Plasma Diagnosis from Thermal Noise and Limits on
Dust Flux or Mass in Comet Giacobini-Zinner
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Thermal noise spectroscopy was used to measure the density and temperature of the
main (cold) electron plasma population during 2 hours (1.5 X 10° kilometers perpen-
dicular to the tail axis) around the point of closest approach of the International
Cometary Explorer (ICE) to comet Giacobini-Zinner. The time resolution was 18
seconds (370 kilometers) in the plasma tail and 54 seconds (1100 kilometers)
elsewhere. Near the tail axis, the maximum plasma density was 670 per cubic
centimeter and the temperature slightly above 1 electron volt. Away from the axis, the
plasma density dropped to 100 per cubic centimeter (temperature, 2 X 10* K) over
2000 kilometers, then decreased to 10 (1.5 X 10° K) over 15,000 kilometers; outside
that region (plasma tail), the density fluctuated between 10 and 30 per cubic
centimeter and the temperature between 1 X 10° and 4 x 10° K. The relative density
of the hot population rarely exceeded a few percent. The tail was highly asymmetrical
and showed much structure. On the other antenna, shot noise was recorded from the
plasma particle impacts on the spacecraft body. No evidence was found of grain
impacts on the antennas or spacecraft in the plasma tail. This yields an upper limit for
the dust flux or particle mass, indicating either fluxes or masses in the tail smaller than
implied by the models or an anomalous grain structure. This seems to support earlier
suggestions that these grains are featherlike. Outside the tail, and particularly near 10°
kilometers from its axis, impulsive noises indicating plasma turbulence were observed.

THIS REPORT SUMMARIZES THE RE-
sults of an initial analysis of the radio
experiment data during the Interna-
tional Cometary Explorer (ICE) encounter
with comet Giacobini-Zinner. At the pre-
sent stage of data reduction, there is no
evidence that the experiment (1) detected
any (nonlocal) radio emission from the com-
et. However, it recorded the electrostatic
noise due to thermal motions of the plasma-
charged particles. The spectroscopy of that
noise yielded plasma parameters. These re-
sults were obtained with the 90-m (tip-to-
tip) wire dipole antenna (S antenna); they
are independent of the vehicle or antenna
potential. The other antenna (Z antenna),
which is a monopole, mostly recorded shot
noise from the plasma-charged particles
(and photoelectrons) impacting (or leaving)
the spacecraft skin, and provides a measure-
ment of spacecraft potential.

We found no evidence of dust impacts on
the antenna or spacecraft; independent mea-
surements with the two different antennas
yielded the same quantitative upper limit of
the dust flux or particle mass in the comet
tail. Outside the plasma tail, the receiver
recorded some additional noise, of which
one sample is described here. This report
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discusses only our method and results since
a proper interpretation in terms of cometary
physics requires a careful comparison be-
tween data from the different experiments
on this spacecraft.

Deriving plasma parameters from the ther-
mal noise spectrum. The thermal motion of
the plasma-charged particles produced a
fluctuating electric field (2) that is detected
by the antenna-recciver system as thermal
noise. In thermal equilibrium at temperature
T, the noise spectrum is given (3) by the
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Fig. 1. Noise spectrum recorded on ICE, ob-
tained by the long wire S antenna, on the eve of
the encounter. It contains three components;
thermal noise shows a clear cutoff at the plasma
frequency f,; TKR is essentially sporadic and
bursty; and galactic noise is only important at
high frequencies. The continuous line is the best
fit calculated spectrum (in its calculation, the
galactic radiation has been slightly overestimat-
ed). The continuous horizontal line is at the 10~
VZ Hz ™! level at the receiver ports. The dashed
and dotted lines are 10 dB apart.

Nyquist expression V? = 4kTR, where £ is
the Boltzman constant. The resistance R is
the radiation resistance of the antenna in the
plasma mode; this is because plasma waves
are Landau-damped in the medium, which
is thus “optically thick” for them. This resist-
ance is much larger than the well-known
resistance for electromagnetic waves; in any
case, the latter do not play any role since the
medium is generally “optically thin” for
them. Therefore R depends on plasma wave
emission and thus on both the plasma tem-
perature T  and density #. For space plasmas
that are generally not in thermal equilibri-
um, this result can easily be generalized. For
instance, when the plasma electron popula-
tion can be represented by one cold and one
hot component, with density and tempera-
ture #c, Tc, #n, Th, the thermal noise spec-
trum is a more complicated function of these
parameters (4—6). This function can general-
ly be inverted to deduce those parameters
from the spectrum.

We developed the necessary theory and
computer software and applied the method
to data acquired from ISEE-3 in the solar
wind (5-8). Using that method requires
only a sensitive and well-calibrated receiver
mounted on an interference-free spacecraft,
working in the proper frequency range with
an antenna of the proper size. Our experi-
ment, which was designed to study solar
radio emissions, was only marginally suited
to measure solar wind plasma parameters.
But it happened, by chance, that it had the
proper configuration for measuring plasma
in the tail of comet Giacobini-Zinner.

The frequency of the plasma natural oscil-
lations f, = 9 #"> kHz (n is the number
density per cubic centimeter); this gives the
time scale of the electron response to an
electric perturbation. A second important
parameter is the distance (Debye length)
Lp=7 (T/m)"* m (T in electron volts)
traveled by thermal electrons in the time
1/f,; this gives the scale length of the electric
perturbation created by a static charge in the
plasma. Since the electrons are not static,
they support “plasma waves” that propagate
at frequencies f= ji', with a wavelength
N = 2wV3Lp(1 — f3/f%) "2 At these fre-
quencies, we “see” mostly the electrons,
since the ions have a much larger time scale
(by a factor of 200 for CO™) (9).

These facts have several important conse-
quences. For the receiver to be sensitive to
the electron populations, it should operate
at frequencies on the order of f;, (10). For
f<fp a wire antenna “sees” the electrons
that pass at a distance # < Lp from its axis;
the corresponding noise spectrum for an
antenna of half-length L > Lp is (11)

V2=4x102Tn 2L ' V2Hz ! (1)
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(T in electron volts, # in number per cubic
centimeter, L in meters). For f= f;, the
antenna couples to plasma waves. Since an

antenna of length L is mostly sensitive to .

those waves of wavelength N = L, the noise
peaks at the frequency satisfying N (f) = L;
the larger L/Lp, the sharper the peak (5, 6).
More precisely, whenever L > \, the noise is
5, 6, 12)

_65x10° 2 Ta L7 (f1f)°
1 - (flf)

Thus, for L/Lp = 1, the spectrum exhibits
a cutoff at the plasma frequency and a peak
just above. For instance, with L/Lp = 5, the
peak is at a frequency larger than 1.1f; and
its width (at half the peak level) is 0.3 f;.
Obtaining more general results often re-
quires numerical computations. In particu-
lar, if there are suprathermal electrons (den-
sity »p, tempeérature T}), they interact most-
ly with plasma waves of phase velocity Af of
the order of their mean velocity. This corre-
sponds to much larger values of N than for
thermal electrons. Thus, broadly speaking,
whenever »y, < n. the part of the spectrum
very close to f;, yields », and Ty, while the
rest of it yields »#. and T.. In practice, the
finite receiver frequency resolution limits
the accuracy of the measurements of the
higher energy electrons.

Thus, an ideal thermal plasma detector
should have a frequency range enclosing f;
and an antenna length much larger than Lp,.
The latter condition ensures, in- addition,
that the antenna will not be perturbed by the
presence of the spacecraft (13). Another
condition is that the thermal noise intensity
be greater than other sources of noise (Fig.
1), particularly shot noise (which will be
described below), galactic noise, terrestrial
kilometric radiation (TKR), and receiver
noise. All the above conditions were met
during the ICE/Giacobini-Zinner encounter
for the long wire antenna (L = 45 m) with a
receiver frequency range 30 kHz to 2 MHz:
the plasma frequency and Debye length
(which are typically 30 kHz and 6 m in the
solar wind) were 100 kHz and 1 m at 2000
km away from the tail axis and 230 kHz and
0.3 m at closest approach. In the worst
situation, the minimum noise signal to be
measured was still several times the receiver
noise.

In this report only the total electron den-
sity (» = n. + np) and the cold electron
temperature (T;) are given. The discussion
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Fig. 2. A series of ten noise spectra recorded from
22 minutes before encounter to 19 minutes after.
The layout and scales are the same as in Fig. 1.
Note the drift of the cutoff frequency (f;,) due to
the variation of the comet plasma density.
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of ny, and T, is deferred; the measurement of
these parameters does not aftect that of #,
which stems unambiguously from the spec-
trum cutoff, and affects only weakly that of
T. since ny, < n.

Cold plasma density and temperature. Fig-
ure 2 shows several thermal noise spectra
(14) recorded with the wire S antenna dur-
ing the encounter. The data points are ob-
tained as follows: the receiver frequency is
programmed to change by steps; each step
lasts 1.5 seconds (half of a spin period) over
which five samples, 250 msec apart, are
acquired from the S antenna (and one from
the Z antenna). The frequency stepping
sequence is not linear as a function of time:
the higher frequency stepping rate is faster
than the low-frequency one. For instance,
the receiver tunes to 30 kHz every 54
seconds for 1.5 seconds, but tunes to 188
kHz every 18 seconds, also for 1.5 seconds.
The five dots in Fig. 2, for each frequency
channel, are obtained by interpolation. The
continuous curves correspond to the theo-
retical thermal noise spectrum (plus, at high
frequencies, the galactic noise) calculated
with the set of parameters #c, T, 7y, and Ty,
that gives the best fit to the minima ob-
served on each frequency channel; in that
way, we eliminate data points that are clearly
associated with nonthermal noise. In every
case, we find », <n.=n. In the fitting
process, we could easily discard TKR, which
is very “bursty” and appears on some spectra
near 250 kHz. Note that the spectra ob-
tained 20 minutes (25,000 km) before and
after closest approach are not very different
from those obtained on the day before en-
counter (Fig. 1).

Figure 3 shows the cold plasma density
and temperature obtained by fitting such
spectra over 54-second (or shorter) intervals
from 1 hour (7.5 x 10* km) before to 1
hour after closest approach. When it is not
limited by the time resolution, the quality of
the fit with so few free parameters ensures a
precision better than 10 percent on 7. and
30 percent on T in the tail.

During this period the measured plasma
parameters viried as follows: outside the
tail, density fluctuated between 10 and 30
em™3 and temperature fluctuated between
1 x 10° and 4 x 10° K on a typical scale of
2 minutes, which is still larger than our
coarsest time resolution. Defining the plas-
ma tail as the high-density and low-tempera-
ture region, we find that it had an extent of
about 20 minutes (30,000 km), was asym-
metrical, and had several density peaks. The
most outstanding peak occurred at closest
approach where the density was 670 cm™
(temperature, 13,000 K) and decreased to
100 cm ™ in less than 2 minutes (2500 km).

Figure 4 shows 7 and T in the tail with a
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resolution of 18 seconds (370 km). This
improvement in resolution was made possi-
ble because, as explained above, the higher
frequencies of the receiver are sampled more
frequently than the lower ones.

In some cases a large noise variation (up
to a factor of 50) was observed within one
1.5-second frequency step; this is interpret-
ed as meaning that that particular channel
was sampled while the steep cutoff of the
noise spectrum was moving across the chan-
nel bandwidth; then we dre sure that the
cutoff frequency (f;,) lay inside the received
frequency band, which was 3 or 10 kHz
wide depending on the channel at the time
of observation, and thus within the 1.5-

12:00

second duration of a frequency step. This
confirms, in more detail, the existence of the
peaks shown in Fig. 3. In particular, the
peak # = 427 cm ™ at 11:03:59 U.T. would
not have been seen if the plasma frequency
had not crossed three successive receiving
channels at the right times. Except in those
examples, we cannot exclude variations on a
time scale much shorter than 18 seconds
(370 km). Note also that we cannot dis-
criminate between spatial and temporal vari-
ations.

Electron shot noise.. The plasma thermal
noise discussed above is due to electrons
passing near the antenna, at distance <Lp
for f < f, or <\ for f > f,. Actually, some
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Fig. 4. Plasma density
(bottom) and tempera-
ture (top) across the
comet tail (resolution,
18 seconds or 380 km).
The thick vertical bars
on the density profile in-
dicate the points where a
1.5-second time resolu-

11218 tion is obtained.

particles hit the antenna surface and the
surface emits photoelectrons. In the present
range of parameters this effect can be ap-
proximated (15, 16) by adding a shot noise
component V* = 3; Nje?1Z21/2 (e is the elec-
tron charge, Z the antenna impedance, and
Nj the number of independent events ; per
unit time). Using current balance and stan-
dard approximate expressions for the ambi-
ent electron flux (17) and the antenna (radi-
us ) capacitance (12), we get for fIf, <1
and a<Lp<L (I5): V*=22x10""
(@/L) TV [La(alLp))* (fp/f)* fe) Hz™'
(18), where T is in electron volts, ¢ is the
ratio of the aritenna direct current potential
to T, and f{¢) stands for the variation of the
electron flux with ¢; if <1, flg) =1+ ¢;
if ¢ <0, flo) = €.

This effect contributes very little to the
noise on the S antenna in our frequency
range except in the narrow high-density
region near the tail axis. There, it gives a
highly spin-modulated component: when
the antenna is parallel to the sun’s direction,
the plasma electron current is balanced only
by the ion current, yielding fl¢) < 1, while
in the perpendicular direction, f{¢) is on the
order of 1. This accounts for the lower

frequency noise on the two spectra acquired

near the tail axis in Fig, 2.

This argument does not consider mole-
cule impacts. These induce electron and ion
secondary emission, which can contribute to
the noise (19). At the flyby velocity, the
kinetic energy of molecules is small (typical-
ly 40 eV for H,O or 100 eV for CO,).
Thus, secondary emission of electrons is
expected to be negligible (20); the yield
for secondary emission of ions (due mostly
to sputtering) is poorly known. Taking
vi =2 X 1072 (2I), we find that this effect
is smaller than that of the cometary electron
flux if the density of molecules at encounter
is smaller than 107 cm™. With the present
estimates of the gas production rate in com-
et Giacobini-Zinner at encounter time, this
inequality holds.

The above discussion was concerned with
the wire dipole antenna in the spin plane.
The other antenna is made of two short
booms parallel to the spin axis. It was not
well suited to measure plasma parameters,
and one of the booms was in the spacecraft
wake during encounter. Thus, we decided to
switch off the preamplifier of that boom in
order to get a monopole working against the
spacecraft and to detect particle impacts on
the latter. Owing to the large area of the
spacecraft, that antenna mostly detects shot
noise due to electron and ion impacts and
photoelectron ejection. By comparing the
data (Fig. 5) with theoretical calculations
(using the plasma parameters obtained from
the S-antenna spectrum), we can measure
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Fig. 5. Noise spectrum of the Z antenna taken 1
minute before closest approach. It is essentially
made of thermal noise (mostly above f,) and
impact noise (below f;,). The latter component is a
function of the spacecraft potential, which has
been set for best fit of the theoretical spectrum
(continuous line) to the data (dots). The horizon-
tal continuous straight line is at the level 10716 V2
Hz™'. The dashed and dotted lines are 10 dB
apart.

the spacecraft potential, which is an impor-
tant quantity for those experiments count-
ing low-energy particles approaching the
spacecraft. A preliminary evaluation gives a

slightly negative value (=1 to =2 V) at

encounter.

No evidence of dust grain impacts in the tail.
When Voyager 2 crossed Saturn’s ring
plane, both the radio astronomy receiver
(22) and the plasma wave instrument (23)
recorded noise due to dust impacts, well
above the thermal and shot plasma noise
level.

The outstanding characteristic of the data
acquired with the S antenna during the 20-
minute comet tail crossing is that they al-
most perfectly fit theoretical plasma noise
spectra. In other words, they show no evi-
dence of dust impacts. Likewise, the Z
antenna results are in agreement with the
interpretation in terms of shot noise due to
plasma particle impacts on and photoelec-
tron emission from the spacecraft; they
show no evidence of any other source of
noise. This absence of dust detection can
yield upper limits of the grain flux or mass in
the plasma tail if one makes a few hypothe-
ses concerning the grain-antenna interac-
tion.

When a small dust grain hits the antenna
or spacecraft at 21 km/sec, it is vaporized
and ionized; this produces an expanding
plasma cloud, and a fraction of the charge Q
is recollected. The amplitude of the recorded
voltage depends on Q, which is a function of
the grain mass m; its time variation (the
squared Fourier transform of which is the
spectrum) depends on the dynamics of the
cloud and charge recollection, which itself
depends on the ambient plasma.

The S antenna is an almost perfectly sym-
metrical dipole; thus, it should be much
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more sensitive to impacts on the antenna
itself than to those on the spacecraft, even
though the latter are much more numerous
(by a factor of 100). Indeed, the voltage
detected by the antenna is the difference
between the voltages induced on the two
symmetrical wires; thus the voltage detected
after an impact on the spacecraft is at most
equal to the voltage due to an impact on the
antenna itself multiplied by the ratio of the
spacecraft diameter to the antenna length
(=1/45). Therefore, the ratio of the contri-
butions to the noise spectrum is at most
1/45? for one impact or 100/45? < 1 if there
are many impacts during one individual
measurement. Thus, impacts on the space-
craft should contribute negligibly to the
noise on the S antenna. For the charge Q,
we use, as a first step, the usual empirical
expressions together with laboratory data
(24). Taking, as a conservative estimate, a
factor of 10 below these values yields
Q = 107* m"8 (with Q in Coulombs and m
in grams). Assuming a step function time
variation (I8), this yields a shot noise spec-
trum analogous to the plasma shot noise,
but where the electron charge ¢ is replaced
by Q; an integral over the mass distribution
should be made if there are many grain
impacts during an individual measurement.

With these parameters, one impact of a
107" grain during an individual (0.125-
second) measurement yields a noise level
much higher than that of plasma noise (10*
times at 30 kHz near the tail axis) and the
galactic noise (below 300 kHz). Let us
assume for instance one impact per second
of such grains on the S antenna [this is of the
same order as the numbers obtained from
earlier models (25)]. Then on each spec-
trum, such as those shown in Fig. 2, one
should see about 11 data points (26) well
above the rest of the data (10* times higher
at 30 kHz). Such an impact rate is clearly
excluded. This figure can be lowered by
examining all the data acquired during the
20 minutes of closest approach: at frequen-
cies below 100 kHz and during that period
of time, there is no data point above the
plasma noise level, while a 107'%-g grain
impact should be above it by a factor of 10°
at 30 kHz. These data were acquired during
8 percent of the time, that is, during 96
seconds. This gives an upper limit on the
order of 1072 per second for the impact rate
of grains with mass » =10"'" g on the
antenna. Owing to the projected surface
(3.5 X 1072 m?) and relative velocity, this
gives an upper limit on the order of 1073
m™ for the mean density of these grains in
the plasma tail.

Let us now discuss the Z-antenna mono-
pole, which records impacts on the space-
craft itself (projected surface 100 times larg-
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Fig. 6. Example of the spectra that show short
spikes much more intense than thermal noise,
recorded on the long wire S antenna around 1
hour (70,000 km) before and after closest ap-
roach. Layout and scales are the same as in Fig.
1. The fit of the theoretical spectrum (continuous
line) is poor unless made to the lowest data
points.

er than that of the S antenna). In that case,
both the rise time of the signal due to one
impact (plasma cloud expansion and recol-
lection) and that of the discharge due to the
plasma and photoelectron currents play an
important role in determining the noise
spectrum (18). A preliminary calculation
yields a noise due to one impact (107'-g
grain) in an individual measurement (1.5
seconds) of the same order as the plasma
thermal and shot noise level (Fig. 5). Since
there is no data point above the plasma noise
level, there could possibly be one impact per
measurement but not much more. This
yields a maximum impact rate on the space-
craft of nearly 1 sec™’, which is equivalent,
owing to the surface ratio, to that found
above for the S antenna.

We thus obtain an upper limit for the
impact rate about 100 times smaller than
predicted by the models (25). The fact that
this limit is provided by two independent
measurements (impacts on the antenna and
on the spacecraft, independently) gives
much weight to this result. Note that the
noise spectral density varies as the charge
squared, thus approximately as mass to the
power 1.6. Therefore, a much larger quanti-
ty of smaller grains, as for instance one grain
per cubic meter with a mass of 107" gor a
mass distribution yielding the same noise
level, cannot be excluded. In addition, we
cannot provide any limit outside the plasma
tail, since the spectra are not sufficiently
quiet (Fig. 6). This preliminary estimate
could be refined by using a more correct
modelling of the rain-target interaction
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and of the grain mass distribution function.
But the present results could suggest, for
instance, that comet Giacobini-Zinner has
very low density grains (“feathers”), in
agreement with previous deductions from
Giacobinid-meteor observations (25).

Impulsive noise. On several occasions, out-
side the plasma tail, particularly from 1 hour
30 minutes to 1 hour (1.0 x 10° to
0.7 x 10° km) before encounter and from
45 minutes to 1 hour (0.5 % 10° to
0.7 x 10° km) after, the S antenna recorded
a noise much above (10 to 10° times) the
thermal noise level. Figure 6 shows an exam-
ple. These spectra, which could indicate a
high level of turbulence, are reminiscent of
data acquired in Earth’s magnetosheath;
their study has only been started. The pres-
ence of this noise prevents us from setting
any limit on dust impacts outside the plasma
tail.
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Ion Composition Results During the International
Cometary Explorer Encounter with Giacobini-Zinner

Kerra W. OcIiLvig, M. A. CorLAN, P. BOCHSLER, J. GEISS

The International Cometary Explorer spacecraft passed through the coma of comet
Giacobini-Zinner about 7800 kilometers antisunward of the nucleus on 11 September
1985. The ion composition instrument was sensitive to ambient ions with mass-to-
charge ratios in the ranges 1.4 to 3 atomic mass units per electron charge (amu e™*)
and 14 to 33 amu e~ '. Initial interpretation of the measurements indicates the presence
of H,O%, H;0", probably CO* and HCO®, and ions in the mass range 23 to 24;
possible candidates are Na* and Mg™. In addition to these heavy ions, measured over
the velocity range 80 to 223 kilometers per second, the instrument measured He?* of
solar wind origin over the range 237 to 463 kilometers per second. The heavy ions
have a velocity distribution which indicates that they have been picked up by the
motional electric field, whereas the light ions are steadily decelerated as the comet tail
axis is approached. These results are in agreement with the picture of a comet primarily
consisting of water ice, together with other material, that sublimes, streams away from
the nucleus, becomes ionized, and interacts with the solar wind.

PECTROSCOPIC OBSERVATIONS OF

the comas of comets (I-3) have indi-

cated the presence of various ionic
species. Mass spectrometric measurements
of ions in the coma of comet Giacobini-
Zinner were made during the encounter of
the International Cometary Explorer (ICE)
on 11 September 1985, when the spacecraft
passed within 7800 km of the nucleus on its
antisunward  side. For mass-to-charge
(M/Q) ratios from 14 to 33 amue™ !, H,O™"
was the dominant ion; several other species
were also detected.

Observations at Venus (4) and at Titan
(5), where flowing plasma interacts directly
with a dense atmosphere, have established
the modification of the plasma flow field by
the formation of ions that picked up mo-
mentum from the plasma. The same phe-
nomenon was predicted to occur on a much
larger scale in comets (6). For Giacobini-
Zinner the measurements by the ion compo-
sition instrument (ICI) of the velocity distri-
butions of He?" ions, which are diagnostic
of the flow field, combined with measure-
ments of the distributions of heavy ions
from the comet, confirmed the prediction.

The ICI (7, 8) was designed for solar
wind measurements and was used to study
the composition of the solar wind and the
velocity distributions of and velocity differ-

ences among solar wind ions (9). The ions
in the solar wind are highly charged since
they retain the charge states acquired in the
corona; the appropriate range of values of
M/Q normally covered by the ICI was 1.4 to
5.8 amu e~ !, measured over a solar wind
velocity (V) range of 300 to 620 km sec™".
The ranges of M/Q and V in which observa-
tions were made were set by parameters read
into the instrument microprocessor through
the spacecraft command system. To cover
values of M/Q and V appropriate to the
comet (where singly charged ions are ex-
pected), a set of parameters was found that
selected 14 M/Q values between 14 and 33
amu e ! for V between 80 to 224 km sec ™!
and 14 M/Q values between 1.4 and 3 amu
¢! for V between 237 and 463 km sec™ .
The dual M/Q range was achieved by caus-
ing an overflow condition in the micropro-
cessor calculating the potentials applied to
the plates of the energy analyzer, which
forms part of the ICI, in a way similar to
that used to study ions in Earth’s magnetic
tail (10). The overflow took place for V
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