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During the two years that this grant was in effect, we completed a
large number of the tasks that were proposed in the original three year
effort. The remaining tasks are being accomplished on the contract at the
University of Alabama in Huntsville. In particular, we designed and
constructed PCM encoder capable of storing data on-board into the mass-memory
in the encoder at up to 12 megabits per second (total memory of 8 megabytes).
This telemetry system was programed for two successful flights., The first
flight was launched in March 1983 from Pokerflat, Alaska. The second, the
Greenland One Campaign, flew in December/January of 1985. The remaining
flight, the Critical Velocity Effort, will be launched in May of 1986. All
parts of the electronic system functioned perfectly during both previous
flights and the detectors performed perfectly. However, in the first flight
in Pokerflat, Alaska, an electron arm did not deploy for reasons as yet

unknown., The ion arm deployed perfectly and good data was acquired,

The Greenland flights were spectacularly successful in that all
elements of the detector system, along with co-investigator eiperiments,
functioned perfectly. Efforts are now under way to get these results into the
literature and AGU presentations in the Spring of 1986. In the data analysis
-area, we have pursued the data analysis of the Condor Critical Velocity

Experiment which has resulted in several papers included in the appendix, as

well as one PhD thesis. The ‘Condor experiment stimulated a few independant,

theoretical investigations, as well as our own continued analysis. We are

‘hopeful that a recent model of these releases will help to determine

.-pefameters that we will use on the launch of the Crit I experiment during the

Spring of the year. These results will also be presented in an invited talk

"at the COSPAR in July, 1986.

The electronic system we designed consists of a Main Processor which

controls all elements of the encoder. The I/0 periferals ﬁay be accessed

either by the processor or under automated control via a DMA sequencer. The
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DMA sequencer allows for the very fast burst capture that would not be
possible with a regular processor. Thus, the encoder can be run in either of
two modes--one being, without the DMA under total processor control. 1In this
case, we are highly software intensive and require a large software effort to
implement our storage. This is the system that was employed on both the
Pokerflat and Greenland flights. The DMA system will be employed during the
Crit I experiment and will allow for very fast burst capture, in this case, a

rate of three megabits per second into one megabyte of memory.

The processor controls the acquisition of analog digital data through
several subsystems. The first subsystem is the analog-to-digital convertor

system which has two different possibilities. The first possibility is a slow
acquisition system of some 40 kilosamples per second at 12 bits into 32

separate channels. The second is a fast system capable of up to 500,000

kilosamples per second at 12 bits divided into 16 channels.

Particle data is accumulated into 16 bit accumulators based on the
Intel 82C54 counter timer chip. These accumulators are high speed COMOS capable
of counter-rates up to 20 megacounts per second and controlled in an

accumulation scheme by Main Processor timing.

The high voltage sweeps are controlled either in linear or logarithmic
DAC which is controlled by rights either from the DMA ROM or the Main
Processor. The entire microprocessor scheme and encoder was built to allow
for very fast burst capture of data and to>allow intelligent control of events

on the spacecraft.  An example of this is the Critical Velocity Experiment in

which the Main Processor will initiate ‘shape charge ignition via radio control

“‘under a controlled condition determined by the locally measured magnetic field.

Science Results

~ The flight of 38001 was disappointiﬁg'1n that the wain séientific goal
was not acheived because the two spacecraft-weré"not in the,prqper
orientation. In this experiment, with Gene Weséott of Alaska as the Principal
Investigator, we were trying to place two spacecraft on the same magnetic

field line at the time of a radial shape-charge ignition. This was not



achleved because one spacecraft severely deviated from our planned trajectory.
. Some energization of local ions was achieved on the radial shape-charge
ignition that did occur from the main instrumentated payload. However,

because of the lack of electron data, our science results were very limited.
In fact, our main result was the analysis of a previous flight, 34010, verj,
much 1like this flight, where we did report black holes created in the radial

shape-a charge distribution and particles energized in that event.

The Greenland flight was spectacularly successful, in that, due to the
simultaneous flight of our vehicle, 29023, and University California,
Berkely”s vehicle, we did observe simultaneous precipitation of ions from a
very far radial distance, as well as, acceleration of electrons simultaneous
with the deceleration of protons. These reports are now being worked into a
JGR paper. The further use of the very fast burst capture element of our
experiment showed, for the very first time, the rapid percipitation of bursts
of electrons where we can measure the dispersion in electrons from electrons
accelerated a few thousand kilometers above the spacecraft at the nominal
altitude of auroral acceleration mechanisms. This is another significant

- result which we are investigating.

In collaboration with Mike Kelley, we also are investigating the

creation of possible kilometric radiation due to the resonant emission of
electromagnetic waves along the resonance cone of whistler waves simultaneous

with changes in the electron distribution function. In the Critical Velocity
Area, our main result has been several papers which have now been published
and one soon to be published on the Condor project which occurred before the
beginning ‘of this contract, but for which we proposed analysis. The most
significant result in that effort has been to point out the discrepancy

ﬁ*“béfﬁééﬁ_oﬁf"ﬁbfé“hégﬁfiﬁéwfééﬁftéwEﬁ&”?ﬁ&géﬂbfﬁbejééi“?dféﬁbiﬁé“féﬁdrféd'by_"“”

Haerendal (1982) in which he reported a large ionization efficiency.
Hopefully; the resolution of these descrepancies will occur in the upcoming
Crit I launch in May of 1986.
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A Magnetospheric Critical Velocity Experiment: Particle Results

R. B. TORBERT asd PATRICK T. NEWELL N 8 6 = 31 4 63

- Center for Astrophysics and Space Sciences, Unsversity of California, San Diego

In March of 1983, a barium injection sounding rocket experiment (The Star of Lima) was
conducted to investigate Alfvén’s critical ionization velocity (CIV) hypothesis in space. Includ-
ed in the instrumented payload was a UCSD particle detection experiment consisting of five re-
tarding potential analyzers. Despite conditions that appeared to be optimal for the critical velo-

city effect, the particle data , in agreement with optical observations, indicates that a fractional

ionization of only "5 x10™* was observed, indicating that the conditions required for the effect
to occur are still not well understood. However many of the required phenomena associated
with the CIV effect were observed; in particular a superthermal electron population was formed
at the expense of ion drift kinetic energy in the presence of intense electrostatic waves near the
lower hybrid frequency. The amount of ionization produced is plausibly consistent with the ob-

served electron flux, but could also be accounted for by residual solar UV at the injection point.

It is shown based on the UCSD data set that one obvious explanation for the low ionization
efficiency, namely that the ionizing superthermal electrons may rapidly escape along field lines,

can be ruled out.

== - .. L.INTRODUCTION AND EXPERIMENT DESCRIPTION

The critical velocity hypothesis was first advanced by Alfvén [1954] in connection with his
theory on the origin of the solar system. It states that when a neutral gas moves across magnet-

ic field lines with respect to a plasma with a velocity at least that given by
1 ., | _ |
Tnn Vt =ed; - (l)

where m, is the neutral mass, and ¢, is the ionization potential of the neutrals, a discharge like
process can occur which results in the anomalously rapid ionization of the neutrals. The critical

ionization velocity (CIV) effect has been reported under a variety of laboratory conditions [for
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example, Pel et al., 1980; Vcnkatc;ramani and Mattoo, 1980; Aznas, 1978, Danitelsson and Bren-
ning, 1975; Fahleson, 1961]. The primary evidence for the critical velocity effect occuring in
space is a barium injection sounding rocket experiment in the Porcupine series, reported by
Haerendel [1982]. A comprehensive review of the critical ionization velocity effect in space is
given by Newell |1985]. |

The Star of Lima was a conical shaped charge barium injection experiment conducted from

Punta Lobos, Peru in March of 1983. The geometry of the experiment is illustrated in Figure

1. The Taurus-Tomahawk rocket had -a mother-daughter payload: the explosive charge was

separated by spring release from the plasma diagnostics; at detonation the nominal separation
was about 2.1 km. The conical charge had an opening full angle of 30 degrees, and it directed
the barium beam almost directly across magnet;ic field lines towards the instrum_éntat.ion. The
launch was just before dawn; the detonation altitude of 429km was calculated to occur below
the 3200 Angstrom ionizing uv cutoff, but with sufficient visible sunlight for ground based
television observations (calculations by Wescott et.a_l. [1986] indicate, however, that the barium
cloud was exposed to about 1/40th normal full solar uv). Papers by Kelley et al., [1986]; and
Wescott et al., [1986] in this issue discuss the electric and magretic field data and optical obser-
vations respectively. The present work is concerned with the results of the UCSD energetic
particle detection experiment.

The energetic particle detector consisted of five retarding potential analyzers {RPAs), a
description of which can be found in Carlson [1974]. Two swéeping detectors were devoted to
ions, two sweeping detectors were devoted to electrons, and one detector measured fixed

energy electrons. Table 1 gives the parameters of interest in the energy sweeps. These detec-

tors exhibit a narrow conical angular response with a half-angle at half maximum of about $

degrees. The time needed to complete a measurement of an energy spectrum -- 19 ms for the
fast electron detectlor, and 38 ms for all others -- afforded better time resolution than most pre-
vious similar particle detection packages.

One of the sweeping electron detectors, and one' of the sweeping ion detectors, -wére tilted at
an 8.5 degree a.ngie to the spin axis to give 'some limited 'pitch angle information. The three
remaining detectors were all oriented along the spin axis, which was vertical to within 10
degrees; and hence nearly perpendicular to the magnetic field li.nes.(refer to Figure 1). These

detectors thus had their within 10 degrees of :a.hti-parallel_té the ram direction of the barium

_ neutral beam.

Economic constraints dictated a simple, standard design with a comparat.ively’modest. dynamic
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range of distinguishable particle fluxes. Had the critical velocity effect produced the predicted
fevels of ionizatior;, all five detectors would have saturated, thereby leaving us with a lower
bound on the fluxes. The much lower fluxes observed are reported in the next section.

The plasma paraineters of primary interest in the Star of Lima experiment are listed in Table

1I, along with various other associated quantities which will be useful in later calculations.
II. RESULTS: DATA PRESENTATION

The Taurus-Tomahawk rocket overperformed, so that the solar grazing altitude was 41.5km,
resulting in the barium cloud being exposed to 1/40th the normal ionizing efficiency of full uv.
The total amount of vaporized barium released in the burst was of the order 10% atomsi the
amount of barium ionized is estimated from the brightness of the Ball 4554A line observed by
ground stations to be 5x10% ions | Wescott et al., 1985]. This is about 1/40th the amount nor-
mally observed in a similar release exposed to full sunlight. The uncertainties are large enough
that the precise agreement must be accidental, but it is clear that solar uv is at least potentially
capable of accounting for all the ionization that occurred. However, it is also true that electron
impact ionization, in accordance with the critical velocity effect, could have caused as much
ionization,as is shown below. Moreover, a wealth of plasma phenomena was observed, giving
insight into the processes in effect.

Figure 2 shows the electron data near the explosion, which oc'curred near 340.65 s flight time.
The Cornell quasi-dc electric field (single-axis double-probe, not despun) measurements are

_included for reference. The ion data is given in Figure 8, which is on the same time scale, and

includes pitch angle information. Note ‘that the "90 Jegi:é'é“ electron . sweepinig "detector ——— === ——-.. ..

saturated (while sweeping through the lowest energy step) and took approximately one second

to recover. Al other detectors appeared to always have dynamic range in reserve; some, partic-

ularly the "80 ion rpa" (tilted at an 8.5 degree angle to the spin axis) obviously never came near
saturation. Thus the flux rates reported here are believed to be reliable to within a factor of
about 3 (the uncertainty arising mostly from uncertainty in the energy acceptance widths). A
chronology of the effects seen by At.he tn situ diagnostics is given first to provide an overview.
The ground based television camerss can deiermine the explosion time to about a single
frame (1/60 s) resolution. Unfortunately, the time recording on the tapes was hand calibrated,
so that it cannot be used for ;.relid.ble debervmvina:tion of the ex'plos‘ion '{ime. The highest gain

‘channel on the Cornell electric ficld experiment provides the best estimate of the detonation
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time. Prior to the arrival of any particles, with their associated strong wave activity, a 10 ms
precursor electric field pulse of amplitude 504 V/m was detected. This is very likely a magneto-
sonic wave, which -- moving at the Alfvén speed -~ would be the fastest traveling plasma dis-

turbance created by the explosion. This precursor wave arrived at the payload at flight time

340.658 5. The time of flight of a magnetosonic wave to the payload would only be "8 ms. Tt is .

not clear how long after detonation such a wave would be emitted; however we may take
340.658 as the approximate explosion time. For convenience, events in the Star of Lima exper-
iment will be hereafter be referred to in burst time, where the origin in burst time corresponds
to 340.658 flight time (21 March 1983 09:58:24.658 UT).

Figure 4 shows .8 sec of energetic ion and electron data following the explosion on an
expanded time scale. The analyzing sweep voltage is included in the top panel, with the lowest
energies in the electrons in panel 2 corresponding to minima in this waveform. ( Refer to Table
I for sweep ranges). Starting at "62 ms burst time, the first superthermal electrons were
observed, along with the onset of the oxygen lower hybrid waves (not shown) as reported by
Kelley et al. [this issue|. Note that counts appear first only in the lowest end of the energy
sweep; within a few tens of milliseconds the electron tail population heats up (the flux versus
energy profile broadens). This is the pattern one would expect for electrons heated by local
wave instabilities. Electrons energized elsewhere would show the inverse dispersion pattern:
the most energetic electrons would appear first. At 82 ms burst time the first energetic ions
were observed. Five milliseconds later, the biggest electric field event of the flight occurred; a
large dc electric field pulse of at least 400mv/m amplitude. Because the orientation of the elec-

tric field with respect to the single axis of the electric field boom is unknown, this figure is a

“lower limit on the field strength. _
To have reached the payload by this time, neutrals would be required to have a velocity of a
little greater that 20 km /sec, which, in fact, corresponds to an electric field of 440 mv/meter,

consistent with that observed. However, Wescott et al., [this issue] report no barium ions with

velocities greater that 14 km/sec. In fact, using their velocity profile, one can show that the

- .ba.riufn density begins to rise at the payload at about 160 ms burst time and reaches a.peék of -

about 2x10%/cm® at 220 ms, all after this main electric field pulse, but corresponding precisely.
to the times of maximum barium lower hybrid,as later -‘described.. Presumably,then, this dc
pulse is associated with the arrival of either a.ml.>ient, neutrals puslied ahead of the main barium
Jet or some cont.aminen‘t of the barium which has peve.r been seen before. To our knowledge,

no -diagnostic payload has ever been in the main jet of such a shaped charge. It is indicative that



ORIGINAL PAGE IS
-8 OF POOR QUALITY

the primary wave spectrum at this time is more characteristic of oxygen than barium. In any
event, these early waves do heat the electrons and begin to ionize whatever neutrals are
present. This may in turn cause a strong electric field to be set up in the beam direction to hold
back the unmagnetized ions and subsequent polarization of region. The_ observed electric field
could then be explained. However, it seems odd to us that beamn neutrals at this time, undoubt-
edly of much lower density than at later times, have such a large effect in acéelerating the
entire background population up to 20 km/sec. Without a full three-dimensional measurement
of the electric field, the interpretation of the pulse thus remains unresolved.

Starting at about 150 ms burst time, broad band electrostatic oscillations with a high fre-
quency cutoff at the barium lower hybrid frequency are observed. A power spectrum of these
oscillations and a detailed discussion is found in Kelley et al., [1986]. For reference, the local
beam neutral density begins rapidly to rise at 160 ms, exceeds the ambient at 170 ms, reaches a
peak of 2x10°% /em® at 230 ms, and decays to a low level (1x107) by 850 ms. As will be dis-
cussed in detail below, these times and those of the oscillations correspond also to the time that
the electron energy flux is gaining energy at the expense of the ion kinetic energy. Note the
rapid appearance of the peak in the electron spectrum at 165 ms in panel 2 of figure 4. By "260
ms burst time the oscillations have largely died away. After about 300 ms the ions have ceased
to lose energy, and the electrons to gain energy. Thereafter, the electron population cools,
while the ions flux remains stable. The electron population remains isotropic until -about 400
ms burst time. Thereafter a strong loss cone distribution forms in the electrons.

The absolute value of the ion flux rates can be used to estimate a percentage lonization. The

peak flux rate, occurring at 242 ms burst time, was about 3x101° ions /em %-s-str implying ion

" densities on’ the order of 5x10*/cm®. ~Using the above reutral cloud density, the ionization at~ "= -~ — - -

the time the cloud passed over the instrumented payload can can be readily calculed to be a lit-
tle more than 1074,

A 10 km /s barium atom (a typical value for this type shaéed charge) had a gyroradi of 850m
for our value of magnetic ﬁ‘e]d strength (.22gauss). Since the separation from the explosion
point was “2km, ‘we would presumabl4y observe little of the initial thermal ioniza'tion-; or indeed,
any ionization which occurred more than a km Away_from t.hé instrumented payload. Thus any
ionigation which occurred after the cloud passed over the payload would not be defect.ed. In‘
this light, it is appropriate to report dn;/dt; in effect the nu:mber of ions observed .div.ided by
the time the cloud spent within a gyroradi of the>payload. Teaking, say, a l4lkm/s leading edge,

and & $ km /s trailing edge one obtains dn;/dt~ 10° /em ®-sec. This rate of jon production gives
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a total ionization efficiency (a few times 107*) that is consistent with the optical observations
and is three orders of magnitude below the value reported for Porcupine {Haerendel,1982].

Electron heating, resulting in a superthermal electron tail, has undoubtedly been observed.
The peak flux in electrons was about 5x 10'%/cm?-sec-str, which ]eadg to—an estimate of the den-
sity of superthermal electrons of “500/cm® with energy greater than about 7 ev. Photoelectrons
are much too cold to account for the energetic electron population observed; only collective
plasma processes could produce the heating that occurred. In particular, there is a clear associa-
tion of the energetic electrons with rapid electric field oscillations.

The cross section for electrons to ionize barium is crudely a step function, with the value 1.0
to 1.2x107'cm? above 7 ev, and O below 7 ev | Vainshtein, et al., 1972]. The amount of ioniza-

tion the observed number of superthermal electrons would be expected to create is readily cal-

culated:

dﬂ.‘
dt

=n,n,0v, - (2)

where o =1x10""%cm?; v,=2x10% cm/sec is a typical (10 ev) electron velocity; n, is the
superthermal electron tail density; and n, is the density of neutral barium. One finds
dn,;/dt=8x10*/cm%-sec. This is reasonably consistent with (but somewhat lower than) the rate
of ion production actually observed as the cloud passed over the payload.

"Figures 5 and 6 show ion and electron energy flux spectra auring the event. Each spectrum
consists of a single upsweep of either the ™0 degree” e- or the "90" ion RPA. Of course,other

spectra are also available and have been made from the downsweep and from other detectors as

Hw;l'l,— but bc;fac1l;tate evasy _c;mpuiéon -- ~es_p;:ci;—l‘l; of the <q1i;;1t-it-a’thive— values obtained By S

integrating these curves Table III -- it is desirable to minimize extraneous variations. The
upsweep is preferred for generating spectra to the downsweep since a wider energy range is
covered. The detectors chosen had the best coverage (for example, the fast electron detector
died and hence is unsuitable for the present purposes).

The e'arl'iest ibn spectrum -- the first for which count rates were significant -- is contained in
Figure 5, 78 ms after the (;.xplosién. This first spectrum has the appearance of a drift maxwel-
lian with a peak arour;d the retarding pot.e.ntial of 25 ev (implying abéut a 30 or 85 e‘v.act.uﬂ ion_
energy peak). The seco'ndvspectrum. contained in this figure, taken at 155 ms, shows that the

peak has shifted to lower energies. ‘Since there has been further ionization, there are more ions

around at all energies. However it is clear that individual ions are losixig energy; and the shift



is far too rapid to be accounted for by dispersion alone. Since this is accompanied by the rise of
electrostatic fields and heating of electrons, it is clear that a collective plasma process is under-
way transferring kinetic energy from the ions to the electrons.

The next panel of Figure 5 shows that by 232 ms burst time, the ion distribution has relaxed,
and lost much of the beam-like form that characterized it earlier. By this time the electron
‘heating is well under way. Notice again the shift of the distribution téwards fewer ions at high
energy and more at lower energies.

Piel et al. |1980] have argued for the importance in laboratory experiments of an inhomo-
geneous ionigation front. Although it appears that such a front could have passed over the pay-
load, beginning at about 150 ms burst time and ending around 260 ms burst time, this time his-
tory can also be acounted for by the simple variation of the driving beam density as discussed
above. Thesé time variations are also seen in the abrupt drop in ion density observed between
the spectrum beginning at 232 ms and the spectrum starting at 309 ms {refer to Figure 5).
Thereafter the ion distribution is very stable on the time scale of interest here. For example,
Figure 5 shows that there is essentially no change in the ion flux distribution between 809 ms
burst time and 693 ms. All intervening ion spectra are essentially identical and so are not
shown here.

The electron spectra show less consistency than the ion spectra, but the general trends are
clear. Shortly after 100 ms a superthermal electron population begins to form. -Figure 6 shows
first the electrons at 232 ms burst time, and reaching their peak‘a-x 309 ms. Although the ions
éxpe‘rience a sharp drop off at this time, the electrons do not: Figure_ﬁ shows the electrons are

still at peak energy flux as late as 386 ms. Thereafter the electron flux does begin to drop,

" however, and as the final panel of Figure 6 illustrates, the electron energy flux is much reduced
by 468 ms burst time. ‘ |

Some sample eneréy fluxes and densities calculated by iﬁtegrating these curves are summar-
ized in Table III. In computing these values, the ion distribution was assumed to be extended
over one ster-radian, and the electrons over 47 ster-radians (in,aécordance,wihh the apparent
" isotropy of the electrons as discussed below, .a.ﬁd the observed sti.ron‘g m@hoﬁy in 'tixe ion dis-
tribution). . |

Figure 7 gives some limited insight into the pitch angle dependence of the energétic electron
population. The plots in f.his ﬁgure.are generated frorﬁ the RPA .which. was devoted to elec-
trons and which was tilted at an 8;5 degree angle to the spin axis. Thus it Spun througii about a

17 degree range of pitch angles. The detector was sweeping in energy; therefore the data in



Figure 7 is a subset, each panel corresponding to a given energy level. Note that for approxi-
mately 0.4 seconds the population is apparently isotropic (or at least flat near 90 degrees). This
is the time of peak electric field fluctuations, and also the time of peak partiéle fluxes.
Thereafter the population becomes sharply peaked, as all electrons not very near 90 degrees
quickly escape along field lines. At these later times, the ratio of the population near 90 to that
at sbout 70 is roughly 80:1. We will return later to the significance of the initial isotropic

phase.
III. Discussion

The data shows that the phenomena associated with the critical velocity effect -- namely heat-
ing of the electrons at the expense of ion kinetic energy, and associated broad band electric
waves around the lower hybrid frequency -- were indeed observed. The process failed to build
on itself in a rapid non-linear fashion; i.e., it did not reach discharge. This is something of a
puzzle when contrasted with the results of Porcupine, a simiia.r barium injection experiment in
which nearly 30% ionization efficiency was reported | Haerendel, 1982).

A number of possible reasons for the low ionization efficiency ("5 x107*) observed in the
present experiment can be advanced. To discuss all of these in any detail is beyond the scope
of the presént work (an article discussing many of tl;e possibilities in detail is in preparation}.
However our data provides considerable evidence concerning one apparent difficulty: the rapid
escape of the superthermal electrons along the magnetic field lines.

For the critical velocity effect to be viable, it is clearly necessary that a newly energized
superthermal electron havé time to have at least 6ne jonizing collision during the course of the
process. Thus, in analogy with the Townseﬁd condition for beam plasma discharges, Brenning

[1982] has introduced the requirement:
Te> T 4T ion (3)

where 7, is the time over which CIV effects occur, 7y is the energization time for a superther-
mal electron, and 1, is the time it takes such an electron to have an ionizing collision with a
neutral. Because of the rapid time scale for the lower hybrid instability, it is probably safe to

take the energization time, r, to be much shorter than the other times of interest.



The time it takes an electron to have an ionizing collision is readily calculated:

Tin{?v)= W 25 ms (4)

where the cross section | Vainshtein et al., 1972] and velocity used wereAt,hose appropriate to a
10 ev electron; and the neutral barium density was taken to be -2x108/cm’. The time available

~for the CIV proceés to grow to discharge is not well defined, but is of the order of the 'contact
time" that fast flowing neutrals spend on a given field line. This is hundreds of milliseconds,
clearly m.uch. longer than the necessary 25. Thus the Townsend condition in this sense appears
satisfied.

From equation (2), it is clear that this r,,, is also the time scale for the growth of the plasma
density, which is essentially independent of how rapidly the electrons are heated. Their energy
is fixed by a resonance condition with the wave. One could argue that, given only 200 ms of
"contact time," the density at the payload could only increase by a factor of a few hundred.
However, this would not explain the absence of ionization at, say, 6 km from the eXplosion,
where the time scales are 3 times as long. At these distances, Porcupine produced its maximum
jonization |Haerendel 1982].

There is also, however, the question of electron éoﬁta.inment._ A 10 ev superthermal electron
has a velocity of 2000 km/s, and hence could escape in a fraction of a millisecond from the

" cloud, which has a length parallel to B of only 600 meters. ‘Thus the escape time appears to be

-~ —much .more rapid than the ionization tlme whlch would suppress CIV effects. Now such an

escape current would tend very rapidly to build up a contammg e)ectncfﬁeld, the questwn TR

whether the background plasma -- which has an electron density much larger than the superth-
ermal electron density - would rapidly short out any siach polarization field parallel to B. It will
now be shown that our gxpeﬁmental data shows that f.he electrons were .indeed trapped for
much longer than the nominal escape time. } o 4 '
Refer to Figure 7, which illustrates the dependence of flux rates on pitch angle at va.rio't'xs'
fixed energies. Notice that durmg the time of peak flux rates, say the 8 sec startmg at burst
time 92 ms, the electron distribution appears to be mdependent of pitch angle “This is not, of
course, to say that the flux rates are constant durmg thls interval: mdeed there is time depen-
dence as is dlscussed in detml in the previous section. However the ﬂuxes appear to have no

dependence on pitch angle during this time period.
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At a somewhat longer time a marked loss cone distribution emerges. Indeed, after say 600
ms burst time, -the ratio of the fiux near 90 to that at about 75 degrees is (with appreciable vari-
ation) around 30:1. This, however, happens on a time scale much longer than CIV processes
could possibly be operative. Thus the pitch @gle data indicates that the hot electrons are con-
tained, at least for a much longer time scale than the fraction of a millisecond nominal escape
time.

It may be suggested that the electrons are being energized primarily along the field lines, as
well as escaping along them, in such a way that the observed isotropy is produced. it is a prion
unlikely that these effects could balance 50 élosely. Furthermore, there is a compelling argu-
ment based on energy considerations which shows explicitly that such a coincidence is not
occurring. |

Refer to Table IIl. This table shows the ions initially Josing kinetic energy, and the electrons
heating up. Note that the energy density of the ions is at all times much larger than the energy
density of the electrons. However the electron energy flux is much higher than the ion energy
flux; indeed, by burst time 386 ms, the electron energy flux is 2.4x1012ev/sec-cm2, whereas the

ion energy flux is only 5.7 x10'%v/sec-cm?

. This is not surprising, since for a given energy
density, the much lighter mass of the electrons implies a much higher energy flux. The point is
that these differences in energy flux could not be maintained if the electrons were escaping
along field lines. |

To conserve energy, it is clear that the electron energy flux escaping along field lines can only

be a fraction of the ion enérgy flux into the region perpendicular to B. Unfortunately it is not

possible merely from the observations of total net flux to deconvolve the sinks and sources. To

~be more explicit: the ion flux; for example, is increased by new ionization, and decreased by
dispersion as well as by energy transfer from the ions to the electrons. Nonetheless, it is an
observational fact that large numbers of ion are not being created, which allows a very rough
estimate of the electron trapping time -- which will be denoted r 7 — as follows. The physical

quantity which most closely corresponds to the detector count rate is the electron energy flux,

J5.- Imagine, a box of width w perpendicular to the beam direction and arbitrary lengths in the -

other two dimensions. At any instant of time, the electron energy flux out of the sides of this
box along B is proportional to gz, . If the electrons are trapped, this energy loss is reduced by
the ratio of the un-impeded electron transit time r,,,, to the trapping time. ‘This r,,, is essen-

tially the length w divided by a typical electron ‘velocity. Now, the upper limit to the energy

available in this box is given by the difference between the ion energy flux { j;) which is
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flowing in and that which is lowing out the other side. Setting this value as a maximum, we .

arrive at:

T n 2jE_°
T free aJEi

w("g—')

r

(5)

where the derivative of j; is taken along the beam direction. The maximum value of this
derivative is certaiﬁly given by dropping the entire value of jz; over one ion gyroradii, about the
value of w at the location of the spacecraft. Using the values in Table III at 386 ms for j, and
J5i, and a value of about 0.3 ms for 7,,,, we find that the trapping time is greater than about
25 ms. This estimate is obviously very crude, but is remarkably consistent with the ionization
time given in equation 4. ln.fact, ry is really an energy trapping time and should never be
greater than the ionization time for weakly ionizing discharges. Thus, the effects of electron
escape appear to be no greater than the damping effect of energy loss due to the ionization pro-
cess itself. The present arguments make clear that energy conservation requires a trapping time
orders of magnitude larger than the nominal fraction of a millisecond escape time the electrons

would have if they were uncontained.

Thus both the energetics of the observed particle distributions, and the isotropy of the elec-

-tron distribution demonstrate that the superthermal electron population is contained for far

longer than the nominal escape time.

IV. SUMMARY AND CONCLUSIONS

An energetic (1-50 ev) particle detection experiment was designed and built for inclusion
on the Star of Lima, the first sounding rocket experiment intended sqle]y to test the critical
velocity effect in space. The re-sults of the experiment were negative, in that the ionization
efficiency from superthermal electron impact was quite low ('»‘-’ 5x107* fractional efficiency).
However, & detailed analysis of the particle data demonstrates ‘som’e important results. As
required by all critical jonizgation velocity theories, superthgrmal.‘glectron tail formation was

observed. In accordance with predictions by prevailing theories, this was accompanied by
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broadband electrostatic oscillations near the barium lower hybrid frequency and a demonstrable
energy loss in the ion spectrumn. There is thus no doubt that the electrons were energized by a
collective plasma process at the expense of the ion drift kinetic energy. Thus some of the
essential features of the CIV mechanism were directly measured. Analysis of this data puts
constraints on speculations into why the CIV operated at such a low level.

The most important example of this is that the superthermal electrons were trapped for far
longer than their nominal escape time. The pitch angle isotropy observed, as evidenced by Fig-
ure 7 suggests sﬁch a containment. Energy conservation arguements based on the measured
fluxes demoﬁstrate convincingly that this is so. Thus one importan£ possible explanation for
the observed low efficiency is eliminated.

The experiment described in this paper was performed under conditions which vsvould ordi-
narily be expected to maximize CIV effects, and yet only a very low ionization efficiency was
obse.rved. It is thus established that the counterstreaming of a plasma and a neutral gas in a
space environment does not necessarily lead to CIV effects.

In view of the large number of proposed applications for the critical velocity effect in space
[ Newell, 1985] it is of considerable practical importance -- as well as being of intrinsic funda-
mental interest -- to resolve the question of when to expect CIV effects in space. Further mag-
netospheric barium injection experiments remain the most promising means of resolving the

issue.
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" Figure Captions

Figure 1. Geometry illustrating the Star of Lima barium injection experiment. The arrows

pointing out of the instrumented payload show the direction of the "90" and "80" degree RPAs.

Figure 2. Electron differential energy fluxes near the explosion (t=0). The Cornell electric

field data (not despun) is shown for reference.
Figure 3. Ion differential energy fluxes near the explosion.

Figure 4. The electron data near the explosion on an expanded time scale. Again Cornell elec-

tric field data is included for comparison (refer to Kelley, et al., this issue).

Figure 5. Ion differential energy flux as a function of energy at selected times. Each curve is
based on the data from one upsweep of the "90 degree" ion detector (which took 38 ms to com-

plete). The times given are the burst time at which the sweep was started.

"~ “Figure "6." Electron "differential energy flux as a function of energy ‘at selected times.” Each
curve is based on the data from one upsweep of the "80 degree" electron detector (which took

38 ms to complete). The times given are the burst time at which the sweep was started.

_ Figure 7. Electron differential energy fluxes at spééiﬁe’d energies (6-11.4 ev) for the "80 .
" degree" detector. The actual pitch angle is also plotted. Note the period of .approximate iso- »
tropy during the time of peak fluxes (the lower energy electrons are becoming more numerous

during this time period). -
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Table Captions

Table I. Characterizing the energy sweeps of the retarding poteritia] analygers. "Accum" is the
accurnulation time at a single energy step, and "Spectrum" is the time needed to complete one

upsweep or downsweep.

Table II. Important parameters and typical values for the Star of Lima experiment.

Table IIl. Energy densities and fluxes for superthermal electrons and ions at times near the
burst. Values are obtained by integrating the area under curves such as those shown in figures

5 and 6.
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Table 1. RPA Sweep Parameters

Particles | Angle | Accum (msec) | Spectrum (msec) | Energies (ev)
e- r9Q " 4 2.40 19.2 1.5-47
e- r90 " 4.80 - 6.5
e "go " 4.80 38.4 1.5-48
ions "go " 4.80 38.4 .8-47
ions Tgo" 4.80 38.4 ) .8-46




Table Il. Star of Lima Plasma and Particle Parameters

Altitude

428km

Background plasma density

n = 2or3 x10*/cm?

Background neutral density

n, =6.7x10"/cm’

Magnetic field

B = .22 gauss .

Debye length

Ap=2cm

Typical lon gyroradius

pi(Ba, 10km/sec)=650m

Typical e- gyroradius

p. (10ev) = 52cm

Ion gyrofrequency

w (Ba) = 15.3 rad/sec

Electron gyrofrequency

W =3.87x10%ad/sec

Plasma frequency

w,, =9x 10%rad /sec

Ba lon Plasma frequency

w,;=1.8;<10‘rad/sec _

.| Lower hybrid frequency

wy =6.5x 10° rad/sec

Alfven velocity (O)

v, =700 km /sec

Particle/Field pressure

p=2x107%




Table I1I. Selected Energy Densities and Fluxes

Time | Flux (10”ev/sec-em®} | Density (kev/cm®)
msec e ions e- ions
‘ 78 1.4 .063 5.8 123
155 3.8 .45 17 1151
232 1.2 .21 9.5 792
309 2.4 .041 18 182
386 24 .057 18 223

' 463 .14 .054 1.5 272
693 .33 .042 3.2 200
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ABSTRACT

High explosive shaped charge experiments King Crab, Bubble Machine 1
and 11, designed to perturb the ambient plasma anﬁ magnetic field were
flown above 460 km on Taurus Tomahawk rockets from Poker Flat in March 1980,
1981 and lgggi_rgpective1y. The last two flights were a mother-daughter
combination with the instrumentation section remaining attached to the
rocket. Cornell University furnished a single axis dipole electric field
“detector, and a fixed bias cylindrical Langmuir probe. A three axis -
attitude magnetometer was also flown. The University of California at San
Diego furnished a curved plate energetic fon and electron electrostatic
analyzer.

The first experiment, King Crab, revealed the existence-of a barium

plasma depleted region or black hole of about 5 km diameter centered on the

burst. All electric power to the instruments failed on the 1iftoff of the



i

1981 Bubble Machine 1, but useful optical data were obtained. The third

flight a year later produced useful data from all but the electron detector

"on the ESA. Ground based optical and telluric field instrumentation recorded

evidence for fnjection induced waves of about 5 second period. Delay

times indicate a slow (175 - 385 km/sec) propagation from the'burst point.
Concerning locally produced electrostatic fnstabilities the wave measurements
indicate that finite Larmor radius stabilization occuré for the weakly driven
low (barium) density situation, but that shorter wavelength waves can occur
early in the expansion eQent when the barium density is higher. These
results are in reasonable agreement with a:theory described by Sperling and

Krall (1981).



1. Introduction

Taurus Tomahawk rockets containing high explosive shaped charges with
barium 1iners were launched from Poker Flat, Alaska in March 1980, 1981, 1982.
The shaped charges were designed to make waves by perturbing the ambient plasma
and magnetic field by fnjecting a thin sheet of barium gas radially perpen-
dicular to the B field. The 1981 and 1982 experiments were a mother-daugh-
ter combination, with the mother containing {nstrumentation for measuring
fields and plasma parameters about a km away from the detonation. An
electrical power failure at 1i1ft-off on Bubble Machine I eliminated the
fnstrumented experiments, but the repeat experiment Bubble Machine II a
year later worked well. Ground based data were obtained in all experiments.

The instrumented section of the Bubble Machine 1I rocket remafned attached
to the Tomahawk motor and consisted of a single axis (3 m tip to tip)
dipole electric field detector operated from dc to VLF frequency, and a
fixed bias cylindrical Langmuir probe supplied by Cornell Universfity.

A fixed energy (240 eV.) electron retarding potential analyzes, (RPA) and
curved plate energetic fon and electron electrostatic analyzer (ESA) were
supplied by the University of California at San Diego (UCSD). One of the

ESA's was devoted to ions; the other to electrons. Both swept from about
50 eV/q to 10 keV/q with a spectrum—o;tﬁ}ne& f;waég;;;;;;;;i;H;ég_;_;;e:"‘“‘__ﬂ
Good data were obtained from all detectors except for the electron éhanne1
on the ESA. Space was quite 1imited and precluded inclusion of a full
attitude determination system. A three axis magnetometer yielded aspect
with respect to the magnétic field. It should be noted that a sihg1e axis
dipole detector can only receive a single component of any electric field

fluctuation which takes place more quickly than one half of the rocket

spin period.
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Launches were planned for quiet conditions so that the effects of the

‘perturbation would be evident in situ and at remote sensors on the ground.

A telluric current recorder located at Poker Flat measured the vo1tage~

across & 1.597 km long, magnetic N-S oriented grounded dipole. VLF emissions

were also recorded from an antenna located on a ridge near Poker Flats.

The injections occurred above 460 km altitude, and were observed with

opti;p1 instrumentation from sites in Alaska and from the NASA Ames Learjet.
The shaped charge detonation did make waves. Various aspects of the

experiments are discussed in the following sections.



11. Data Presentation

High Explosive Radial Shaped Charges: Neutral Gas Dynamics The high

explosive shaped charges used in the Bubble Machine 1 and 1l were an improved
version of the first King Crab device (Wescott et al, 1981). Figure !

shows a schematic drawing of the dévice. 4.5 Kg‘of comp. B high explosive
formed the shaped charge surrounding the 1.04 Kg V-shaped ring liner of
barium metal. Detonation occurred at the center of the shaped charge.

The pressure of the explosion on the barfum liner causes it to collapse

and partially vaporize. We have assumed 15% vaporization, but this number

fs not well known. Michel (1974) concludes that 27% vaporization {s the
theoretical 1imit in a 30° conical Ba shaped charged.’.Michel, (1969)
measured 11% in a small laboratory sﬁaped charge gnd estimated 20% for a

full scale model. Some of the vapor f{s accelerated to high velocity radially

with a small angu}ar distribution about the p1ane,perpendicu1ar to the

axis. Figure 2 shows the velocity distribution measured from TV signal
intensity for Bubble Machine 1I. Initia11y,'the barium gas has a small
fnitial fraction of fons created in the_exp1051on5pro¢éss. Estimates of

the thermal fonization fraction range from n = 10-3 to < 10-4, Haerendel

.{1982).__Further fonization 1is.produced by by .several processes...The ..

releases are carried out in.fu11 solar u.v. radiation which produces
fons with an exponential time constant of about 20 seconds Michel (1969).
In the case of radial injection perpendicular to the f1é1d. the gas with
vé1oc1ty greater ;han.§.7 km/#ec exceed§ the Alfven critical velocity

for self fonization, and when the densify is appropkiate some fons should
be produced by the Alfven mechanism (Alfven, 1954; and Arrhenius,

1975; Deehr et al., 1982; and Haerendel 1982). -
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Figure 1. ' Cross section schematic drawing of radial high explosive shaped
charge used in Buble Machine 1 and 11. Dectonation fs at the
center causing the 1iner to collapse and Ba gas to jet out
horizontally with radial symmetry.

'
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There have been four radial shaped charge fnjection experiments (Wescott

et al., 1980, Deehr et al., 1982 have described the first two). Although
differences have been observed between them, we can describe the typical
features. The bariom metal Yiner is vaporized and comes out in a thin
sheet radially. As soon as details can be detected in TV or film camera
pictures (about 3 seconds after detonation) the neutral barium gas can be
seen to have finger like wispy jets at the leading edge, and b10b-1ike
{irregularities in the slower portions. The wispy jets have velocities
ranging from 6-8 km/sec. The annulus of blob-1ike irregularities has
material traveling from 3 to 4.5 km/second. The bulk of the gas has velocity
fromv0.94 to 2s6 km/sec and is in an inner annulus also with irregularities.
Bubble Machine II was observed from a NASA Learjet flying over British

Columbia. The view was almost from the side allowing calculations of the

thickness of the torus of slow barium gas (Figure 3). When the slow ring

had expanded to a diameter of 45 km, video signal scans across the major
and minor axis provided a measure of a half angle of 13 degrees for the

torus.

Barium Plasma Effects: King Crab Revisited

As the neutral gas expands outward any barium fons formed are held by

_the magnetic field lines and left behind. -—In-the absencé~of-an electric - - - —

field as in the King Crab experiment (Wescott et al., 1980) thé jons
appear in a ste11ate "wagon whee1" configuration. There is a central

region depleted in ions which appears as a black hole. For reference

Figure 4 shows the Ba ions Teft behind in the "King Crab"'éxperiments

The diameter of the black hole was about 5 km.
The King crab experiment was the first radial shaped charge experiment,
Jaunched on a Taurus Tomahawk rocket 16 March, 1980 (Wescott et al., 1980).

Detonation ocourred at 1202:10UT at an altitude of 571 km. There was
8
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and B.S. 157,




almost no convection electric field as the stellate fon structure was
observed for 11 minutes without drift motion and distortion. The Chatanika
incoherent scatter radar also detected no electric fie]d‘(d. YVickery, private
communication, 1980). However background levels of VLF and ELF noise were
evident at the burst time. The auroral background at 4278 & was also high
and pulsating at the burst time. Therefore'the natural background noise
masked any detonation produced effects.
 The black hole and fon rays are the most interesting feature of the

King Crab experiment There were about 18 bright rays emanating outwards
froma 5 km diameter region depleted in ions. Figure 4 shows the TV yiew
“from Ft. Yukon, Alaska 1ook1ng near1y in the magnetic zenith. From Ester
‘Dome, about 25° away from the magnetic zenith, the b1ack hole is elliptical
with elongation in the magnetic field meridian. Understanding this feature
" was one of the’goa1s-of the Bubble Machine 1 and II experiments. Before
presenting the new.data, we first.sunmarize our know1edge of the black
hole formation based on the King_trab results. |

The observed‘ve10cdty distribution of'the neutral Ba atoms (Figure 2)
shows a pronounced peak at 1. 6 km/sec of 3. 4 x 1023 atoms/km/sec At 1
km/sec. there are stin 1. 8x1023 atoms/km/sec At these low velocities
the-ion gyro -radius - is_49 and 31 -m- respectivelyefor these two.. ve10c1ties.
S0 any 1on created by soIar u.v. 1rradiation shou]d gyrate closely around
the f1e1d line where it began If nothing acted to change the situatlon
there should be 2 high concentration of ‘Ba 1ons surrounding the burst o
,~point Some efficient process must have acted to a1low all ‘or most of the - t
barium 1ons to escape from a b1ack ho1e of diameter about 5 xm. .

 If the magnetic f1e1d were reduced to a low 1eve1 the 1ons as created
dncou1d continue radia11y outward as the. gyroradius is proportiona] to 1/B.

For instance a 1.6 km/second ion in a 960 nT field has a gyroradius of 2.5 km.
| 10 |
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~ There {s not enough kinetic energy fn the neutral Ba gas to create a magnetic

bubble that large. Assuming 15% vaporization of the liner, and the differential
velocity distribution of Figure 2, the total kinetic energy is 540 kJ. If
this energy was totally dissipated in annihilating the magnetic field, a

-spherical magnetic bubble of diameter 1012 m cou]d be created. However,

we know that the neutral Ba expanded outward from the burst point with no
apparent retardation, so only a fraction of the kinetic energy was lost.
In Figure 5 we have plotted the collision frequency between a magnetized

Ba fon and the neutral Ba atoms streaming past 1t at time 100 m sec afterv

burst and the differential energy distribution. There is much more energy

in the peai near 4.2 km/sec than near 1-2 km/sec. but the collision freouency
is much lower. Thus the more dense low ve1ocity bariumhgas can couple

energy from the neutral to the ions and_magnetic field by collision processes
while the high velocity gas cannot. fhe energy in the barfum neutral gas

trave111ng between 0 and 3 km/sec is 166 kJ, sufficient to create a magnetic

bubble 680 m in diameter if the kinetic energy were totally expended.

‘ObVious1y only a fraction of the energy of the neutral gas was transferred

to the {ons and magnetic field. Co]lisionS'are significant out to a few

hundred meters given the assumpt1on that only 15% of the barium was vaporized I

We have no firm data to verify ‘the uaporation efficiency. 1If a greater _
percentage ofrthevbarium is vaporized‘the effect of'neutranion coupling
uou1d be effective out to a 1arger radfus. . | | | §

The gases produced by the 4 5 kg of high exp1osives may contribute ,*}
to the snow pIow effect sweeping out 1ons The detonation of 4.5 kg of

‘Comp B. wou1d produce 141 :moles of gas products primari1y Nz, co, coz, CH30H
and lesser amounts of CH202. CH4, NH3 and. Hzo The gases at detonation have g-’

a temperature of 4420°K and an expansion velocity of 7.84 km/sec (Cook, 1971)
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If we assume 211 the gas is in a spherical shell from 7 to 8 km/second, then
the collision frequency befween an atmospheric 1fon, or a Ba fon and the ex-
plosion Qas,at time 100 m sec s 1243/sec, and falls off as t~3. The

actual density distribution is more 1ikely to approach a Maxwellian distri-
bution, and the collision frequency would be lower. Also the molecular
weight of the gas products 1s;much less than Ba so the momentum transfer
from the 1ight gas molecules to Ba ions will be less. The explosive gas
products thus.do not seem to be effective in sweeping out Ba fons for more
than the order of 100 m radius, and the velocity exceeds most of the bafium |
gas, so most of the fons would form beh1nd the gas front.

He a1so 1nvestigated the possibi1ity that the explosive gases might

'absorb solar UV, preventing fonization of the expanding Ba gas for a period
‘of time approximately 2.5 seconds. However, none of the gases has a

-sfgnificant absofption cross section in the 3000 A region, and the number

‘1of;mo1ecu1és in the path length is at least four orders of magnitude below

the amount necessary to produce significant UV absorption.
: :Simi1ar1y the arguhent that tﬁe barium.gas is optically thick for

about 2.5 seconds does not hold up to simple calculations. Also if the

uoptica1-th1ckness were'responsib1e for the black hoTe the inner edge would

not have a steep gradient as the barfum thinned out. Yéf"fﬁé'apﬁeéranéé“"”"“" o

of the hole 1s sharp (see Figure 4).

Barium Plasma Effects: Bubble Machine 1

The pay10ad consisted of the 4.5 kg radial shaped charge on a spring loaded

| 3separab1e daughter section.and an fnstrumented section attached to the

Tomahawk motor. All ﬁowér to the instrumented section ahd‘the separation
mechanism failed at 1ift off so only ground based -optical and other obser-

vations are available. Detonation occurred at 08 10.55 UT 25 March 1981

14



and at 66.08° Tat. 146.47°W long., 495.7 km altitude. Kp was 5- during
the three hour interval of the gxperiment, but it was quiet magnetically
at Co11é§e during the event. As evidenced by the rapid convection of the
Ba* ifons there was a substantial DC electric field. The event occurred
well polewards of diffuse bands of aurora. The aurora was quiet and homd-
geneoué over the northern half of the sky. Meridian scanning photometer
records in 6300 A, 5577 A .and 4278 A indicate a characteristic.energy
deposition of apprdxfmate1y 600 eV to 1 KeY with a number flux of approxi-
mately 108 electrons/cmZsec. The 4278 A emission was about 200 Rayleighs.
Two photometers at Ester Dome, Alaska, with narrow baﬁdwidth*filteré at
4278 A were aimed near but below the burst poiht, and in-the E region
magnetically conjugate to the burst point to look for induced auroral
emissions. Fiéure 6 shows the traces of the two 4278 A photometers during
the event. A damped osci1lation'of about 5 second period is clear from
both records but there is a de1ay‘of abbut 1 second at the 100 km level.
The 500 km photometer was moved 3°}in azimuth between 5 and 8 seconds
after the event which had very little effect because of';hé high elevation
angle. It was moved in e1evatioh towards the neutral Ba cloud at 14 seconds,
ﬁo the two traces are not expected to correlate after that time. The
“amplitude of ‘the oscillation in 4278 A was somewhat larger in the 100 km
lirace. The aﬁrora1 perturbation at both'e1evations begins with a decrease
fn the 4278 A background emission, and the modulation 1s about 50%. The
period of the oscillation increases with time: the firstj?yc1e is about a
4 second period, the secénd 5 seéondﬁ, the third about 6 secénds. | '

Barium Plasma Effects: Bubble Machine 11 Bubble machine 11 was launched on

March 15, 1982 with detonatfon at 06:43: 59.233 UT and at 66.13°N lat.,
146.325°W long. and 460.11 km altitude. The injection was viewed by use

15
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of tmage orthicon TV systems at Ester Dome (64.88° N, 148.05° W) and Fort
Yukon, Alaska (66.56° N, 145.22° W) and from the NASA Ames Learjet flying
over Prince George, British Columbfa (53.81° N, 124.29° W). The Learjet
was positioned to provide as near as possible a side view of the injection.
Figure 3 shows a view of the slow material (l-z_hm/sec.) from the'Learjet.
The slow barfum appears to have the form of an expanding doughnut. Figure 7
shows a view of the neutral Ba gas at 5 seconds after detonation from Ft.
Yukon looking almost perpendicular to the plane of the fnjection. The
r~ha1f‘ang1e of the doughnut out of the plane of injection measuree 13°.
This applies only to the slowest Ba gas as the TV was overdriven atiearIier'
times when the fast jet material could have been seen. For calculations /'
of Ba density and collision frequency we have assumed 13° for a11'the
material. |

Although the magnetic activity at the time of detonation was quiet, a
substantial E field existed in the detonation region. Although'the.c1assic
King Crab black hole and stellate Ba ion structure was probably formed, the
'E X E,drift rapidly distorted and b1urreo the structures. The observed

_average fon drift velocity was 1.06 km per second, implying average E

fields: Ey = 38.9 mV/m and Ef = 2.8 mV/m

The main rocket payload thh 1ts 1nstrumentat1on cou1d be observed on
film and TV pictures Triangu1ation and least mean square fitting to a
trajectory has produced an estimate that at burst the mother was 0. 384 km '
south 0.505 uest and 1 065 km be1ow the burst point for a tota1 separation f'
of 1 24 Kkm. The magnetic field line threading through the 1nstrumented :
paonad was 824 m radially from the burst point in the plane of the
“injection The triangu1ated toroid dips about 2° to the northwest.

17



¢

e Figure 7. Geophysical Institute TV picture of Bubble Machine Il at +5 seconds P,
from Fort Yukon, Alaska. Note the regions of blob-l1ike irregularities. ;




If we assume'thaﬁ the bdrium fons were pushed out of an area within
2 2.5 km radius as observed in the Kfng Crab expériment (Wescott et al.,
1980) 1n a périod of 2.5 seconds as implied from the slowest material,
then we can build up 2 scenario as shown in Figure 8. The figure shows
the location of the ring of fons surkounding the black hole at +1, +2 and
+3 seconds under the influence of the background E field and the neutral
collisfons. The neutrals and jons would have originally passed over the
{nstrumented rocket in about 300 msec while the fonization process was
in progress. Then for about 2 seconds the instrumented rocket should have
been within the Ba fon depleted region. At about +2.5 seconds the E X g
drift would have brought the concentrated ion ring back over the inétrument.
The telluric E field at Poker Flat was measured using a 1.59 km grounded
dipole oriented nearly magnetic N-S (at N 25°E). The data storage system
was capable of recording 190 seconds of data taken at 3 samples per second.
Figure 9 shows the telluric E field data which contains the time of the
Bubble Machine 11 detonation. &he data in Figure 9 have been smoothed using
a three point running average. The time of detonation is denoted as t=0 on
the data plot and occurs approximately 20 seconds into the'data'record.

Two features stand above the background noise ig_g@egggllurig“gata.

the first is a two-cycle wavelet commencing about 2 seconds after the burst

and the second, similar wavelet of smaller amplitude occurs approximately 140 .

seconds after qgtpnation. Both of these'pu1ses have periods of approximately

5.5 ;econds; A somewhat ‘Tonger period vafia;ion o;&urs near- the 100 second
mark. The peak to peak amplitude of these pulses in the first wavelet is
about 10 mV/km. These are the only pulses of this type observed during a

few houfs data collection both before and after the experiment.
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The telluric system had been used in other experiments to measure the
effect of auroral magnetic disturbances on telluric electric potentials.
During these previous experiments a system response in the ffequency
range of interest was established such that E = k dB/dt. For E in volt/km
dB/dt in nT/sec, k = 0.1. (dB/dt is measured for the horizontal magnetic
component perpendicular to the 1ine.) The measured system respoﬁse of
10 mV/km would imply a wave in the east west component of the magnetic
field of about 0.1 nT amplitude.

Corresponding pulses could not be found in the magnetometer records
from the rocket payload which had threshold.sensitivity of 50 nT. Pulses

were also absent in the induction coil magnetometer on the ground at College,
Alaska. The induction coil had a threshold noise level of 4x10-4 nT in the
5 second period band. If the pulses are assumed to be electromagnetic
wave estimétes of the E/B ratio indicates the magnetic component ground
;hp1it0de would be approximately 1/10 the noise level and undetectable.

‘We turn now to the resu1t§ of the instrumented portion of the Bubble
Machine Il payload. A féequency—fime-intensity (sonogram) plot of the VLF
waves (10-16,000 Hz) detected during a time period centered on the burst is

presented in Fig. 10. The data are from the electric field instrument.

- — -Natural-VLF -emissions were detected-after the burst with frequency and — —- - .-

témpora1 characteristics typical of similar auroral experiments (Temerin
and Kelley, 1980). They display a sharp low frequency cut-off at the lower
" hybrfd frequency. If we .assume that the undisturbed plasma is entirely
~ composed of o* fons, thg'obserVed lower hybrid frequency at a flight time
of 360 seconds implies an ambfent'plasma density of 5 ¢ .4 x 104 cm-3,
There s ho reason to suspect th;t these emissions were -caused by the

expiosion.
22
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The dark 1ine at the burst time shows that intense broadband emissions
accompauied the explosion, with the signal exceeding the {nstrument noise
level up to at least 12,000 Hz. Low frequency emisions (< 120 Hz) are also

~evident in the sonogram for several seconds (see discussion below) and an
{solated burst of mid-band signal centered at 4.3 kHz started about two o
seconds after the burst. Directly after the buret the VLF signa} seems to
be suppressed for about one second at frequencies above the ambient lower
hybrid frequency. |

The low frequency waves were also detected by a fixed bias Langmuir

_probe.showing their electrostatic nature. A sonogram of the low frequency
(10-500 Hz) signal is presented in the top panel of Fig. 11. The burst
time 1s indicated and again the intense initial broad band noise pulse s
apparent. This is followed by a one second burst of signal at frequencies
below 200 Hz. A gap in the emfssion strength then occurred for about two
seconds which was followed by an extended period (~8 seconds) of emissions
again well below 200 Hz. In fact, these uaves display an extreme1y sharp
high frequency cutoff just above 100 Hz.

The second panel shows a signal proport1ona1 to 10910 of the current

“to ] cylindrical fixed bias Langmuir probe. Care must be taken in 1nterpret1ng

this output due to possib1e veh1c1e potent1a1 var1at1ons in the chemica11y
active environment. We monitored the potential difference between the skin
and one of the spheres. In fact, durinp the'iﬂitia] post burst one second
1nterva1 this channel disp1ayed a tota1 peak to peak variation of about 0.4v
»wfth a waveform simi]ar to the relative density waveform p1otted in Fig. 11.
‘We determined the value of dI/dV for the Langmuir probe during much of the
flight (LaBelle et al., 1982) and hence can estimate the apparent density |
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change unden the ossumption that the observed signal isAentirer due to the
skin voltage change (which is the Langmuir probe reference potential).

About one-half of the total response observed can be easiiy'expiained in
this manner and we conclude that the initia1 varfations are not real density
changes. However, by 0644:01 the vehicle potential returned to its pre- -
explosion level and remained there for an extended period. We thus conclude
that at 0644:02 the payload was immersed in a plasma which was 25% more
dense than the ambient plasma prior to the event. By 0644:11 the measured
plasma density returned to the pre-explosion value.

The'second burst of low frequency waves 1is well correlated with the
density enhancement. They do not seem to be associated with the peak in the
enhanced plasma density, but rather arrive on the "trailing edge" of the
plasma. A similar relationship between emissions and plésma gradients hos
been observed 1n other chemical release experiments (Kintner et al., 1980;
Kintner and Kelley, 1982). Notice that the waves near 4 kHz also occurred
at a time when the plasma density was decreasing.

Representative (én/n)2 spectra,a}e plotted in the bottom panel of
Fig. 11 with labels corresponding to theitime periods similar1y numbered in
_the upper pane1 The burst spectrum (#1) displays a (1/f)2 form. Fixed

bias Langmuir probes are sensitive to electric fieid variations under some
circumstances (Keiiey et al., 1982). However, comparison with the &t

spectrum shows that the &n/n variations are 15 db higher than those

~ expected from oouoling to the electric field. We thusftonciude that

electrostatic waves or.a combination of eiectrostatic and electromagnetic

waves are responsible for the burst waves. . Simiiar conditions were met in

4considerin§ burst related emissions in:other-experiments of this type.
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Spectrum 3 shows how quiet the region of peak plasma density was. For
example, a8t 100 Hz the signal is at least 30 db lower in spectrum 3 than in
any of the others plotted.

Spectrum 4 shows the extremely sharp nature of high frequency cut-off
in the signal. The steep signal decay begins at 120 Hz and falls off
roughly as f"z for £>120 Hz. Spectrum 2 also shows a high frequency cut-
off above 10'Hz. but one which is much mdre gradual.

The integrated fluctuation strength in the band 70 - 120 Hz is plotted
in Fig. 12 for the (én/n) and (é&E) receivers; The signal to noise
ratio was better in the former detector due to the interference bands in
the electric field channel which can be seen at low frequencies in Fig. 10.
The modulations in the signal are mirrored in the two channels and are not
related fn any obvious way to the spin rate.

We are turning now to the dc electric field signature of the event.
~ Previous explosive chemical release events have generated significaht quasi-
dc electric field probes. For example, the cesium lined spherical high
ebeosive used in the Trigger experiment created a 200 mV/m electric field
pulse (Holmgren et al., 1980). That pulse wﬁs followed several hundred ms

_later by an intensive field aligned electron precipitation event, consistent

with instability of an upward propagating Alfven wave (Kelley et al., 1980).
In}the‘present éxperiment, a quasi-dc electric field pulse was also observed
but which lasted less than 100 ms and which had an amplitude of about 10 mV/m.
A s{ngle dipole antenna can only measure one component of ‘such a pulse and
hence the measured value.represents a lower 1imit on the field st}ength,‘
Nonetheless, it seems clear that the radial shaped ;harge was less efficient

in generating an Alfvén wave than the lower velocity (but higher plasma

L.
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density) cesium experiment. The magnetic field measurement on board the
rocket was sensitive  to perturbations greater than about 50 nT. For an
Alfvén speed of 500 km/s this corresponds to a 25 mV/m electric
field perturbation. Thus, the absence of an observable magnetic field

. sfgnal 1s consistent with the small electric field pulse. (In-the mo§t
recent more efficient radial shaped charge experiment conducted in April,
1984 a much larger electric field perturbation was observed.)

Figure 13 shows the ion energy'that was analyzed and the corresppnding
fon differential energy flux as a functfon of time during nearly one second
around the burst time. ‘ - '

The ion ESA sweeps from 55eV to 10 keV in 125 msec, taking 12 Steps of
4 accumulation times each. The downsweep followed the éame pattern, with
the energy levels staggered to lay between the upsweep levels. The pitch
angle was within 10 degrees of the field.

We group’these data 1nto thFee pehiodg of energetic precipitation:
one centered at 6:43:59.33 UT, one long burst lasting between 6:43:59.40
and 59.54, and one fina1‘interee1 at 59.60." The energies observed ranged
from the lowest level (nominally 55eV) to 6;8 keV (the highest enefgy 1eve1
that the sweep 1nc1uded was 10 keV) Since the highest energy partic1es pro-

) duced 1n the exp1os10n are Qso'ev kev energy particles must be assumed to
be already present. The weak e1ectric field (~10 mV/m) observed makes it
unlikely that a large electrostatic shock could be Eesponsible'for'acce1erating
“the particles as was be1ievedfto:be the case tor'ﬁﬁojeétffrtggerv(Ho1mgren,
esy. B T o .
Al though the tiﬁe re§o1tuiop'{s not sufficient for eweeta11ed dis-
persion analysis. 1t 1s\&ortﬁfnoting that ‘the observations do not fit a=
classic dispersion pattern of arrival from a distant source. Indeed the first
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particles that are observed at 59.33 are of comparatively 1owen energy.

This makes it 11kely that the source of the particles was close to the payload.
It may oe that the fons were already in existence and were simply scattered by
ordinary fon-Barium neutral collisions into pitch angles near zero. This

. explanation would require that the distribution be sharply peaked at large
pitch angles, since otherwise our detector'(which was nominally aligned with

~ the magnetic field) would have observedlthe'energetic fons prior to the release.

Each period of ion precipitation can then be correlated with the
passage of each of the neutral rings (shown in Figure 8) through the field
1ine connected with the instrumentei payload.

The Ba expands nadiaiiy in an injection plane nearly perpendicular to
the magnetic fieid. The time of arrival ofnthe.first ring at the field
1ine connecting with the payload is 10@ msec after the explosion; the first
energetic ions are obseroed at 93 + 18 msec after the exp]osion. This
agreement {s excellent, a1thou§h the transit timeAfor a 0+ ion.of the
appropirate enengy adds another 10 msec or so to the 100 msec figure. It
is wortn noting that the first ions ere observed prior to the direct time
of flight of the fastest debris fron the explosfon to the detector. _

~ The second group of ions is first detected 172 = 18 msec after the
explosfon. "this corresponds ‘very well to the ‘time of arrival of ‘the faster
atoms 1n the second Ba ring to the field 11ne connecting with the payload.
Such atoms are moving at ~4.4 km/sec (refer to figure 2).

| _From figure 2 aione ,one might expect that the precipitation of ions
wouid be continuous (perhaps with intensity variations) unti1 after the
passage of the slowest ring (peaked at 2 km/sec). lons are inoeed observed

until the sweep returns to lower energy levels (this is-yhy we include the
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entire time 6:43:59.405 to 59.546 as one burst). The end of this burst at
59.546 corresponds to at transit velocity of 2.5 km/sec; there is no
particular mat;hing feature on the velocity distribution chart. We speculate
that this simply represents a depletion of available energetic ions to be
scattered; the passage of the previous 8? atoms could have by then essentially
removed most of the energetic fons.

The final major observation of energetic fons occurs at about 59.625;
this coincides both with the arrival time of the 2 km/sec peak and with the
detector reaching the lowest energy resolution level (nominally 55 ev). Of
the two possible factors, the latter is 1ikely the most important. This is
the only time near the explosion that the 55 ev level is measured. It is
possible that there are far more comparatively low energy fons avajlable to
be scattered that there are in the hundred ev range or higher. Indeed, the
explosion itself energized Ba atoms up to about 65 ev; some of these may
have become {onized or transferred energy to thermal plasma fons. |

Figure 5 shows the estimated collision frequency of fons with the
neutral particles in the released cloud; it is high enough (on the order of

70/sec) that the scattering mechanism suggested here {is plausible. Barium

(atomic weight 137) 1s of course much heavier than the background plasma of =

mostly atomic ozygen and hydrogen, hence large angle scattering is more |
1ikely than would otherwise be the case. “

The retarding potential ana1yzer, which was devoted to 240 eV electrons,
recorded a single burst sbout 33 msec after the first fons arrived, and
lasting approximately lo;msec. These data are sﬁown in Figure 14 2along
with the.pitch angle of the analyzed particles. It is not ﬁlear why there

is only this single electron event. The fixed éhergy was chosen to be at
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the peak of the electron spectrum seen in the Trigger experiments (Lundin,
1980). Tﬁus, the absence of extended precipitation in these experiments
contrasts greatly with those of Trigger. Both the particle data and the
dc-electric results of Bubble Machine Il imply a much weaker effect than in
that experiment.

In summany,lwe have interpreted the particle results in terms of an
- already existing population of energetic fons pitch angle scattered by the
released barfum into the observation cone of the detector. This distribution
must have been exclusively at large pitch angles in order to have avoided
earlier detection by the ESA. Such a population is called an ion conic,
and have been observed previously, although at higher atltitudes or lower
energfes in both (Gerney et al., 1981) and sounding rockets.

Yau et al. (1983) observed transversely accelerated fons (TAI) with pitch
angles 90 to 130 in two sounding rocket flights into an active portion of
the auroral zones at altitudes 400-600 km. These were in the range up to
- several hundred eV. The strongest TAl events tended to occur near regions
of minimum energetic electron flux.

Thus, at least in the case of ‘Bubble Machine II, there is 1ittle

__evidence that the energetic ions were created by the burst.
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111. Discussion

A. Stimulated and Auroral Pulsations and Earth Current Modulations

The normal auroral luminosity vs height distribution has a maximum in
the E layer. The altitude of the maximum depends upon the energy of the
precipitating auroral electrons and the density of the upper atmosphere.
The 42784 emission comes from the No+ first negative band. If the
atmosphere above 400 km {s sunlit, resonance scattering from N2+ {ons
increases the volume emission rate so that the observed 4278R emission
from above the sunlight line become; significant with réspect to the E
layer peak. Figure 15 shows the estimated-4é78A volume emission rate
height profiles for Bubble Machine I. It is clear that there was sufficient
4278A emission near the burst where the photometer was pointed to allow
the 50% modulation observed. Similarly at the lower photometer there is
sufficient 1ight to support a modulation. Deehr and Romick (1977) have
reported a SimilarAmodu1ation of auroral emission due to a Ba thermal
release near the same altitude. The question is how did the plasma pertur-
bation physically induce the modulation in the 1ight?

Figure 16 show§ the fields of‘view of fhe two photometers with respect

to the detonation; the 30 km screening height, the geometrical uﬁbra and

--the aurora. - It 1s conceivable that the two cofre!ated~aurora1.modu1ations»»

are a coincidental natural pulsation in the main auroral luminosity near

110 km, but the auroral wave would have to travel polewards at 210 km/second
horizontally. Cresswell (1968) has reported fast auroral Qaves in pulsating
aurora with velocities rénging between 30 and 150 kﬁ/sec. ‘The all sky TV
Tocated at Poker Flat does nbt~show any~detgctab1eluave tréiﬁ;.but.fhe |
system is not very sensitive. It seems mofev11ke1y thap angoscil1at1ng
perturbation began near the burst point and propagated down'the field 1ine

in the E-layer. This implies a propagation velocity of 380 km/sec.
35 - :



98y o

 BUDBLE MACHINE I

; v AL A \ ¥ ) JRANES RENN Bum 2 M B8 4
| A
. N ; P \
600 ' i | \ i
' - . FLUORESCENCE scurmmc\'\‘
600} ) T
<400 -
Eh
= ' DARK
5 s00f | i
< |
200]- g -
. 100} ; .
4 | i
..l |.j_|'|jllll 1 [ .llllll 2 P 2 A2 Rt

- 4278A VOLUME EMISSION

RATE (ARBITRARY)

. | |
. Figure 15, Volume emissfon rate of 4278R vs altitude, Bubble Machine 1I.

’

the sunlit position.

|
!
|
|
i
3
z
!
j

I
i
o
i

Solid line is the normal contribution of the precipitating
electrons. The dashed curve is the fluorescence scattering in

Y,

o o S m—— = .
. cee- W



W ASASAAAG ALV IALAAN DY

‘ . »’ r ';
N | . | ‘ o
, \ o
3 ‘ 1
B -
; \ . . . _
! '\ ' 1 : Co
x \\ . . : ;
| D ORTED FIELD LINE . :
R ‘o“' i . ] - . o
‘Wi .
' CGION DEPRIVED\OF AVROR
oK py ..
Sc
0 EENn *\,
LS
T 2
=
ggtﬁ
O T
4 _ - S5
W”mm AL m MAIN ' gfif
\ AURQRAL\LUMINOSITY
\
\
\
‘\ |
300 400 566R;}~“ﬂ-———~m L

gnetic meridian showing the location of the Bubble

Machine I burst
view of the two
aurora,

point, the magnetic field 1ines,
4278A photometers from Ester Dome

the fields of
« Alaska, and the



. -
alal.

S R L A

Both the upper and lower photometer traces indicate an inftial {intensity
reduction followed by an increase over the background level. If the
injection initiated a magnetosonic wave train of a period of 5 sec., the
fir;t arrival at any point would be a compression of the magnetic field. An
.1ncrease in the magnetic field would have the effect of raising the mirror
height of the energetic electrons and vice versa, a following rarefaction
of the field would lower the mirror height. This would also modulate the
number of electrons precipitating and the vqune emission rate.

~ Using the theory of Lutomirski (1978) we have calculated that the wave
Bubble Machine 1 proddced should have an amplitude near the burst of 40 nT.
This is the order of magnitude registered by thetelectric field detecton
during the Bubble Machine 11 experiment of the following year. Assuming a

50 nT wave amplitude, the mirror height could be raised or lowered by 2.4 km,

~or an overall change of 4.8 km at the E layer.

Thus 1f modulation of the 4278A light is due to a magnetosonic wave,
a larger amplitude wave than was measured in situ is suggested. Since the
electric and magnetic field detectors were below the level of the burst

plane and about 824 m from the field line intersection, it may be that the

'---geometnymreduceduthe-amp1itude»ofmthevAB-at the mother payload. . .

Another possibi]ity is that the'electric'fie1d component of ‘the 5 -
second period wavetrain has a small component para1le1 to B. which might be
effective in modu1at1ng the precipitating e1ectrons. ' R “
B. _In Situ Wave Observations on Bubee Machine II "‘ |

Ne have aIready noted that the quasi -dc e1ectric f1e1d signa1 1mplies
that a modest amp11tude A]fven uave was produced in the expanswon
As discussed below, the amp11tude 1s not 1nconsistent with estimates based
-on the ground wave measurements.c
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The higher frequency waves shown in Figs. 10-12 show a good correlation
with the optita1 data. For example, the signéIs below 100 Hz appear in two
sets--one lasting about one second and the other abut 8 seconds--with
about a two second gap between the emissions. Referring to Fig. 8, we can
understand the emissions sequences as follows. The burst waves are associated
with the explosion and leading edge of the fon ring. The low frequency
waves (< 120 Hz) probably 1ie on the density gradient. The gap in signal
is totally consistent with the black hole since it should be absent of any
barium related emissions. When the ion ring convects back across the
payload some 2.5 seconds later, we again see the low frequency waves, this
time clearly associated with the decreasing density gradient. The ratio of
the durations of the two low frequency wave events are also consistent with
an expansion/convection model associated with the ion ring.

" As discussed in the next section, the burst wavés may play a role in
the black hole formation process. Here we fnvestigate the lower frequency
wavé emissfon mechanism (f<120 Hz). The barium plasma feels a radially
outward force of the form |

E = mvinty

- where up ‘is the neutral expansion _velocity and vip is the fon neutral ==

collfsion frequency. This force is equivalent to a gravitational acceleration
given by g' ‘= vy up which {s subjéct to the Ray1eigﬁ;Taylor (R-T)
. fnstability n régioné“of inward plasma density gradient (g' must be anti-
parallel to vn)." I ‘ - |
The growth rate for the colifsionless R-T process is

| Ty = gtV (1)
while for the collisional R-Tiprocess'it is .

o ' 4 y = Q'lvinL' - (2)
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where L s the gradient scale length. The bounding vy, relationship
between the collisionless versus the collisfonal R-T process (Ott, 1978) .
is Vin*“' 4u/L = 160 Hz which, according to Fig. 5 is greater than vj,
at 100 ms. A transition thus occurs from a collisional process at early
time to a collisfonless process later. At t=1 sec, the optical data indicate
L = 100 m while at .1 seconds it should be considerably smaller. If we let
L=40 m and u, = 4000 m/s and take vy, = 75 sec" (from fig. 5), weAfind
Y : 80 Hz which implies an e folding time of about 12 ms. Since the neutral
gas is observed to be structured, there will certainly be initial finite
~ perturbatfons to feed upon this energy source. The waves associated with
this process should peak at kL = 1 which implies A =~ 300 m. If we interpret
the frequencies in Fig. 11 (spectrum 2) as Doppler shifted zero frequency
turbulence (R-T waves have very low phase velocity), the break in the spectrum
to a power law occurs at aboﬁi 50 Hz which corresponds to wavelengths greater
than about 100 m if the waves are being carried out at the expansion speed.
Fluctuations are detected to about 1200 Hz which is roughly 3 m,(under this
same zero frequency hypothesis).
The wave spectrum number 4 is also quite interesting. First, the
waves are located on the negative densify gradient which corresponds to the
unstable “leading edge" in the expansion‘phasé;‘TSecond;‘thiS“edgé is— — -
further unstable to the E x B instability (E.x'g;pgra11e1 to ¥n) as the
structure convects back toward the northwest. At 1.06 km/s velocity, the
very steep decrease 1n signal at 120 Hz corresponds to about 8 m wavelength.
This s the gyro radius of 2 1400° K barium fon in a .5 Gauss magnetic field.
The cutoff is so sharp that some characteristic frequency or scale
must be involved. The fon gyro frequencies are §1J Me11.pélow 120 Hz and

the lower hybrid frequencies are all well above. It thus seems 1ikely
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that the 8 m barium gyro radius (ry) is the important parameter. Furthermore,
1t 1s well known (Coppt, 1965) that finite fon gyro radius (FLR) effects stabilize
the generalized Rayleigh-Taylor instability. A case can thus be made that
the observed plasma structuring is due to 8 flute-mode Rayleigh-Taylor
process initiated by the neutral gas expansion and perhaps‘sustained by
the E x g_instabiiity after the expansion ceases; | | '
| Pursuing this 1ine of argument further we may have tested a recent

theoretical prediction by Sperling and Krall (1981)‘who investigated_the
"prompt striations" observed in a shaped charged experiment by Simons et al.,
(1980). They showed that the FLR stabilization only occurs_if the ratio of
background piasma density to the barfum piasma density {s above a certain |
threshold value. They argued then that in a iow density background, short
waveiength waves (A = r1) shou]d occur eariy in the expansion process,
creating the observed prompt striations Our data is in excellent agreement
with this proposal. For example, in the initial phase (spectrum 2) waves ;
are present with a power Taw form between 3 m and a few hundred meters. Note
that the gyro-radius associated with the beam veiocity rather than the thermal
velocity, is about 40 m. On the other hand when the expanding ring convects
back to the pay]oad we find no suchipower law and in fact an extremeiy sharp'
‘cut-of f near ry (the thermal vaiue) | B

From Figures la-c of Sperling and Krall (1981) for the returning piasma,
which has their parameter p/p1 - 0 1 we can conciude quantitativeiy ‘
the short waveiength waves shouid be totaiiy stabiiized as observed For the
i:‘eariy phase it is more difficuit to determine p/pi. the ratio of ambient o
mass density to beam mass density, but it certainiy can on1y be a 1ower vaiue'"
which 1s consistent with the theory and the observed existence of short wave-v

length waves.
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C. Black Hole Formatfion

The burst waves seem to be a mixture of electromagnetic and electrostatic
waves with frequencies up to and in excess of the lower hybrid frequency.
These may play a role in the black hole formation if the waves provide an
anomalous coupling between the bariumiions and the neutrai gas. This can
be seen as follows. The ion equation of motion is :

AM{dVi/dt = nef + ne(V{ x B) + mMjvip up
If u1n>n1, the fons will follow the neutral gas‘and be suept out of
the regien.near the explosion point. Now, classical collisions fall
below af ufthin a few‘hundred ms. Hdwever. waves may destrqy any organized
- gyro motion and allow efficient cuup11ng to the neutrals. The waves ”

themselves may be driven unstab1e hy the modified two stream instability
caused by the E xB streaming of e1ectrons subject to the electric field
pulse from the expTosion The thresho1d for this process would be about
40 mV/m for the conditions of the experiment.

The poiarization E field due to the 1arge gyroradius of the Ba+ fon
with respect to the'eIectrcns‘and the coupltng of this field to the conducting

r1onosphere'be1ow must be considered. “The po]arizetion field in the first

- e - 3pproximation is radially inwards. It would propagate along the magnetic . .. __ _ .

field at the Alfvén velocity. The Al fvén is estimated to be about

2000 km/sec at a nighttime e1ectron density of 104 e1ectrons/cc Thus
the po1ar12ation field cou1d be shorted out in the 1onosphere ‘with a time
deIey of the order of 200 m sec. The field shou1d have caused an. -upwards
current near the burst point fie1d 11ne and downwards cylindrica1 current
near the outer edge of the barlum gas.

The current shouId primar11y be carried by the e1ectrons but the net
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effect would also be to accelerate Ba+ away from the plane of the explosion
in 8 cylinder expanding in radius with time. The TV observations cannot
confirm definftely the para11e1 to B motion due to the overwhelming bright-
ness of the Ba neutral gas in the line of sight to the field 1ine.

In Bubble Machine II the Cornell AC E field dipole measured some O+
Tower hybrid resonance electrostatic waves up to about 500 m sec subsequently
followed by a few seconds of waves at harmonics of the 0+ gyrofrequenoy.
The upper frequency 1imit of the AC detector wes 15 kHz, so it was not
possible to observe the occurrence of upper hybrid waves. The suggestion
is made that small scale turbulence can be effective in a]lowing plasma
transport across magnetic field lines.

The total effects of the momentum eoup11ng of the neutral Ba gas and
the exp1os1ve gas products to the Ba+ fons, the po1arization field and
coupling to the fonosphere with a time delay, @éy e1low the {ons to move
outward freely to the 2.5 km radius required, or'electrostatic turbulence
may a8llow the fon motion. Self-consistent calculations on a big computer
are required to answer the questions of the cause of black hole.

D. Discussion of E-Field Pulsations

It {s tempting to fdentify the second wave]et as an echo of the origwna1

w”burst wavelet which has tfave11ed a1ong the field 11ne to the opposite
hemisphere and back. Periodic emissfons in the Pc) (0.343Hi) band are
common at College, Alaska and exhibit repifion times from two to five
minutes. These are Alfveh waves which travel through the plasma in

the fon cyc1otron mode with a group velocity which depends upon the 1on
density of the magnetospheric p1asma. The 140 second de1ay and the 5. S

second period observed in the telluric record are compat1b1e with wave
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patterns commonly observed on the L=5.5 shell at College. However, since
no magnetic signature was observed, either at the rocket or at the ground,
we cannot be certain that the detected pulses were electromagnetic. It is
possible they represent electrostotio responses of the F-region wave guide
to the burst. |

| It is, of course, possible that?the wavelets are naturally occuring
fluctuations detected by the telluric system. Since the recording system
could only store 190 seconds of data we cannot check the data to see {f
.sim11ar pulses occurred 136 seconds before or 278 seconds afterwards. The
wavelets at 2 and 140 seconds are the largest variations in the‘recording
during the recording interval. The fact.that they otcur after the burst
and that they are compatible with the common period and propagation ranges
of waves observed et College give support to the 1nterpretation that they
were produced by the burst. Further, the observation of .an oscillation of
essentfally the same five second period in the 4278A auroral emission
following Bubble Machine I strengthens the case that these wavelets are
burst-{induced. |

The burst occurred at.an altitude of 460 km,‘ One minute after the

'-burst an 1onogram was taken which showed spread-F features with fof of 4.2

. MHz at 350 km with foFg of 3.5 MHz at 110 km and no D 1eyer._,1f we assume

simple A1fven wave propagation between the burst point and the E layer

-the 1onogram allows us to estimate an Alfven ve1oc1ty Vp ~ 230 km/sec

and hence a propagation time of about 1.4 seconds from the burst point to
;qfthe E region This 1s less than the observed two second de1ey between the
burst and the first uavelet 1n Figure 9. However it is of the same order :
as the time de1ay observed between the burst and E region response observed

on Bubble Mach1ne I.
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Another effect to be considered 1s the size of the fon depleted region
and the velocity of the slowest Ba gas. The black hole radius 1s about
2.5 km and the 1pwest gas velocity about 1 km/second. Thus it 1s plausible
that the kinetic energy of the Ba gas is effective in compressing the
magnetic fi{eld controlled plasma for about 2.5 setonds.. The relaxation of
the plasma and overshoot fs consistent with a 5 second period oscillation
‘continuing for several cycles beforevbeing'damped out. However, the theory
of Lutomirsk{ k1968) would indicate that the slow moving plasma would be very
fnefficfent in radiating hydromagnetic waves. '

IV. Summary and Conclusions

The radial shaped charge experiments disﬁussed fn this paper made
waves and created some other curfous effects. Due to circumstances and
limitations in the range of equipment fielded for each experiment effects
were not observed on all three experiménts. ‘The -formation of the black
hole was best observed on King Crab because of the absence of any convection
electric field to distort the fon configuration. ‘However, stimulated
auroral emissions and waves were masked by natural background noise at the
burst time. The long period (5 ‘second) modulation of 4278A auroral |

"emissions was only observed following Bubble Machine I, because no photometers

-~were'dep1oyed-during~8ubb1e?Mach16é‘11. -Conversely-the £ -field wave of ———— -
period 5.5 seconds in telluric currents was only observed following Bubble -
Machine 11, because no recordings were attempted during the other two |
experiments. o EE R . | . _ . 

| Examination of‘pdssjb1éTphysiCA1cmechanfsms for the creation of the
{on-depleted black hole of ‘radius ‘about 2.5 km has not produced a viable

explanation. -Momentum transfer from ‘the neutral gas to the fons can probably ~
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move the fons out to a radius of about 500 m. Some other process allowed
the 1ons.to walk out another 2 km as if there were no magnetic field.
There is {nsufficient energy 1n the gas to create a magnetic bubble that
Targe, and the magnetic sfgnatures is at most 50 nT In situ.

A possjbiljty yet to be tested in a computer simulation is that the
electron HS%I d}ift was sufficient to set up a mddified two stream instability
producing ;m&11fsca1e turbulence. The high frequency waves might allow the
plasma to walk out the additional two kms.

The injection of the plasma radially apparently excited an eigen-
frequency wave of period about 5 sec. In Bubble Machine I this was evidenced
by modulation of the electron precipitatin causing 42782 auroral emissions.
Based on a one second delay between the modulation near the burst, and in
the E region at the foot of the field 1ine, the propagation velocity was
about 380 km/sec, within the Alfvén propagation range. The magnetic
pertubation does not seem large enough to raise or lower the mirror height
sufficiently to account for the 50% modulation in luminosity. We suggest
that a small E field component of the wave, parallel to'Be. could more
efficiently modulate the flow of electrons.

The second manifestation of tﬁe 5 second period wave was in telluric
2 seconds after the bufst. and was followed 138 seconds later by what we
conclude is probably a wave reflected from the southern hemisphere 1onosphere.
with about 1/2 amp11tude: The 1onospher;c;density deduced from an fonogram
'tﬁken éne minute after detohat{oh.wou1d prédict 2 burst to E layer propagation
of 230 kn/sec, which would account for a time delay of 1.4 seconds instead

of the two seconds observed. The frequency, interhemisphere bounce time
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and F to £ layer propagation velocity are well within observed values of

natural waves at L = 5.5 for fon-cyclotron mode waves.
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FIGURE CAPTIONS

Figure 1. Cross section schematic drawing of radfal high explosive shaped
- charge used fn Bubble Machine I and 11. Detonation is at the
center causing the 1iner to collapse and Ba gas to jet out
horizontally with radial symmetry.

Figure 2. D1fferent1§1 Ba atom numbers vs radial velocity distribution,
Bubble Machine 1I, derived from TV signal level scans. Fifteen
per cent vaporiztion of liner was assumed to assign number scale

value.

Figure 3. Side view of Bubble Machine I1 from geophysical Institute TV on
NASA Ames Learjet, 21.5 sec. after detonation. The plane of
the low velocity Ba gas doughnut is 17° with respect to the
viewer and the distance 1s 1950 km. The two stars are = Andromeda
and B.S. 157.

Figure 4. TV view of the stellate {on structure produced in the March 16,
1980 King Crab experiment 205 seconds after detonation. The
inner hub region depleted of fonfzation is called a black hole.
An almost complete absence of an {onospheric E field allowed the
structure to be seen for about 20 minutes.

Figure 5. Plots of the differential kinetic energy vs velocity, Bubble
Machine II experiment and the collision frequency between a barium
fon and the streaming neutral barfum gas at 100 msec after the
burst. Note that although the highest energy is centered near
4 km/sec., collisions are too infrequent to couple energy from
the neutral gas to the ions and magnetic field. Energy can be
transferred near the low velocity peak near 1-2 km/sec.

Figure 6. Comparison of 5° field of view photometers with 4278R interference
filters looking near the Bubble Machine I burst region (upper
trace) and in the 110 km regfon near the foot of the burst point
field 1ine. Note the one second phase shift between the upper
and lower traces. A damped oscillation in the 4278A emission

~ with about a § second periodicity commences with 2 decrease.

Figdre 7. Geophysical Institute TV picture of Bubble Machine 11 at +5 seconds
from Fort Yukon, Alaska. Note the regfons of blob-1ike irreguiarities.

Figure 8. Plan view of part of the fon ring surrounding the black hole of
" Bubble Machine I1 at one second intervals. The position s due
to the forces:acting to push the fons outwards to about 2.5 km
and the EXB drift to the northwest. As a result the {ons would
sweep across the instrumented payload for about 300 ms then '
return starting about 2.5 seconds after burst.
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Figure 9.

Figure 10.
Figure 11.
Figure 12.

Figure 13.

 Figure 14,

Figure 15.

Figure 16.

Recording of the voltage across a 1.6 km grounded dipole oriented
close to magnetic north south at Poker Flat, Alaska, during the Bubble
Machine II event. The two cycle pulsation commencfng two sec.

after burst appears to be a result of the explosive Ba perturbation
The two cycle wave commencing at 140 sec. 1s consistent with

Al fvén wave propagation to the southern conjugate 1onosphere

and return. .

A VLF sonogram showing e1ectrfc field fluctuations 1ntensity.as a
function of time and frequency.

A Tow frequency sonogram showing the low frequency waves and
representative power spectrum. ;

!ntegrated e1eotr1c field and density fluctuation signal strengths
versus time.

The bottom panel .shows the flux of ions at the energy per charge
shown in the bottom panel for about one second after the chemical
fgnition. A1l of these fons_are at near]y 0 degree pitch angle.

The flux of electrons at 240 ev at the given pitch angle 1n the
top panel.

Vo1ume;em1ssfon rate of 42782 vs a1t1tude, Bubble Maohine I.

~S01id 11ne is the normal contribution .of the precipitating

electrons. The dashed curve {s the fluorescence scattering in
the sunlit position. . = . S

Side view of magnetic meridian showing the location of the Bubble
Machine I burst point, the magnetic field 1ines, the fields of

-view of the two 4278A photometers from Ester Dome. A1aska, and the

aurora .
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