
over an area of about 7 x 103 cm2. If we 
extrapolate conservatively over the east- 
ern gulf (an area of about 8 x 105 cm2), 
we estimate that about 650,000 metric 
tons of the black magnetic particles 
would be raining out per year. This fig- 
ure is orders of magnitude higher than es- 
timates of rates of infall of iron meteor- 
itic material over the entire earth (2). Al- 
though the flux is probably spotty, not 
constant, and limited to an area consid- 
erably less than the whole of the eastern 
gulf, it is significant. 

The above lines of evidence indicate 
that the source of most of these sphe- 
rules is probably industrial. Parkin et al. 
(10) detected a small proportion of black 
(magnetite) fly ash spherules (0.2 part 
per thousand) in their airborne dust col- 
lections; these spherules were thought to 
be derived from coal-burning facilities. 
Handy and Davidson (12) have remarked 
upon the similarity between meteoritic 
dust and fly ash. Therefore, the black 
magnetic spherules raining into the east- 
ern gulf and western Florida are prob- 
ably derived from coal-burning power 
plants bordering the eastern gulf and 
from the heavy concentration of indus- 
trial facilities which utilize coal and coke 
in the areas bordering the northern and 
northeastern gulf. Parkin et al. (10) have 
estimated the sedimentation rate in the 
North Atlantic Ocean from fly ash pollu- 
tion at only 1 mg/cm2 per 103 years, or 
0.01 mm per 103 years. On the basis of 
our calculations, the contribution of 
black iron magnetic particles alone could 
be greater than that found by Parkin et 
al. for all fly ash pollutants to the North 
Atlantic Ocean (magnetite spherules 
make up only a small percentage of the 
total solids pollution in the atmosphere). 
The presence of black metallic spherules 
in such quantities in the eastern gulf may 
signify a much more serious particulate 
pollution, especially on the West Florida 
continental margin which is relatively 
isolated from any input of clastic sedi- 
ment. If the flux of airborne magnetic me- 
tallic particles were even two orders of 
magnitude less than our extrapolation to 
the eastern gulf, it would contribute 
about as much particulate Fe per year as 
the 14 rivers with significant flow that 
empty into the gulf on the western Flor- 
ida coast; this estimate is based upon the 
mean annual discharges and mean Fe 
contents of these rivers (13). 

The internal structures of interlocking 
plates that we observed in the noncosmic 
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The internal structures of interlocking 
plates that we observed in the noncosmic 
particles (probably fly ash) from the east- 
ern gulf (see Fig. 1, B and C) are similar 
to those described by Aumento and 
Mitchell (6) as characteristic of cosmi- 
cally derived particles. It follows that 
10 DECEMBER 1976 

particles (probably fly ash) from the east- 
ern gulf (see Fig. 1, B and C) are similar 
to those described by Aumento and 
Mitchell (6) as characteristic of cosmi- 
cally derived particles. It follows that 
10 DECEMBER 1976 

any predominantly molten iron droplet 
thrown into the atmosphere from a ter- 
restrial or nonterrestrial source may de- 
velop similar internal structures, which 
therefore are not diagnostic of origin. 
Great care must be taken in studies of 
cosmic particles to assure that samples 
from the air, in the water column, or in 
the sediments are not contaminated by 
industrially derived particles. Even large 
particles (up to 800 ,um) deep within the 
sediment may be suspect; particles may 
migrate slowly down into the sediments 
as a result of animal reworking, thus con- 
taminating the upper portions of cores. 

We have found some large particles 
(up to 800 ,m in diameter) hundreds of 
kilometers from potential industrial 
source areas. Handy and Davidson (12) 
pointed out that most smokestacks are 
designed to transport the fly ash high into 
the air. They reported smog, containing 
particles up to 200 ,tm in diameter, at alti- 
tudes of over 6000 m in the Chicago area, 
and they pointed out that convection cur- 
rents have been known to carry terrestri- 
al dust as high as 11,000 m. Even large 
metallic spherules of high density would 
require many hours to fall from such 
heights, and in that time particles could 
be transported several hundred kilome- 
ters by winds from the point at which 
they were introduced. 

Industrially derived black magnetic 
spherules pose a problem for studies of 
particulate Fe concentrations in water 
masses, in recent sediments, in the atmo- 
sphere, and even on the surfaces of older 
rocks. In many studies it may be neces- 
sary to determine the chemical composi- 
tion of virtually each "cosmic" particle 
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Plasma wave electric field instruments 
on the German-American Helios 1 and 
Helios 2 spacecraft, in orbit around the 
sun, have detected intense electron 
plasma oscillations in association with 
type III solar radio bursts. These obser- 
vations confirm a well-known mecha- 
nism, proposed by Ginzburg and Zhe- 
leznyakov (1) in 1958, for the generation 
of these radio emissions. In this report 
we briefly describe the essential features 
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in order to establish that its source is ex- 
traterrestrial. One wonders how many 
studies of micrometeorites and cosmic 
particles have really dealt with a com- 
ponent of fly ash. 

LARRY J. DOYLE 
THOMAS L. HOPKINS 

PETER R. BETZER 
Department of Marine Science, 
University of South Florida, 
St. Petersburg 33701 
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of the plasma oscillation mechanism for 
generating type III radio bursts and pre- 
sent the recent Helios results, which 
show the occurrence of intense electron 
plasma oscillations in association with 
type III radio bursts. 

Type III radio bursts are produced by 
particles ejected from a solar flare and 
are characterized by an emission fre- 
quency which decreases with increasing 
time. These radio bursts are observed 
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Electron Plasma Oscillations Associated with 

Type III Radio Bursts 

Abstract. Plasma wave electric field measurements with the solar orbiting Helios 
spacecraft have shown that intense (approximately 10 millivolts per meter) electron 
plasma oscillations occur in association with type III solar radio bursts. These obser- 
vations confirm the basic mechanism, proposed in 1958, that type III radio emissions 
are produced by intense electron plasma oscillations excited in the solor corona by 
electrons ejected from a solar flare. 
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over a very broad frequency range, from 
as high as several hundred megahertz to 
as low as 10 khz. The characteristic fre- 
quency variation of type III radio bursts 
was explained by Wild (2) in 1950, who 
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proposed that the radio emissions are 
generated at a local oscillation frequency 
of plasma in the solar corona called the 
electron plasma frequency: fp- = 9n4 
(khz), where n is the electron density 
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Fig. 1. Radial variation of the electron plasma frequency, f-, between the sun and the 
Type III solar radio bursts are believed to be generated by a two-step process in which (i 
ized electron plasma oscillations atfp- are produced by solar flare electrons streaming o 
from the sun, and (ii) these plasma oscillations are converted to escaping electromagnetic 
tion by nonlinear wave-wave interactions. The characteristic frequency variation of the t 
burst is caused by the decreasing plasma frequency encountered by the solar flare elect 
they move away from the sun. Abbreviations: v, electron velocity; c, speed of light. 
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Fig. 2. Example of the intense electron plasma detected by Helios 2 in association with 
III solar radio burst. Note the characteristic increasing onset time of the type III bur 
decreasing frequency and the narrow bandwidth of the electron plasma oscillations in tI 
khz channel. The electron plasma frequency determined by the solar-wind plasma expi 
on Helios isfp- = 54 khz, which is very close to the observed frequency of the electron 
oscillations. The solid lines give the peak electric field intensities, and the solid black 
dicates the average intensities. 
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(cm-3). The decreasing emission fre- 
quency with increasing time is attributed 
to the decreasing electron density, hence 
plasma frequency, encountered by the 
solar flare particles as they move out- 
ward through the solar corona and solar 
wind. Measurements with satellite-borne 
instruments have shown that the parti- 
cles responsible for the type III radio 
emissions are electrons with energies 
ranging from a few kiloelectron volts to 
several tens of kiloelectron volts (3). 

According to the mechanism proposed 
by Ginzburg and Zheleznyakov, and 
subsequently refined and modified by 
other investigators (4, 5), the generation 
of type III radio emissions is a two-step 
process in which (i) electrostatic plasma 
oscillations are first produced at the local 

JETIC electron plasma frequency by a two- 
N stream instability excited by the solar 

flare electrons, and (ii) the plasma oscilla- 
tions are converted to electromagnetic 
radiation by nonlinear wave-wave inter- 
actions. This mechanism is illustrated 
schematically in Fig. 1, which shows a 

~t~ model for the radial variation of the elec- 
1.0 tron plasma frequency from the sun to 

ARTH the earth. According to current ideas, 
e earth. the electrostatic energy of the plasma os- 
) local- cillations is transformed into electro- rutward 
cradia- magnetic radiation at either the funda- 
type III mental (fp-) or the harmonic (2fp-) of the 
rons as local electron plasma frequency. The ra- 

diation at the fundamental is caused by 
interactions of the plasma oscillations 
with ion sound waves, and the radiation 
at the second harmonic is caused by in- 
teractions between oppositely propagat- 
ing electron plasma oscillations. Radia- 
tion at both the fundamental and the har- 

- monic has been detected, although at 
low frequencies (< 1 Mhz) the harmonic 

- radiation appears to be the dominant 

component (6). 
Since the electron plasma oscillations 

/o) _ are local phenomena and cannot be de- 
tected remotely, in situ measurements 
must be obtained in the solar corona or 
solar wind to confirm the occurrence of 
these oscillations in association with 

- type III bursts. Rough estimates, using 
the theoretical model of Papadopoulos et 
al. (5), indicate that plasma oscillations 
with field strengths of about 10 mv m-1 
or larger are required to explain the pow- 

000 er flux of a typical type III radio burst at 
444 low frequencies (7). Although it should 

be possible to detect such plasma oscilla- 
i a type tions in the solar wind with earth-orbit- 
rst with ing satellites, considerable difficulty has 
he56.2- been experienced in obtaining con- 
eriment 
plment firming observations. After nearly 4 

area in- years of measurements with the earth-or- 
biting IMP 6 and IMP 8 satellites, no elec- 
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tron plasma oscillations with intensities 
this large have been found in association 
with a type III radio burst (7). This diffi- 
culty can be attributed to two factors. 
First, since the plasma oscillations occur 
only in the source, whereas the type III 
radiation propagates over large dis- 
tances, electron plasma oscillations are 
expected to be detected for only a small 
fraction of the observable type III radio 
bursts. If the source region is very small 
or filamentary, as appears to be the case, 
then it is very improbable that the space- 
craft will be suitably located within the 
beam of electrons ejected by the flare to 
detect the plasma oscillations. Second, 
and probably more important, for satel- 
lite observations near the earth it is very 
difficult to distinguish plasma oscillations 
generated by electrons from a solar flare 
from similar plasma oscillations (8) gen- 
erated in the vicinity of the earth by elec- 
trons emitted from the earth's bow 
shock. The noisy and very disturbed 
plasma environment near the earth 
makes it very difficult to identify the 
plasma oscillations expected in associa- 
tion with a type III radio burst. 

The solar orbiting Helios 1 and Helios 
2 spacecraft provided the first opportu- 
nity to obtain simultaneous measure- 
ments of plasma waves and radio emis- 
sions away from the disturbing effects of 
the earth and in the region close to the 
sun, where the solar radio bursts are 
most intense. These spacecraft were 
launched on 10 December 1974 and 15 
January 1976 into eccentric orbits near 
the ecliptic plane with perihelion radial 
distances of 0.309 and 0.290 A.U., ap- 
proaching closer to the sun than any pre- 
vious spacecraft. The plasma wave and 
radio astronomy instrumentation on the 
Helios spacecraft consists of a 32-m 
electric dipole antenna and a com- 
bination of frequency spectrum analyz- 
ers provided by the University of Iowa, 
the University of Minnesota, and God- 
dard Space Flight Center. A more de- 
tailed description of this instrumentation 
is provided by Gurnett and Anderson (9). 

During the first 18 months after the 
launch of Helios 1, a total of 24 type III 
radio bursts was detected by the two 
Helios spacecraft. Of these, three events 
have been found with unusually intense 
electron plasma oscillations, which are 
almost certainly associated with the type 
III radio emission. The basic parameters 
for these events are summarized in Table 
1. All three of these events were de- 
tected by Helios 2 within a single 24-hour 
interval from 31 March to 1 April 1976, 
during a period of exceptional solar flare 
activity which lasted from 23 March to 2 
10 DECEMBER 1976 

Table 1. Type III radio bursts associated with intense electron plasma oscillations detected by 
Helios 1 and Helios 2 spacecraft. The values in the last column are the plasma oscillation field 
strengths required to account for the observed radio emission intensities; they were computed 
by using the theory of Papadopoulos et al. (5) with a = 0.1, n = 36 electron/cm3, Te = 10 ev, 
and R = 0.44 A.U. [see (7) for details of these calculations]. 

Type III burst Electric field 
Inte---- nsity-~ at- strength of 

Intensity at f/,- plasma oscillations 
Date 2f,- - 100 khz (khz) (mv m-1) 

(1976) U.. (watt m-2 
hertz-1) Observed Calculated 

31 March 1810 1.15 x 10-17 58 14.8 6.01 
1 April 0620 2.59 x 10-17 54 5.26 7.37 
1 April 1038 8.17 x 10-17 56 2.35 9.82 

April 1976. At the time of these events 
Helios 2 was at a radial distance of about 
0.45 A.U. from the sun and in a position 
which placed the spacecraft within, or 
very near, the source region of the type 
III radio emission. 

The detailed electric field intensities 
for one of these events are shown in Fig. 
2. The type III radio emission can be 
clearly seen in the 178- and 100-khz chan- 
nels and is just barely detectable in the 
56.2-khz channel. The smooth intensity 
variation and the increase of onset time 
with decreasing frequency provide a 
unique identification of this event as a 
type III radio burst. Starting at about 
0655 U.T., and lasting to about 0720 
U.T., a series of intense bursts of elec- 
tric field noise is evident in the 56.2-khz 
channel. These bursts are very intense, 
reaching a peak electric field strength of 
5.26 mv m-1. This intensity is almost 60 
db greater than the corresponding in- 
tensity of the type III radio emission in 
this channel. Comparisons with the solar 
wind plasma density measurements from 
Helios (10) show that the center fre- 
quency of these bursts, - 56.2 khz, is 
very close to the local electron plasma 
frequency, fp- = 54 khz. The bandwidth 
of these bursts is evidently very narrow, 
since the corresponding weak bursts in 
the adjacent 31.1- and 100-khz channels 
can be completely attributed to the fre- 
quency response of the spectrum ana- 
lyzer filters, assuming a nearly mono- 
chromatic emission atfp- = 54 khz. The 
narrow bandwidth of the bursts and the 
close agreement of the emission fre- 
quency with the local electron plasma 
frequency provide convincing evidence 
that this electric field noise consists of 
electron plasma oscillations. The very 
close temporal correspondence between 
the occurrence of these plasma oscilla- 
tions and the occurrence of the type III 
radio burst leaves essentially no doubt 
that the plasma oscillations are associat- 
ed with the type III emission. A qualita- 

tively similar relationship is also ob- 
served for the remaining two events. 

The peak electric field strengths of the 
three intense plasma oscillation events 
detected by Helios and the correspond- 
ing type III radio emission intensities at 
2fp- - 100 khz are summarized in Table 
1. For comparison, the computed plasma 
oscillation field strengths required to ac- 
count for the observed radio emission in- 
tensities are also shown in Table 1. 
These electric field intensities have been 
calculated by using the theoretical model 
of Papadopoulos et al. (5) for the con- 
version of the plasma oscillation energy 
to electromagnetic radiation. Further de- 
tails of the assumptions used in these cal- 
culations are given by Gurnett and Frank 
(7). As can be seen from Table 1, the ob- 
served plasma oscillation field strengths 
are in excellent quantitative agreement 
with the field strengths required by the 
theory. 

The Helios observations have pro- 
vided a firm confirmation that the basic 
plasma oscillation mechanism proposed 
by Ginzburg and Zheleznyakov is in- 
volved in the generation of type III radio 
emissions. However, many important 
questions still remain. Since intense 
plasma oscillations of the type detected 
by Helios are rarely observed compared 
to the number of type III radio bursts de- 
tected at the earth (7), it is generally con- 
cluded that the spatial distribution of 
plasma oscillations must be highly in- 
homogeneous, with the intense plasma 
oscillations confined to small isolated re- 
gions. Since the power radiated by the 
plasma oscillations is a very strong func- 
tion (fourth power) of the electric field 
strength, the fraction of the total volume 
containing plasma oscillations could be 
quite small, < 1 percent, with only a 
moderate increase in the required field 
strengths. For each of the three cases de- 
tected by Helios the plasma oscillations 
are extremely impulsive, consisting of 
many short bursts lasting for only a few 
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seconds or less. These impulsive varia- 
tions are clearly indicated by the large ra- 
tio of the peak to average field strengths 
evident in Fig. 2. The highly inhomo- 
geneous structure indicated by these vari- 
ations was not contemplated in the 
original model of Ginzburg and Zhe- 
leznyakov, which only dealt with the lin- 
ear growth of the plasma oscillations, 
and has been studied only recently (5) in 
relation to the large-amplitude nonlinear 
evolution of the two-stream instability. 
Considerable further investigation, both 
theoretical and experimental, is still re- 
quired to fully understand the spatial 
structure of these intense plasma oscilla- 
tions and the implications with regard to 
the generation of radio emissions by the 
sun and other cosmic radio sources. 
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In an earlier report (1) we described 
the capabilities of the scanning proton 
microprobe to map out the spatial distri- 
butions of a given element (or elements), 
even at trace concentrations, using a 2- 
Mev collimated proton microbeam emer- 

gent into air. With this technique, the 

sample is mechanically scanned in front 
of the stationary microbeam while 
an energy-dispersive x-ray detector col- 
lects proton-induced x-rays character- 
istic of the elemental species being ex- 
cited by the microbeam at each instant. 
This information can be displayed on a 
conventional oscilloscope if the trace is 
moved in synchronization with the 

sample motion, brightening the spot 
when x-rays of a particular energy are de- 
tected; alternatively, the information can 
be stored in a multichannel scaler or com- 

puter memory for subsequent analysis. 
The latter procedure is particularly con- 
venient when a one-dimensional scan is 
made repeated'y across a sample, since 
one obtains a graph of the abundance of 
each element versus position along the 
scan direction. We have found this meth- 
od of a linear scan useful for obtaining 
quantitative data about a sample which 
has shown interesting features in a two- 
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dimensional scanning micrograph; this 

technique is also the obvious method for 
examining one-dimensional samples, for 
example, strands of hair. Samples need 
not be cut into thin sections but may be 

prepared arbitrarily thick, since the pro- 
ton microprobe detects x-rays emitted 

only from the top 25 to 50 gm of the spec- 
imen. We illustrate here the application 
of this technique to (i) trace element dis- 
tributions in single strands of hair and (ii) 
electrolyte distributions in frozen hydrat- 
ed eye and kidney specimens. 

The measurement of trace element 
concentrations in hair or nail tissue as a 
function of distance along the growth di- 
rection can provide a measure of the 

body's uptake of heavy metals or other 
relatively rare chemical constituents as a 
function of time; it may also reflect bio- 
chemical changes in the whole organism. 
The techniques of chemical analysis, 
atomic absorption spectroscopy, and 
neutron activation (2) have been used to 
determine the trace element content in 
short lengths of hair or nail tissue ana- 
lyzed separately; these methods exhibit 
poor spatial resolution and insensitivity 
to certain elements. What is needed is a 

simple nondestructive method, sensitive 
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determine the trace element content in 
short lengths of hair or nail tissue ana- 
lyzed separately; these methods exhibit 
poor spatial resolution and insensitivity 
to certain elements. What is needed is a 

simple nondestructive method, sensitive 

to many elements simultaneously, with 
good spatial resolution. Major advances 
in this direction have been made with the 
use of electron microprobe analysis and 
x-ray fluorescence (XRF) analysis (3). 

The scanning proton microprobe, with 
its intense collimated beam and low back- 
ground signal, combines some of the ad- 
vantages of both techniques, allowing 
one to analyze a single strand of hair 
with high spatial resolution (correspond- 
ing to a fraction of a day's growth), and 
high sensitivity simultaneously for most 
elements heavier than sodium (4). Be- 
cause of the difficulty of aligning sepa- 
rate hairs and because of variations in 
the growth rate of individual hairs (5, 6), 
it is essential that only a single strand of 
hair be used if high spatial resolution is 
to be attained. We have analyzed hairs 
from an individual poisoned by ingesting 
methylmercury-treated seed grain in Iraq 
and from a victim of accidental arsine in- 
halation (7). The technique is straight- 
forward: a hair is cemented to a rigid 
strip of Kapton with Kodak Micro Resist 
747 (both materials are radiation-resis- 
tant, stable at high temperature, and rela- 
tively free of heavy element con- 
tamination), then scanned repeatedly 
past the proton microbeam by a lead 
screw assembly driven by a stepping mo- 
tor. Proton-induced x-rays correspond- 
ing to each element of interest are de- 
tected and stored in a multichannel analy- 
zer as a function of sample position. 
Thus one simultaneously obtains graphs 
of the abundance of a number of ele- 
ments versus position along the hair. 
Typically, a current of 5 na of 2-Mev pro- 
tons collimated to a beam diameter of 
100 to 150 ,tm is used. 

Figure la shows arsenic and zinc distri- 
butions obtained in this way from a 
strand of hair taken from the arsine-poi- 
soned patient 183 days after inhalation. 
The arsenic peak is about 0.15 cm wide 

(corresponding to 5.1 days), located ap- 
proximately 5.6 cm from the root. A si- 
multaneous drop in the zinc content is 
followed by a slower recovery (25 days) 
to normal concentrations, an effect not 

previously reported to our knowledge. 
The iron concentration does not change, 
demonstrating that the zinc effect is not 
an artifact of the technique. Another hair 
taken from the patient 19 days after in- 
halation showed an almost identical pat- 
tern, both in the peak arsenic content 
and the corresponding drop in the zinc 
content. On the basis of several methods 
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content. On the basis of several methods 
of calibration, we estimate the peak arse- 
nic concentration to be - 200 /g/g. 

Successive 1-cm hair segments taken at 
the same two times were also studied by 
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Elemental Analysis of Biological Specimens in Air 

with a Proton Microprobe 

Abstract. The unique capabilities of the proton microprobe in an atmospheric envi- 
ronment as a biological tool are illustrated in studies of arsenic and mercury distribu- 
tions in single strands of hairfrom poisoning victims and of the distributions of sever- 
al abundant elements in frozen hydrated eye and kidney specimens from rats. 
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