given wave frequency the amount of amplification and precipitation 

♦Though VLF is usually defined as 3 to 30 kHz we shall extend this defini- 
tion to cov.r the lOO-Hz-to-lO-kHz range for the purposes of this report! 

^ 



transferred to the wave, thus amplifying it.  in addition, the p&xticle 

velocity typically becomes directed more nearly along the magnetic field 

line, making the average particle more likely to precipitate.  For a 

given wave frequency the amount of amplification and precipitation is 

proportional to the number of energetic particles that can resonate 

with that wave frequency.  The number of energetic particles available 

for resonance can be increased by slowing down the wave, more trapped 

particles are available at the lower energies to resonate with the 

slower waves.  Since we can artificially amplify ULF and VLF waves in 

the magnetosphere, we cause artificial particle precipitation as shown 

in Section IV-B (Figure 4). 

3.  Experimental Observations and Current Theory of ULF and VLF 
Wave-Particle Interaction 

Cyclotron resonance between waves and particles in the natural 

magnetosphere has received much experimental and theoretical attention 

in the past few years.  Experimental investigations have shown that at 

times strongly amplified ULF and VLF waves occur naturally in the mag- 

netosphere and that particle precipitation is associated with natural 

increases in the magnetospheric cold-plasma density.  An example of 

natural magnetospheric VLF wave amplification via cyclotron resonance 

is the long-enduring whistler echo trtin shown in Section V-A (Figure 5). 

Here the VLF waves bounce back and forth along the geomagnetic field 

lines many times (about 210 times in Figure 5), with the reflection 

loss in the lower ionosphere partially counteracted by wave amplification 

in the outer magnetospheric portion of the propagation path, A cor- 

responding ULF event is the hydromagnetic whistler (or peavl micro- 

pulsation) discussed in Section V-A (see Figure 6).  Here, ULF waves 

bouncing back and forth along field lines are observed tc grow in amplitude 

due to amplification involving cyclotron resonance. 



The physics of ULF and VLF amplification by cyclotron-resonant 

Interactions is now well enough understood that reliable estimates can 

be made quickly of many of the relevant parameters needed for the 

evaluation of proposed experiments. Computer programs to make detailed 

wave-growth calculations now exist.  For example, by making a few suitable 

approximations it can be shown that for the case of artificial ULF 

amplification by lithium-vapor injection near the equatorial plane 

at a geocentric distance of 6.6 earth radii, the number densiV of 

lithium ions needed for significantly enhanced amplification is given 

by NLi « 46/Ep cm"
3, where Ep is the mean proton energy in keV.  Typ- 

ically, E M 30 keV and NLi « 2 to 3 cm"
3. 

As an example of more detailed wave-growth calculations, con- 

sider a technically feasible lithium injection at 6.6 earth radii near 

the equatorial plane.  For an injected lithium ion density of 3 cm-3 

over a '/OOO-km-long column along geomagnetic field lines, wave-ampli- 

fication calculations using data from satellite measurements of magneto- 

spheric protons show a ULF gain of between 30 and 40 dB at a frequency of 

about 0.2 Hz. 

4.  Design of Experiments to Investigate 

Wave-Particle Interaction Phenomena 

It appears to be possible to carry out experiments in space 

to investigate the amount of ULF/VLF wave amplification and particle 

precipitation caused by prtificial cold-plasma injection.  The experi- 

mental concepts are sound and there appears to be no fundamental un- 

certainty or obstacle. 

Successful experiments using cold-plasma injection to stimulate 

ULF and VLF wave amplification should be such that the amplification 

volume is near the equatorial plane and the cold plasma background is 



low enough that the plasma injected constitutes a major perturbation. 

Further, the ambient energetic particle flux in the amplifying region 

must not be too low or too disturbed. Drift separation between the in- 

jected ion cloud and the spacecraft is undesirable. 

The measurements required to determine the amount of ULF or 

VLF amplification and particle precipitation following plasma injection 

are listed in Table 1. 

Table 1 

REQUIRED MEASUREMENTS 

For ULF Amplification 

Experiment 
For VLF Amplification 

Experiment Platform 

Proton environment Electron environment Spacecraft 
in amplifying in amplifying 
volume volume 

Li injection Cold-plasma injection Spacecraft 

Li ion distri- Ion distribution Spacecraft/ground 
bution 

Li neutral Neutral distribution Ground 
distribution 

ULF waves VLF waves Spacecraft/ground 

Proton precipi- Electron precipi- Ground/ba1loon 
tation tation 

Such measurements would provide for a meanli gful comparison between 

theory and observation so that design parameters for future system 

applications could be defined. 

Ground-based wave-transmission experiments could also be used 

tc study wave-particle interaction in the magnetosphere.  Such exper- 

iments could determine the optimum frequency and waveform for stimu- 

lating VLF emissions and electron precipitation, how frequently this 



process occurs, and whether the emission of waves significantly alters 

the properties of the energetic particles (that is, whether cne emission 

substantially reduces the wave growth rate, inhibiting subsequent 

emissions, and if so, what is the "recovery time?"). 

B.  Conclusions and Recommendations 

It was the view of the workshop participants thit signix^cant 

wave amplification at ULF and VLF frequencies can be achieved by plasma 

injection outside the pla.cmapause, and that specific military appli- 

cations for wave amplification (communications) and particle precipi- 

tation (nuclear weapons effects) are possible.  The workshop concluded, 

further, that the naturally occurring wave-amplifying region outside the 

plasmapause can be used for investigating magnetospheric-ionospheric 

coupling, which has general applications to military operations in the 

space environment.  It was also concluded that more research should be 

carried out to calculate the needed parameters and to work out the 

experimental design for an optimum experimental investigation of this 

effect.  Such a calculational and experimental design program in mag- 

netospheric physics would not be expensive (not more than about $500,000 

per year), and would complement and enhance DoD relevance of certain 

existing and proposed experimental programs of NSF, AEC, Navy and NASA. 

A well designed experimental program would provide needed observ - 

tional feedback so that present theory can be confirmed and extended 

or modified in the light of experimental evidence. Detailed topics 

recommended for further study are as  follows. 

(1) Calculations of ULF and VLF Wave Generation, Amplification, 

and Propagation 

•  Make the ULF and VLF wave-amplification calculations 

necessary to design an optimum wave-particle interaction 

6 



experiment and to interpret the experimental observations 

in order to determine the magnitude of wave growth and 

particle precipitation.  Examine the following specific 

problems:  (a) the effect on wave growth rate of secondary 

instabilities, nonlinear processes, and gradients and 

striations in the injected plasma cloud, and (b) conditiors 

under which plasma injection will generate ULF or VLF waves. 

•  Examine the vave-propagation properties of ULF and VLF 

waves necessary to design an optimum plasma-injection 

experiment, including (a) reflection and transmission 

properties of the ionosphere for ULF and VLF waves, and 

(b) oblique wave propagation such as cyclotron and Landau 

wave-particle interaction, so that the effects of losses 

from and multiple passes through the amplifying region 

can be determined. 

(2)  Investigation of Experimental Design Parameters 

• Investigate ion-cloud release dynamics (size and shape of 

cloud, existence of striations, time to reach equilibrium 

in a realistic model magnetosphere, and electric convection 

field.«) to determine optimum design criteria for future 

experiments. 

• Determine design criteria for lithium release by shaped 

charges from rockets and thermite canisters from satellites, 

to evaluate the relative merits of each. 

• Examine techniques of measuring the location and structure 

of the injected plasma cloud; in particular, calculate the 

X-ray fluorescence of lithium ions and compare the resonance- 

scattering emission of lithium, barium, and barium ions 

with available instrumentation. 



• Investigate techniques of measuring the predicted electron 

and proton precipitations, such as phase sounder, photometry, 

and backscatter radar. 

• Examine the relative merits of satellite and ground-based 

measurements of ULF and VLF waves. 

• Examine the usefulness of ground-based ULF and VLF wave 

transmission experiments. 

(3) Analysis of Existing Data on Magnetospheric Particles and Waves 

• Analyze existing magnetospheric electron and proton data 

(both hot and cold plasma) to select experimeital release 

conditions such that the probability of having an accept- 

able ambient environment at plasma injection is high. 

• Examine existing data on magnetospheric electric fields, 

so that the magnitude of convective motion of the released 

plasma cloud can be determined. 

• Examino existing data on natural ULF and VLF noise 

amplitudes to optimize release conditions so that the ULI' 

and VLF inputs to the wave-particle amplifying region will 

be sufficiently large to cause an easily observed output. 

(4) Analysis of Related Experimental Programs 

• Examine related experimental programs funded by other 

agencies (e.g., AEC, NSF, Navy, ESRO, and NASA) to 

obtain relevant new experimental information and to be 

aware of opportunities for possible experimental partici- 

pation. 



Examine instrumentation, both ground-based and carried 

by existing and proposed satellites, such as ATS-5 and 

ATS-6, in order to note sensors that are potentially use- 

ful in future wave-particle interaction experiments. 

Give adequate support to ground-based VLF wave transmission 

facilities now being constructed at Siple, Antarctic with 

receiving facilities at Roberval, Canada under NSF spon- 

sorship, and at Port Heiden, Alaska with receiving facil- 

ities at Dunedin,. New Zealand under Navy sponsorship. 

This should be done so that the program can function 

effectively in providing data relevant to VLF amplification 

experiment design. 



II  INTRODUCTION 

A workshop under joint ARPA and QNR sponsorship met on the 11th, 

12th. and 13th of July 1972 at Stanford Research Institute to discuss 

artificially stimulated wave amplification and particle precipitation 

in the magnetosphere.  This report gives the consensus views of the 

workshop participants, who are listed in the List of Attendees. 

In the natural magnetosphere, wave-particle interactions and 

cyclotron resonance in particular have be*n studied extensively both 

experimentally and theoretically in the past few years.  These invest- 

igations show that strongly amplified ULF and VLF waves occur naturally 

in the magnetosphere and are often accompanied by increases in the 

precipitation of trapped particles into the lower atmosphere. As 

understanding of these natural processes in the magnetosphere has 

increased, it has become evident that significant ULF and VLF wave 

amplification and associated particle precipitation can be stimulated 

artificially by the injection of relatively small amounts of cold 

Plasma into the portion of the trapped-particle belts just outside the 

Plasmapause in the magnetosphere. Possible military applications 

for wave amplification (ULF and VLF communication) and particle pre- 

cipitation (dumping of particles injected by high-altitude nuclear 

explosions) are discussed.  The group agreed that further research 

should be carried out to calculate the necessary parameters and «ork 

out the design for an optimum experimental investigntion of the afore- 

mentioned effects. 
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A.   Enhancement of ULF/VLF Communications via Cold-Plasma Injection 

It is widely recognized that frequencies below 100 Hz probably 

provide the most realistic hope of communicating with deeply submerged sub- 

marines, since waves of higher frequency are heavily attenuated in sea 

water.  Further, one is driven to ELF or ULF in order to penetrate into 

the sea through the lower ionosphere in certain nuclear environments. 

Due to the immense wavelength, it is very difficult to radiate ULF waves 

efficiently from either ground-based or satellite transmitters.  No 

practical transmitter of ULF waves exists today.  The potential utility 

of a ULF communication system, and the difficulty of obtaining adequate 

radiated power by conventional means, clearly indicate the high payoff 

that would be realized if the ability of the magnetosphcre to act as a 

ULF amplifier could be utilized and/or controlled.  It is important that 

this be assessed. 

Even at VLF it is unknown whether adequate power can be radiated 

from a satellite. This problem has been receiving attention in the 

defense community in conjunction with a possible future sub-LF satellite 

system that would be used to communicate to submarines. The possibly 

severe power requirements would be substantially alleviated if (1) waves 

were amplified in the magnetosphere subsequent to being radiated, and 

(2) significant guidance of these waves by geomagnetic-field-aligned 

ducts of ionization could be relied upon.  A cold (-"-0.500 K) plasma in- 

jection experiment, with related theoretical and experimental work, could 

determine the feasibility of controlling or enhancing wave amplification 

and guidance.  If control is possible, the chances of developing a 

practicil VLF/ULF satellite communication system would be significantly 

improved. 
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B-   Precipitation of Energetic Electrons from a Nuclear Explosion 

High-altitude nucl^sr detonations Introduco Intense shells of 

trapped electrons whose distributions and decay rates are influenced by 

wave-particle interactions. A better knowledge of these interactions is 

needed to improve estimates of the wartime trapped-electron enviroument. 

In particular, present estimates of the maximum possible f]ux of trapped 

electrons are uncertain by at least an order of magnitude due to lack of 

confidence in the calculation of precipitation rates.  Survivable sat- 

ellites must operate while being irradiated.  Particle precipitation stim- 

ulated by cold-plasma injection might significantly reduce the radiation 

dose to which such satellites would be exposed. An increased knowledge 

ol  both natural and artificially stimulated wave-particle interactions 

should therefore lower the specifications to which satellites must be 

designed, with a consequent saving of equipment costs or an increase in 

reliability. 

Formation of an artificial plasma rloud has sow tactical appli- 

cation that could prove useful.  For example, a synchronous satellite might 

be protected from trapped electrons if a plasma cloud were released on 

the same L shell but to the west of the satellite and east of the deton- 

ation point.  Even if complete particle precipitation (dumping) during 

one longitudinal drift period were not possible, it is very likely that 

the time-integrated dose to the satellite could be reduced.  Another 

tactical application might be to inject the plasma at low altitude 

west of the region where ABM intercepts are to occur.  Although an ABM 

would not be damaged by precipitating electrons, performance of some 

guidance sensors can be seriously degraded by an intense electron flux. 

In addition to the two items just discussed, it is possible that 

enhanced ionospheric ionization caused by precipitated electrons would 

cause (1) either enhancement or degradation on long-range, HF communi- 

cation links. (2) disruption of OHD radar performance, (3) increased 
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absorption, of trans ionospheric sub-LF comn.unicatlon signals, and (4) 

Increased scintillation of transIonospheric VHF and UHF commu'iicatlons 

signals. 
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IV  PHYSICS 07  THE AMPLIFYING MECHANISM 

This section gives a brief review of the physics underlying the 

cyclotron-resonance interaction responsible for wave amplification ancj 

particle precipitation in the magnetosphere.  Background infcrmation 

concerning the trapped-particle belts, the natural frequencies of plasma 

particles, ard ULF/VLF wave propagation is followed by an explanation'of 

cyclotron-resonance instability rnd how it csn be stimulated by the 

injection of cold plasma. 

■ 

A.  Background 

■ 

i 
■ 

: 
Figure 1 illustrates the earth's magnetosphere extending fron1! 

about 1,500 km to 10 earth radii and containing'neavly fully ionized 

plasma.  Energetic, hot (keV to MeV) electrons and ions are trapped 

by the earth's magnetic field in radiation belts (the Van Allen belts). 

A cold (eV) thermal background plasma is also present. This cold plasma 

is contained mainly within the plasmapause, outside of which the cold- 

plasma density drops by more than an order of magnitude--from ~500 cm1-3 

inside to ~1 cm"3 outside. 

The motion of particles irapped on a magnetic field line can be 

separated into three components (see Figure 2): (1) gyration around 

the field line at the angular cyclotron frequency ' ' 

i 
n m  eB/m 

where e and m are the particle charge and mass, respectivply, and B is 

the magnetic flux density (MKS units are used throughout this report, 

unless specified otherwise); (2) bouncing back and forth along the field 

line betveen tin mirror points (Mj^ and Mg). at which the particle is 

17  ■    , 
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FIGURE 1      OVERALL SCHEMATIC VIEW OF THE MAGNETOSPHERE IN THE 
GEOMAGNETIC EQUATORIAL PLANE 

reflected;   and  (3)  drifting azlmuthally around   ehe earth,   creating a 

"ring current,"  the electrons going east,   the protons  (80 percent of  the 

ring current)  going west. 

In addition to the gyrofrequency,   the  ions and electrons constituting 

the magnetospheric plasma are subject to electrical restoring forces 

defined by the natural plasma angular frequencies. 

n =  (Ne2/me  )1/2 

o (2) 
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FIGURE 2      THE GYRATION ( ü> ). BOUNCE (—), AND DRIFT (={>) 
MOTIONS OF A MAGNETOSPHERIC PARTICLE TRAPPED ON A 
MAGNETIC FIELD LINE 

where N Is the number density of electrons or ions,   and e    is the per- 
o 

mittivity of free space. 

In addition to the particles,  there are naturally occurring electro- 

magn.t> waves propagating in the magr etosphere.    VLF waves have right- 

circular polarization and propagate in the "whistler" mode at a frequency, 

».   below the electron cyclotron frequency,   ^   (i.e., u, < P^).     ULF waves 

have left-circular polarization and propagate in the "ion-cyclotron" mode 

below the  ion cyclotron frequency,  ^   (i.e., »< fl^.     The refractive 

index,  n,  formulas for these right- and left-circularly polarized waves 

are as follows: 

2 2 nR = M»(n   - u)) nee n    = n^/ni(ni M) (3) 
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These formulas show that as a VLF (ULF) wave approaches the electron 

(ion) cyclotron frequency, the wave phase velocity approaches zero and 

the refractive index approaches infinity. This phenomenon l<r known as 

cyclotron resonance, since it is a resonance that occurs when the 

appropriate wave and particle cyclotron frequencies are equal. 
■ 

B.  Cyclotron-Resonance Instability 

Consider the wave-particle interaction between a circularly polarized 

wave of phase velocity, Vp, and a particle spiraliag along a magnetic 

field line with total velocity, V, parallel velocity, V = V cos a,   per- 

pendicular velocity, V1 = V sin a,  and pitch angle, a,   as shown in Figure 3. 

MAGNETIC 
FIELD LINE 

CIRCULAR POLARIZED 
WAVE WITH PHASE 

VELOCITY V_ 

PARTICLE SPIRALING 
AROUND FIELD LINE 
WITH VELOCITY V 

AND PITCH ANGLE a 
LA-1840-3 

FIGURE 3     SCHEMATIC ILLUSTRATION OF WAVE-PARTICLE INTERACTION CAUSED BY 
CYCLOTRON  RESONANCE 

Wave amplification via cyclotron resonance occurs when the motion of  the 

particle Doppler-shifts  the wave frequency to the cyclotron frequency 

of  the particle.    The resonance parallel velocity of  the particle,  Vo,   is 

determined by 

U) - kVR = n (4) 

where the wave number, k = 2JTA = iWc  If the particles interacting 

with waves of appropriate frequency have an anlsotropic velocity 
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distribution, such that Vx is greater than V|| on the average, there is 

a tendency for the wave to grow in amplitude while Vj^ is reduced.  This 

interchange of energy between interacting waves and particles is neces- 

sary to maintain conservation of energy and momentum. 

In the trapped-particle belts V is usually greater than V since 

particles with relatively high V tend to be lost by collision with 

particles in the lower atmosphere.  A wave interacting with a particle 

having an excess perpendicular velocity will grow in amplitude while the 

particle perpendicular velocity decreases and the particle parallel veloc- 

ity increases, tending to make the particle distribution more Isotropie 

^vl ■ V|)' Thus, on the average, waves will be amplified, and particles, 

tending to travel more along the field line than before, will no longer 

be contained and will precipitate from the trapped belt as shown in 

Figure 4. However, there is a limit to this process, since the wave 

amplification and particle precipitation depend on the anisotropy of the 

particle distribution which during amplification becomes more nearly 

Isotropie. Normally, the growth rate of the electromagnetic waves is 

balanced by convective losses, so that a dynamic equilibrum results be- 

tween wave amplitude and particle velocity.  Convective losses refer to 

energy carried away from the amplifying region by the amplified wave 

themselves. 

C.  Wave Amplification by Cold-Plasma Injection 

The growth rate y  of the wave amplitude is1* 

♦References are listed at the end of the report, 
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FIGURE 4     SCHEMATIC VIEW OF A SATELLITE PLASMA-INJECTION EXPERIMENT 

where the anisotropy of  the particle distribution  is given by 

A = 21    2 

and F(V ) is the number of resonant particles having V 
K II 

resonance velocity is given by 

V_ = V I _ - 1 
R  rtcu 

(6) 

= Vn, where the 

(7) 
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If F(VR) can be suddenly Increased by decreasing V  then significant 

amplification of naturally occurring electromagnetic waves can be ob- 

tained, with accompanying precipitation of particles from the radiation 

belt.  This can be accomplished by the injection ol cold (~eV) plasms 

into the magnetosphere~hot (~keV) plasma is «qually effective, but 

requires excessive injection energy.  The Injection of cold plasma re- 

duces VR by increasing the plasma density, N., which increases, the plasma 

frequency, ß, which in turn increases the refractive index [see Eq. (3)] 

and thus, since n = c/V , V !• reduced. This allows the wave to res- 

onate with the more numerous lower-energy particles, increasing F(V ) 
R 

and the wave growth rate, Y- 

The resulting wave amplitude increase can be accurately calculated 

if the initial plasma parameters and wave amplitudes are known.  Cal- 

culation of the concomitant particle precipitation cannot be done as 

accurately. Hence, definitive experiments could be performed for wave 

amplification, with close agreement, expected between theory and experi- 

ment; and less definitive experiments could be performed for particle 

precipitation. 

Suitable conditions for sizable amplification of naturally occur- 

ring ULF and VLF waves occur outside the plasmapause.  Here, the cold 

(~ eV) electrons and ion densltites are of the order of 1 cm"3; the hot 

(~ keV) plasma consisting mainly of the "ring-current" electrons (~ 20 keV) 

and protons (~ 20 keV) also has a density of ~1 cm"3.  The corresponding 

cold and hot densities inside the plasmapause are about 102 to 104 cm"3 

and about 0.1 cm"3, respectively.  A substantial fraction of the energy 

stored in the magnetospherc (~ 10  Joules) is contained in the ring- 

current particles. For wave amplification one needs to produce a sig- 

nificant increase in the total particle density in a region where there 

are large fluxes of energetic particles. One also needs an initial 

total density sufficiently low that a significant density change can be 
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achieved experimentally. Hence a natural wave amplifying region exists 

outside the plasmapause (see Figures 1 and 4). 

If we consider an amplifying region as shown In Figure 4 having a 

growth rate y,  a length £,  and a wave group velocity Vg, the total wave 
(\£/V  ) 

amplitude gained on one pass through the region Is e    g . Another 

factor Involved In calculating the effect of plasma injection is the 

coefficient governing the reflection of waves from the plasma-cloud 

inner surface.  If this reflection coefficient is high enough, the 

system could become an oscillator. 

Thus an electromagnetic-wave-amplifying mechanism exists in the 

magnetosphere outside the plasapause, which can be triggered by the in- 

jection of cold plasma and also causes particle precipitation. Since it 

i.i necessary to tap on!" a part of the immense energy of the source 

region, the amplification process is capable of being an extremely 

effective one. 
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V EXPERIMENTAL OBSERVATIONS AND CURRENT THEORY 

OF ULF AND VLF WAVE-PARTICLE INTERACTION IN THE MAGNETOSPHERE 

The amplification of ULF and VLF waves by means of cyclotron 

resonance was discussed briefly in Section IV above. Observations of 

such amplification in the natural magnetosphere are discussed below. 

This section will also comment on more complex aspects of the basic 

equations that are relevant to magnetospheric anpliiication of ULF and 

VLF waves.  This problem has received intensive study for some years.2"5 

Recent improvements in the knowledge of both the theory and the relevant 

properties of the magnetosphere now make it possible to make meaningful 

detailed calculations concerning the amplification of ULF and VLF waves 

applicable to real situations. This section will conclude with a 

discussion of such calculations in connection with lithium plasma in- 

jection in the magnetosphere near the geomagnetic equator at L = 6.6. 

A-  Nervations of Natural Wave Amplification in the Magnetosphere 

There is ample evidence of wava amplification by wave-particle 

interaction in the natural magnetosphere.  VLF whistlers radiated by 

lightning discharges propagate from one hemisphere to the other along 

magnetic field lines.  Some whist.ers bounce back and forth along the 

field lines many times, with the reflection loss in the lower ionosphere 

partially counteracted by wave amplification in the outer magnetospheric 

portion of the propagation path.  Several examples of whistlers showing 

many "echoes" have been published.6 An example is given in Figure 5 

below. 
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FIGURE 5     LONG-ENDURING WHISTLER ECHO TRAINS,    (a) Two even-order echo trains, with whistler 
source times indicated by arrows superimposed on a background of echoes from a previous 
whistler with associated periodic emission at a frequency of about 6 kHz.    (b) Expanded 
version of (a) from 51 to 62 s.    Whistler is seen to be of the multiflash type, with two main 
components.    From the dispersion of the whistlers measured in (b) and the slope of an echo 
in the long train of (a) the number of hops in the long train at 50 s is approximately 210. 
The planetary magnetic index reached 9 during the 24 hours preceding this receding.    Source: 
Ref. 6. 

Bands of large-amplitude VLF emissions (with spectral density 

<  10   W/m Hz) are observed in the frequency range from about 400 Hz 

to 1.5 kHz in the mid-morning hours at high latitudes.  At the most 

favorable latitudes and local times, Ungstrup and Jackerott find 

occurrence rates approaching 100 percent.  It is generally agreed that 

these emissions are due to natural amplification of VLF waves by the 

electron-cyclotron resonance. 

Irregular pulsations of diminishing-period (IPDP) phenomena and 

pearl micropulsation hydromagnetic whistlers are examples of natural 

ULF wave amplification by the proton-cyclotron resonance.  Figure 6 

illustrates the pearl micropulsation event in which a ULF wave bounces 

back and forth along a set of magnetic field lines. As shown in the 

figure, the pearl micropulsation grows in amplitude, thus clearly in- 

dicating the wave-amplification process. 

If waves propagating into the magnetosphere are amplified suffi- 

ciently, or if previously amplified waves are reflected back into the 

26 



II 1 

o 
CO 

fT ^i1* 

-    * 

■   * ^ ;•   «S-n *' ^ / 

• V       ■   - -"-' 
■'   *»* ■' ' '   ■ > ' 

-• '.:   ?••;    .■♦■ 

111 
I 

.to ^ 
8 

S  u- 
S 

DC 
O 
LL 

_J 

< o 

o 
_l 
< 

< 

I 
o o 
m 

> 
LU 

«I 
-J   00 

o 

Q.   CO 

<   Oi 

DC   < 

Effi 
o "- 
m z 

85 O 

>- 
c 
< 
D 
C 
CQ 

a 
u. 

ZH — ADN3nD3Hd 

27 



amplifying region, very-large-amplitude waves can result, giving rise 

to large amounts of energetic particle precipitation  This process is 

believed to be the principal loss mechanism for energetic protons in the 

afternoon and early evening hours and for energetic electrons in the 

late morning hours. 

Proton precipitation occurs when azimuthally drifting protons cross 

the plasmapause near the bulge shown in the evening quadrant in Figure 

1, thus entering a region of the plasmasphere of greatly enhanced cold- 

plasma density, whereas for electrons, there is a gradual increase of 

cold-plasma density through the morning hours due to injection from the 

ionosphere below. However, in both cases, precipitation occurs as a 

result of increased wave amplification associated with increases in cold- 

plasma density.  Estimates of the maximum fluxes of energetic protons and 

electrons have been made by other investigators,9.10 to support the 

contention that increases in the observed natural cold-plasma produce 

the observed precipitation of protons and electrons. The energy of the 

precipitated protons heats the ionosphere to produce the stable auroral 

red ere (SAR arc), while the morning electron energy precipitated 

averages about 1 erg/cm^ s. 

B.  ULF and VLF Theory 

!•  Consequences of Momentum and Energy Conservation 

The physics of wave-particle interaction is outlined in Section 

IV above. As noted thsre, wave amplification is produced by cyclotron 

resonance between waves and energetic particles with anisotropic 

velocity distributions having excess energy perpendicular to the magnetic 

field.  Since the waves propagate only at frequencies less than the 

appropriate cyclotron frequency, cyclotron resonance occurs only with 

energetic particles that have a component of velocity anti-parallel to 

the wave phase velocity (see Figure 7).  In the interaction, conservation 
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FIGURE 7  VELOCITY RELATIONSHIPS DURING WAVE-PARTICLE INTERACTION VIA 
CYCLOTRON RESONANCE 

of momentum requires an increase in particle parallel velocity. Conser- 

vation of energy then requires a decrease in particle perpendicular energy. 

The conservation equation, together with the resonance condition. Eq. (7), 

may be combinea to relate the changes in wave energy, ft« , particle 

perpendicular energy. AW,, and particle parallel energy. ^W,,, as follows: 

AW = -A, 
w    •'■ 

AW„ = -AW 

(9 (8) 

(9) 

2-       Factors Influencing Wave Growth Rate 

The wave growth rate, y,   for the cyclotron-resonance i.sta- 

bility given by Eq. (5) is shown schematically in Figure 8, which 

illustrates several features of particular interest. 

First, the maximum frequency at which growth can occur is 

tu   = Ü    
max    A + 1 (10) 

In most cases the frequency of maximum wave growth is slightly less than 

u)max. For wave growth to occur, we must have A > «/((J - u,).  That is> 

there is a minimum anisotropy for wave growth. 

29 



f. WAVE GROWTH RATE 

LA-1840 R 

FIGURE 8  WAVE GROWTH RATE vs. FREQUENCY 

To illustrate the variation of y with the density of injected 

plasma we must consider the form of FOO-i.e.. the number of particles 

available for resonance when V = VR-as shown schematically in Figure 9 

and in the proton data in Section V-B-4 (Figure 10).  Let », be the 

natural ambient plasma density.  N implies a plasma frequency „, and 

refractive index n. which lead to a phase velocity V^ and via Eq. (7) 

to a resonance velocity VR = v^  The wave growth rate is then deter- 

mined by FCvp = Fi.  As mentioned in Section IV. the growth rate is bal- 

anced by convective losses under normal conditions.  If the plasma den- 

sity in the amplifying region is increased by plasma injection from 

»2 to N2 or N3, then the corresponding increases in F(V) from F to F or 

F3 cause large increases in y  and hence in wave amplitude and pa^ticlf 

precipitation. 

If we let » - 0. then VR -* » and F(VR) - 0, which makes 

Y -* 0 as shown in Figure 8. 
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FIGURE 9  SCHEMATIC REPRESfcNTATION OF THE NUMBER OF 
PARTICLES AVAILABLE FOR RESONANCE, F(V) v» 
THE PARTICLE VELOCITY, V 

^  Cold-Plasma Density Required for Amplification 

It is Important to calculate the total amount of wave growth 

that would be expected if realistic amounts of cold plasma were in- 

jected into previously measured energetic-particle distributions.  This' 

requires a knowledge of the energetic-particle flux and anisoti-opy versus 

energy.  While the detailed information on the anisotropy is not readily 

available, a reasonable estimate may be made and used together with 

measured fluxes, such as that shown in Section V-B-4 (Figure 10).  From 

this information, the amount of cold plasma required to make a major 

perturbation in the energetic particles can be readily computed.  Such 

calculations are being carried out by Cornwall, by Liemohn, and by 

Brice and Lucas. > 

A rough estimate of the amount of cold plasma required may be 

obtained as follows:  If lithium ions are Injected in sufficient numbers 
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to dominate the average ion mass (see discussion later in this subsection 

regarding the choice of lithium), then the refractive index of a ULF wave 

is given approximately by 

_2 
nLi 

n m nLi(nLi -«,)  • Ci« 

where g^ and fi^ are the lithium plasma and cyclotron frequencies 

respectively. The resonance velocity, given by Eq. (7), becomes 

r,-.?(!*. ij.^fi. i) 
"    P\u)   /   n\ w       I (12) 

where 0 is the proton gyrofrequency.  For example, if u) = 0.8 fi  = 8/70 Q 
Li       p 

then the proton resonance velocity square from Eq. (1^1) can be used to 

calculate the parallel resonance proton energy, ER: 

-   1  „2   1.7 B2 

R  2 p R  NT  2 n 
U3, 

Li   o 

where mLi M 7I^, mLi, and mp being the lithium and proton mass, respec- 

tively.  Equating this resonance energy with the mean energetic proton 

energy, Ep, we can obtain an estimate of the desired lithium density: 

„    (1.7) B2 

v ~ 2; f (i4) 
o i» 

For an equatorial distance of 6.6 earth radii corresponding to a 

synchronous satellite orbit, this reduce:: to 

N    
46 ^      -3 NLi * E^ i0nS Cra <15) 
P 

where E is given in keV. 
P 

32 



V 

Tur wave-particle interaction with electrons, the mass of the 

ion is irrelevant; and the total electron density, Ne, required to make 

the parallel resonance energy equal to the characteristic energetic 

electron energy, E^ is, from an argument similar to that above. 

B2 

N ■ 
2 u A (A + I)2 E (16) 

0 e 

where the wave frequency is set equal to the maximum frequency at which 

growth occurs (u, = u)^). For an anisotropy of 0.5 at the synchronous 

orbit, we have 

-3 25 .   -3 

P 
e 

where Ee is given in keV.  For an anisotropy of 0.1, we have 

m  240 .   -3 
e 

N -|— el cm (18) 

e 

These densities of lithium ions or electrons need to extend over an 

area parpendicular to the magnetic field sufficient to make a "duct" 

to guide the ULF or VLF waves respectively, and long enough along the 

field line for substantial total wave growth. The minimum required 

cross-sectional area (perpendicular to the field line) should have a 

diameter of the order of a wavelength in the enhanced-density region, 

which is thus much smaller for the higher-frequency VLF waves than for ULF 

waves. At synchronous orbit with u,=0.8n  andN  «3 cm"3, the 

ULF wwe-length is 1220 km, while for u) = 0.3 n , the VLF wavelength 
e 

is 8.8 km. 

If the "required" electron and lithium ion densities were in- 

jected, and the energetic electrons and proton» had the same density and 

mean energy, ihen the logarithmic VLF wave growth would be larger than 

that for ULF waves by about the square root of the proton-electron mass 

33 



ratio, or roughly 43.  Thus a ULF wave gain of 30 dB would correspond 

to a VLF wave gain of 1300 dB. Thus, for the same growth, a somewhat 

smaller number of electrons could be injecteo.  If the energetic-particle 

distribution were relatively soft-i.e.. F(VR) a  V^-then the same wave 

growth should occur at ULF and VLF if the electron density were smaller 

than the lithium ion density by o factor of (43)2/6 or 3.5. For ( harder 

spectrum with F(VR) a  V^, the electron density could be smaller by a 

factor of (43)2/4. or 6.5.  If F(VR) varies as V- the„ the wave gain 

(in dB) will vary as Nx/2 where N is the injected-plasma density. 

Additional factors that alfo  need to be considered are the 

wave att9nuation during propagation through the lower ionosphere, which 

is expected to be quite small (probably negligible) at ULF but may be 30 

or 40 dB at VLF. 

^  £LF Wave Amplification by Injection of Cold Lithium Plasma 
at L = 6.6 Near the Geomagnetic Equatorial Plane 

The basic mechanism for the interaction of energetic protons 

with ULF waves has been descried above:  injection of cold plasma 

lowers the ULF wave speed to the point where the bulk of the energetic 

protons can be in cyclotron resonance with the waves. The great virtue 

of lithium is that at ULF frequencies the ion mass is the important factor 

in slowing down the wave.  HenCe. each lithium ion is about seven times 

more effective than a proton since it is about seven times more massive. 

However, the cold-plasma ion must be light enough to be readily moved by 

the ULF waves, or else the resonance interaction will be destroyed.  For 

this reason bariu-n ions, being about 20 times more massive than lithium 

ions, are not useful in ULF amplification; however barium can be quite 

useful for VLF amplification.  Using hydrogen is impractical because of 

the high energy required for ionization. but lithium meets nearly all 

the requirements.  Lithium is readily ionized by sunlight, and will make 
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a sufficiently large plasma cloud (hundreds or even thousands of kilo- 

meters across).  Furthermore, the technology of lithium atom release with 

thermite canisters is well developed. 

Consider a technologically feasible lithium-release experiment 
_3 

in which a lithium ion cloud of density NT , w 3 km  fills a field- Li 

aligned tube some 400 km in diameter and about 7,000 km long as illus- 

trated schematically in Figure 4.  To calculate the growth (gain) exper- 

ienced by a ULF wave on a single pass along the lithium-ion column we 

simply calculate the growth rate at a sufficiently large number of points 

along the wave path (which coincides with the column of lithium ions) 

and sum up the individual contributions.  If y is sufficiently uniform over 

the amplifying region, then the wave-amplitude growth« e^Y-i/V )> or 

total gain «8.7 (yA/^g) dB, where I  is the length of the amplifying re- 

gion and the wave group velocity, 

V = ?(kV )/9k   . (19) 
e    p 

Calculations of wave amplification are critically dependent on 

the number of particles available for resonnnce r(V«) in Eq. (5). C'-er 

the past several years, observations from several spacecraft have made 

it possible to assemble an accurate average measurement of F(VR) appli- 

icable to the T,LF wave-proton interaction case considered here.  The 

compilation of data11 shown in Figure 10 was used to make the present 

calculations.  It is also important to note that a study of 6 months of 

data showed that while proton fluxes are occasionally higher than those 

shown in Figure 10, they are seldom lov.r. 

Wave-growth calculations were made by Cornwall using the data 

of Figure 10 and an anisotropy A = 1/2, which is reasonable in view of 

current observational data supplied by Frank.11 The result was a linear 

growth rate of 6.6 X lO-3 dB/km.  Over the 7,000-kir. path length this 
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FIGURE 10     DIRECTIONAL, DIFFERENTIAL SPECTRUMS OF PROTON INTENSITIES OVER THE ENERGY 
RANGE 200 eV TO 1 M V, AND MIRRORING AT THE MAGNETIC EQUATOR, AS COMPILED 
FROM OBSERVATIONS WITH OGO 3 (Ref. 12), EXPLORER 12 (Ref. 13).   The ordinate scales 
for the proton spectrum at L = 4.5, 5.0, and 6.0 have been displaced by a fbctor of  10, as noted 
on the left ordinate scale — I.e., maximum differential intensities are —lO^ proicns (cm^ $r eV)"1 

at ~10 keV for each spectrum.    The horizontal t-ars for ejch measurement indicate the effective 
energy bandpasses of the instruments.    Approximate values for E, are 8.0, 6.0, and 3.5 keV at 
L = 4.5, 5.0, and 6.0, respectively.    Source:    Ref. 11. 
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amounts to about a 45-dB wave gain.  This 45-dB figure refers to a fre- 

quency of uj = 0.8 nLl w 0.2 Hz, where the wave gain is maximized for the 

given conditions. This frequency is also shout the maximum frequency for 

amplification by cold-plasma injection at L = 6.6. While there are un- 

certainties in thd calculation~e.g., a 30 percent uncertainty in the 

satellite measurement of F(VR)—a 30 to 40 dB gain is reasonable. Con- 

sidering the region outside the plasmapause from L = 4 to L = 7 and 

within 30 degrees of the geomagnetic equatorial plane, useful amplification 

could be obtained in the 0.1-to-5-Hz frequency range. 

While this calculation by Cornwall is used as an illustration 

here, it should be noted that several researchers, including Brice 

(Cornell University) Cornwall (UCLA and Aerospace), and Liemohn (Battelle- 

Northwest) have computer programs for making similar detailed wave- 

amplification calculations. However, more theoretical work needs to be 

done to extend and confirm the type of calculation made above, and more 

spacecraft data should be reduced to forms useful or inputs in making 

theoretical calculations. 
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VI  DESIGN OF EXPERIMENTS TO INVESTIGATE WAVE-PARTICLE 

INTERACT1DN PHENOMENA 

Experiments are now feasible to investigate UU?  and VLF wave ampli- 

fication, and particle precipitation caused by artificial cold-plasma 

injection. The experimental concepts described below are sound and 

there appears to be no fundamental uncertainty or obstacle.  There are, 

however, analyses of existing satellite data and instrumentation capabil- 

ities that are essential in order to define and design these experiments 

in detail. 

Successful coid-plasma injection experiments must meet several 

general conditions.  The volume into which the plasma is injected must 

be outside the plasmapause and near the geomagnetic equatorial plane. 

The ambient thermal plasma density prior to injection must be low enough 

that the injected plasma will be a major perturbation.  The ambient 

energetic par^ ele flux must not be too low or too disturbed. Drift 

separation between the injected plasma cloud and the spacecraft measuring 

the cloud parameters is undesirable. 

A.   ULF Wave Amplifjqation 

As has been shown in Section V-B, the injection of lithium ions into 

the energetic proton environment at synchronous altitude can produce 

wave particle interaction.  This interaction will remove some of the 

energy from the ambient protons for amplification of ULF waves in the 

0.1-to-5 Hz range.  This modifies the proton angular distribution so 

that some of the protons will precipitate. 

Preceding page blank 
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The experiments required to measure the amount of ULF wave awpllf1- 

cation and proton precipitation are listed in Table 2. Each experiment 

is discussed below. 

Table 2 

MEASUREMENTS FOR VIF  WAVE AMPLIFICATION EXPERIMENTS 

Measurement 

Proton environment in 

amplifying volume 

Li injection 

Li ions 

Li neutrals 

ULF waves 

Proton precipitation 

Observation 

Platform 

Spacecraft 

Spacecraft 

Spacecraft 

Ground 

Ground 

Spacecraft 

Ground 

Ground 

1.   Proton Environment 

To accurately compare theory with experimental results, it is 

necessary to know the phase-space distribution of the ambient protons in 

the volume where the ULF wave amplification is to take place. Thus, the 

Pitch-angle distribution, energy distribution, and flux of p-otons must 

be measured. The type of Instrument required for these measurements has 

been flown on a number of spacecraft. 

The ULF wave amplification experiment should not be performed 

during highly disturbed times or when the energetic proton flux is 

unusually low. However, this does not require a real-time capability for 

monitoring the proton environment in order to select a time for lithium 
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injection. Extensive synchronous-orbit proton data have been taken. 

These data must be examined to determine indicators, such as K . so that 

we can determine when the probability of having an acceptable proton 

environment is very high. 

2-   Lithium Injection 

A volume of ionized lithium is needed at the equator at syn- 

chronous orbit.  The concentration must be > 3 cm"3 OVer a region hun. 

dreds of km in radius perpendicular to the magnetic field lines.  Injec- 

tion by thermite canister at the equator is certainly practical.  Injec- 

tion fro. a rocket-borne shaped charge from Just above the atmosphere may 

also be practical.  Efficiencies and payload weights for lithium injection 

must be checked in more detail. 

The cold-plasma background must be low enough that the injected 

lithium is a major perturbation.  A study of existing data is needed in 

order to select magnetic conditions and times of vllgh probability of an 

acceptably low-density cold-plasmr background. 

■ 

3.   Lithium Ions 

To make a meaningful comparison of theory and experimental 

results, the concentration and distribution of injected lithium ions in 

the equatorial region are needed.  The convection and striation of the 

ion cloud may be important. 

The release time needs to be selected to minimize convection 

effects. Convection relative to corotation with the earth will probably 

be favorable from midnight through dawn to noon. Available plasma- 

convection and electric-field data need to be studied in order to select 

times and magnetic conditions  favorable for lithium injection. 
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Lithium ions can be measured in the release cloud with an in 

situ plasma detector.  This will probably not measure striations, and 

the lithium ions may convect away from the spacecraft with the plasma 

detector. Hence, an in situ satellite plasma detector will probably not 

adequately measure the distribution of lithium ions. 

Solar X-ray fluorescence of lithium ions will produce weak 

far-UV and visible radiation. A calculation needs to be made to see if 

this is a feasible technique for obtaining a two-dimensional plot of the 

lithium-ion distribution.  The UV observations would have to be made with 

a photometer on a spacecraft, while the visible observations could be 

made from the ground. 

4.  Lithium Neutrals 

The lithium inventory must be measured in order to determine 

the amount of lithium injecu?d. This can be performed from ground-based 

photometers. The loss of lithium as a function of space and time gives 

information on the production and initial location of lithium ions. 

Consequently, an analysis of the sensitivity of lithium photometry 

should be made. 

5.  ULF Waves 

ULF waves of 0.1 to 5 Hz can be measured on the ground at the 

ends of the field lines that pass through the amplifying volume. Magneto- 

meter sensitivities of about 10  gamma are practical.  In order to 

measure the ambient ULF noise and to obtain an amplification factor, the 

ULF waves also need to be measured on a spacecraft near the plasma cloud. 

Because of spacecraft instrument noise, a spacecraft magnetometer is 

limited to a sensitivity of about lo" gamma. 
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6-   Proton Precipitation 

The number of protons piaced on the loss cone by the wave- 

Partide interaction is very difficult to measure at the equator where 

the loss cone has an apex angle of only a few degrees. The pitch-angle 

distribution needed for the proton environment measurement (Section VI-A-l, 

above) can have a resolution of tens of degrees. 

The precipitated protons will excite and ionize the E region 

at the ends of the field lines.  Techniques such as backscatter radar 

Phase sounder or Hß photometry (at night) may be useful. An analysis* 

the excitation and ionization by the predicted precipitating protons is 

needed to determine whether they can be observed over the ambient environ- 

ment. 

B-  VLF Wave Amplification 

injection of cold plasma in the equatorial region at synchronous 

orbit should result in the amplification of VLF waves by the ambient 

energetic electrons.  The amplification may occur somewhere between 

100 Hz and 15 kHz. but most likely between 400 and 1.5 kHz.  The wave 

amplification removes energy from the ambient electrons, resulting in a 

modification of the electron angular distribution, causing some of the 

electrons to precipitate. 

The experiments required to measure the amplification of VLF waves 

and the electron precipitation are listed in Table 3. Each experiment 

is discussed below. 

• 
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Table 3 

MEASUREMENTS FOR VIF  WAVE-AMPLIFICATION EXPERIMENT 

Measurement 

Electron environment in 

amplifying volume 

Cold-plasma injection 

techniques 

Ion distribution 

Neutral distribution 

VLF waves 

Electron precipitation 

Observat ion 

Platform 

Spacecraft 

Spacecraft 

Spacecraft 

Ground 

Ground 

Spacecraft 

Ground 

Ground 

Balloon 

1.   Electron Environment 

To make meaningful comparisons of theory and experimental 

results, it is necessary to know the phase-space distribution of ambient 

electrons at the equator in the volume in which the VLF wave amplification 

is to take place. Tnus, the angular distribution, energy distribution, 

and flux of electrons must be measured. The type of instrument recjulred 

has been flown on a number of spacecraft. 

The VLF wave-amplification experiment should not be performed 

during highly disturbed times or «ton the electron flux is unusually 

low. A real-time capability for monitoring the electron environment to 

select a time for ion injection is not required. Much synchronous- 

orbit electron data have been taken.  It must be examined to determine 

indicators, such as K , so that we can determine when the probability 

of having an acceptable electron environment is very high. 
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2-  Cold-Plasma Injection Techniques 

For VLF anplification a volume of cold plasma is needed at 

the equator at synchronous orbit, the electrons being the important 

component. A concentration of a'oout  10 el cm"3 is needed over a 

region tens of kilometers in radius ..rpendicular to the magnetic field 

lines. The free electrons can be obtained from the injection of Uthium 

or barium ions, for example.  Injection of lithium or barium from * 

canister at the equator is practical.  It appears possible that rocket- 

borne shaped charges fired from above the atmosphere can achieve the 

necessary concentration, under appropriate magnetospheric conditions U 

Large-size satellite barium release payloads can be readily made.  Effi- 

ciencies and payload weights for lithium injection must be checked in 

more detail. 

The MM-MUW background must be lo» enough so that the 

injeotod cold electrons .re . «J, perturbntion. A study of existing 

data is needed In order to ss.sct „agnetlc conditions snd times .ben the 

probsbUlty of an acceptably lo» oold-p^sma background Is very high. 

3-   Ion Distribution 

In order to compare calculated and observed wave-amplitude 

growth, it is necessary to know the concentration and distribution of 

ions injected into the equatorial region. Consequently, convection and 

striatlng of the ion cloud may be important. 

Release time needs to be selected to minimize convection effects 

Convection relative to corotation with the earth will probably be favorable 

from midnight through dawn to noon. Available plasma convection and 

electric-field data need to be studied in order to select times and 

magnetic conditions favorable for injection. 
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Barium ions can easily be measured by ground-based optical 

techniques.  The problems of measuring the distribution of lithium ions 

are discussed above for ULF wave amplification. 

i ■« .1 

4. Barium or Lithium Neutrals < 

The barium or lithium inventory must be measured in order to 

determine the amount injected. This can be performed froin ground-based 

photometers.  The loss of lithium or barium as a function of space and 

time gives information on the production and initial location of lithium 

or barium ions.  Consequently, an analysis of the sensitivity of lithium 

or barium photometry should be made. , i 
■ 

5. VLF Waves ' 
  

VLF waves of «-100 Hz to 1.5 kHz need to tyj measured on a 

spacecraft to determine the amplification factor. Ground-based VLF 

receivers can be used at the ends of the field lines to measure VLF 

amplification; however, the attenuation in transit through the ionosphere 

makes the ground-based data difficult to interpret. 

r 

6.  Electron Precipitation ' 
- ' i 

■ ! ,1 ! 

The amount of electrons placed in the loss cone by the VLF 

wave amplification is very difficult to measure at the equator where the 

loss cone has an apex angle of only a few degrees. The angular distri- 

bution needed for the electron-environment measurement can have a reso- 

lution of tens of degrees. 
: i 

The precipitated electrons will excite and ionize the D and E 

regions of the ionosphere at the ends of the field lines. Techniques 

such as backscatter radar, phase sounder, or N^ IN photometry (at night) 

may work.  N IN photometry refers to the observation of the "first 
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negative" optical and near-ultraviolet emission bands of the N+ nitrogen 
2 

molecular ion.  The bands occur in the range of 2987 to 5864 A. 

C.  Wave-TrEinsmission Studies 

On occasion, a wave-particle interaction at VLF frequencies is 

sufficiently strong to be self-sustaining, once the emission process is 

stimulated or triggered by an input wave.  These "discrete emissions" 

often show an apparent saturation in amplitude and last typically about 

1 s, with extreme examples lasting about 20 s.  Discrete emissions are 

known to be associated with the dumping of substantial quantities of 

electrons into the upper atmosphere, as detected by measurements of 

bremsstrahlung X-rays in balloons. 

The purpose of ground-based wave-transmission studies is to deter- 

mine the optimum input signal frequency and waveform for stimulating 

emissions and electron precipitation, to determine how frequently this 

process occurs, and whether the emission of waves significantly alters 

the properties of the energetic particles.  For example, we must determine 

if one emission substantially reduces the wave growth rate, inhibiting 

subsequent emission, and if so, what the "recovery time" is.  The wave- 

transmission experiments also permit general studies of nonlinear wave 

phenomena in the magnetosphere. We might ask if it is possible to 

simultaneously stimulate emissions at two different frequencies, and if 

so, whether the nonlinear effects include significant wave-wave coupling 

and production of low-frequency waves at the difference frequency. 

Two ground-based wave-transmission facilities are presently being 

cpnstructed:  one at Siple, Antarctica with conjugate receiving facilities 

at Roberval, Canada under NSF sponsorship, and the other at Port Heiden, 

Alaska with conjugate receiving facilities at Du.iedin, New Zealand under 

Navy sponsorship. 
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A sub-LF satellite-borne wave transmission experiment has oeen 

proposed by the Navy for studying the generation and propagation of 

sub-U waves in the ionosphere in order to determine the feasibility of 

direct watellite communications with submerged submarines. 
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