
The International Cometary Explorer Mission to 
Comet Giacobini- Zinner 

The International Cometary Explorer (ICE) became the first spacecraft ever to 
encounter a comet when it passed through the tail of  comet Giacobini-Zinner. An 
overview of this encounter is presented, including highlights of the results. 

0 N 11 SEPTEMBER 1 9 8 5 , ~ ~ ~  INTER- 
national Cometary Explorer (ICE) 
spacecraft passed through the tail 

of comet Giacobini-Zinner and made in situ 
measurements of particles, waves, and fields. 
The primary goal of this encounter was to 
study the interaction between the solar wind 
and the comet. This interaction was expect- 
ed to be unlike any previously observed 
because the cometary atmosphere is not 
constrained by gravity. Neutral water mole- 
cules, sublimed from the comet nucleus by 
sunlight, freely escape at speeds of approxi- 
mately 1 km sec-' and are eventually ionized 
on a time scale of lo6 seconds, leading to an 
extensive region of interaction millions of 
kilometers in diameter. Once ionized, the 
ions interact with the magnetic field of the 
solar wind and are carried radially outward 
from the sun. The acceleration of the "pick- 
up" ions causes the solar wind to slow 
significantly. The nature of this process was 
studied in situ and was found to be far 
stronger than had been anticipated. 

At the time of launch in August 1978, the 
ICE spacecraft was known as the Interna- 
tional Sun-Earth Explorer Number Three 
(ISEE-3). Little thought had been given to 
the possibility of its encountering a comet. 
Rather, ISEE-3 was part of a collaboration 
between the European Space Agency and 
NASA to study the interaction between the 
solar wind and Earth's magnetosphere. It 
was positioned in the solar wind some 240 
Earth radii (1.5 x lo6 km) upstream of 
Earth, where it observed disturbances and 
changes in the solar wind approximately 1 
hour before they reached the outer magne- 
tosphere. The ISEE-1 and -2 spacecraft, in 
orbit closer to Earth, then observed the 
magnetosphere's response to these changes. 
This first mission phase came to a close in 
the summer of 1982 when, following sug- 
gestions originated by R.W.F., two addi- 
tional mission phases were undertaken: (i) 
exploration of the deep magnetic tail of 
Earth and (ii) a crossing of the tail of comet 
Giacobini-Zinner. The former was accom- 
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plished by gravitational flybys of Earth and 
the moon, and results have already appeared 
(1). A fifth and final lunar flyby on 22 
December 1983 brought ISEE-3 within 
120 km of the lunar surface and sent it out 
of the Earth-moon system. At this time the 
spacecraft was renamed ICE. 

The ICE trajectory on the way to Giaco- 
bini-Zinner is depicted in Fig. 1, which also 
shows the comet headed toward the ecliptic 
plane. At the time of the encounter, Earth 
was in a good position for ground-based 
viewing. The cruise phase lasted almost 21 
months. The on-board hydrazine propul- 
sion system was vital to a successful inter- 
cept (2, 3 ) ,  as was the astrometric support 
obtained from participants in the Interna- 
tional Halley Watch. The ICE mission is 
complementary to the various comet Halley 
missions in that the latter are all targeted to 
pass on the sunward side of Halley. There 
was an estimated 10 percent chance of not 
successfully crossing the plasma ion tail. The 
uneven heating and removal of gas from the 
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Fig. 1. Trajectories of the ICE spacecraft, comet 
Giacobini-Zinner, and Earth. 

comet nucleus causes a net jetting action, the 
so-called nongravitational force, which is 
difficult to predict. The orbital adjustment 
in early August put the spacecraft directly on 
target for the then-existing comet orbit, and 
it was thought that the final maneuver 
scheduled for 4 September might not be 
necessary. However, as comet Giacobini- 
Zinner approached perihelion on 5 Septem- 
ber, it became more active than expected, 
and it became evident that the comet orbit 
was shifting. Consequently the orbit maneu- 
ver was delayed until 8 September. The 
original plan had been to cross the comet 
ion tail 10,000 km downstream from the 
comet nucleus; the new comet orbit reduced 
this distance to 7800 km. A maneuver to 
restore the 10,000-km tail crossing was 
large and was deemed too risky. Conse- 
quently, on 8 September a smaller maneuver 
(a change in velocity of 2.3 m sec-') was 
performed to correct only the cross-tail er- 
ror. This error, after correction, is estimated 
to have been approximately 600 km at a 
distance from Earth of 7.1 x lo7 km [0.47 
astronomical units (AU)]. 

At the time of the encounter the space- 
craft was approximately 50 times farther 
from Earth than it was designed to go. This 
confronted the Deep Space Network with a 
very challenging task to recover the data. 
The telemetry stream was transmitted over 
two redundant transmitters in order to in- 
crease the power received at Earth. In addi- 
tion, the bit rate was reduced to 1024 bits 
per second and 64-m dish antennas at Ma- 
drid, Spain, and at Goldstone, California, 
were arrayed with 34-m antennas to im- 
prove the signal margin. Backup coverage 
for 2 hours centered on closest approach 
was provided by the 300-m radio astronomy 
antenna at Arecibo, Puetzo Rico (operated 
by Cornell University). Non-real-time data 
were also received from the new 64-m an- 
tenna at Usuda, Japan (operated by the 
Institute of Space and Aeronomy Science of 
Japan). 

Before the encounter there was some con- 
cern that dust from the comet, impacting 
the spacecraft solar cells with a velocity of 2 1 
km sec-', might cause a reduction in electri- 
cal power to the point that the spacecraft 
might go into undervoltage, that is, switch 
off all subsystems other than the command 
receiver. Consequently, 4 of the 13 instru- 
ments on board were switched off before the 
encounter and the heaters to the hydrazine 
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Fig. 2. Schematic of comet Gia- 
cobini-Zinner and the ICE tra- 
jectory crossing the comet ion 
tail 7800 km from the nucleus. 
The label "Bow shock" appears 
in quotes because the appropri- 
ateness of this label is not set- 
tled. 
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propellant system were also switched off in 
order to conserve power. As it turned out, 
the dust impact rate was extremely low and 
there was no detectable loss of power during 
the encounter. 

There are 13 different scientific instru- 
ments on ICE. Of these, only seven were 
expected to give useful results about the 
comet, and reports corresponding to each of 
these follow. A brief description of the 
spacecraft and the instruments is given by 
von Rosenvinge and Brandt (4 ) ,  while de- 
tailed descriptions of each instrument may 
be found in (5). The seven instruments are 
the plasma electron, magnetometer, plasma 
waves, radio waves, plasma composition, 
low-energy cosmic ray, and energetic proton 
instruments. 

Comet Giacobini-Zinner. This short- period 
comet (6.5 years) was discovered in 1900 by 
M. Giacobini at Nice, France, and was 
"rediscovered" in 1913 by E. Zinner at 
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Bamberg, Germany. It is in a prograde orbit 
inclined to the ecliptic at an angle of 31.9" 
and with perihelion at 1.03 AU. At encoun- 
ter the comet's velociw was 38.3 km sec-' 
and the solar wind speed varied between 
400 and 500 km sec-', leading to an aberra- 
tion angle in the comet's orbit plane be- 
tween 5.5" and 4.4". resuectivelv ithe comet 
tail lags the radial line from thk gun to the 
comet nucleus by this amount) (Fig. 3). The 
coma near 1 AU typically has a diameter of 
approximately 60,000 km and the plasma 
tail can reach lengths of 500,000 krn or 
more. By late August, observations obtained 
from the IUE spacecraft indicated that the 
comet was relea'sing over lo2' water mole- 
cules per second. Observations on the day of 
encounter from IUE and the Pioneer V&US 

Orbiter (6) indicate that by then this figure 
had fallen to between 2 x and 5 x 
loz8. Infrared observations suggest that Gia- 
cobini-Zinner is not particularlv dusty. On 

Fig. 3. Schematic of the ICE 
encounter geometry. The coor- 
dinate system shown has its ori- 
gin at the point of closest ap- 
proach to the comet; one axis 
points to the sun and another 
points to the north ecliptlc pole. 
The comet orb~tal plane is in- 
clined 31.9" to the ecliptic 
plane. The comet tad lags the 
comet-sun line by about 5" in 
the comet orbital plane. This 
angle has been exaggerated in 
the figure for clarity. V,, is the 
velocity vector of the spacecraft 
relative to the comet. 

the other hand, it is associated with the 
Draconid (Giacobinid) meteor shower, 
which produced spectacular displays in 
1933 and 1946. 

The encomter. Figure 2 shows the en- 
counter schematically, indicating the times 
different regions were crossed. The encoun- 
ter geometry is further depicted in Fig. 3. 
Note that the spacecraft velocity vector, 
measured relative to the comet, made an 
angle of -93" with respect to the plasma tail 
axis, that is, the trajectory was essentially 
perpendicular to the plasma tail axis. 

The first signs that the comet was ap- 
proaching were apparently detected by the 
plasma wave instrument, which started to 
detect mid-frequency electric field turbu- 
lence near 0400 U.T. (universal time) on 10 
September, when ICE was 2.3 x lo6 km 
from the nucleus. This turbulence is ascribed 
to the pickup of cometary ions described 
earlier (7). The first direct detection of these 
ions was made by the energetic proton 
experiment near the middle of the same day 
(8). The levels of activity in both instru- 
ments continued to increase with decreasing 
distance from the comet until they equaled 
the highest levels seen by these instruments 
at any time in the preceding 7 years in space. 
The low-energy cosmic ray experiment also 
began seeing cometary ions near midday 
on the 10th (9). It had not been anticipat- 
ed that these low-energy ions (typically <4 
keV per nucleon) would be so readily ob- 
served. 

Considerably closer to the comet 
(-2 x lo5 km), the plasma electron instru- 
ment detected the comet's approach by ob- 
serving enhanced fluxes of energetic (> 100 
eV) electrons streaming along the interplan- 
etary magnetic field in the direction oppo- 
site to the heat flux from the solar corona. 
Similar counterstreaming heat fluxes are ob- 
served upstream from Earth's bow shock 
when the interplanetary magnetic field con- 
nects to the hot magnetosheath plasma be- 
hind the shock. Ion acoustic waves and 
enhanced ion fluxes were observed in con- 
iunction with the cometarv electrons. 
' Before the encounter it *as asked whether 
a bow shock would be found at all. It was 
thought that the gentle deceleration of the 
solar wind by the ion pickup process, dis- 
tributed over a large region of space, might 
inhibit the formation of a bow shock. The 
evidence on this question is mixed. Essen- 
tially where a possible bow shock had been 

to b;, there does begin a "rransi- 
tion region" inside which the solar wind has 
been heated, compressed, and slowed (10). 
Within and outs& the transition region, 
the magnetometer and plasma wave mea- 
surements reveal extreme hydromagnetic 
turbulence. There appears, however, t o  be 



no evidence of a conventional bow shock at 
the edge or within the region (1 0, 11 ). The 
appropriate scale on which to look for such a 
shock might be the gyroradius of singly 
charged water molecules in the solar wind 
h e  (about 8000 km ahead of the transi- 
tion region; by comparison, the gyroradii of 
protons and electrons were about 25 and 1 
km, respectively). The transition region was 
entered inbound at approximately 0930 
U.T. and was exited outbound at about 
1220 U.T. This region was roughly 50,000 
km thick where it was crossed. 

Closer to the time of closest approach 
(that is, forward from -1007 U.T. and 
backward from - 1148 U.T.), another plas- 
ma regime was found in which the average 
plasma flow velocity continued to decrease, 
but the average density and temperature 
began to decrease from their elevated values 
in the transition region. This regime has 
been termed a sheath (10). [The word 
sheath may also be used to include the 
transition region (l l) .]  Within both the 
transition region and the sheath, the magne- 
tometer experiment sees average magnetic 
field orientations consistent with draping of 
interplanetary field lines around the comet 
and possibly large ray-like structures parallel 
to the tail (1 1). Electron density spikes also 
suggest possible ray-like structures, al- 
though they may be density fluctuations 
associated with magnetohydrodynamic tur- 
bulence. 

The spacecraft crossed the center of the 
comet ion tail at -1102 U.T. Although the 
measurements fkom different experiments 
are consistent, there is no unanimity of 
terminology as applied to the tail. The plas- 
ma electron experimenters identified a 
boundary layer adjacent to an inner coma 
region containing a plasma tail only 2.4 
minutes wide. By contrast, the magnetome- 
ter team identified, in approximately corre- 
sponding time intervals, a folded ray adja- 
cent-to an ion tail with an embedded current 
sheet. This situation reflects the fact that the 
various experimental data sets are only be- 
ginning to be analyzed jointly. 

The radio wave and plasma electron in- 
struments found a cold, dense plasma near 
the center of the tail. The radio wave instru- 
ment has wire antennas 90 m long (tip to 
tip) to measure electric fields in the plasma. 
By observing the spectrum of thermal elec- 
tric field fluctuations, it is possible to deduce 
both the local electron density and tempera- 
ture. These measurements are unaffected by 
changes in the spacecraft potential and the 
presence of photoelectrons removed from 
the sunlit side of the spacecraft, effects that 
limit the accuracy of the plasma electron 
instrument in the central region of the tail. 
Fortuitously, the characteristics of the radio 
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Fig. 4. Comets Giacobini-Zinner and Halley, as photographed on 13 September 1985. The upper part 
shows the pomon of the Schmidt plate covering the two comets and the lower part shows an 
enlargement of the boxes around each comet. [Original photograph from the Joint Observatory for 
Cometary Research, operated by the Laboratory for Astronomy and Solar Physics, NASAIGoddard 
Space Flight Center, and the New Mexico Institute of Mining and Technology] 

wave instrument were nearly ideally 
matched to the tail plasma parameters. At 
the very center of the tail this instrument 
observed a temperature of only 13,000 K 
and a density of 670 electrons per cubic 
centimeter (12). These figures may be con- 
trasted with interplanetary values observed 
by the plasma electron instrument before 
encounter of 250,000 K and less than ten 
electrons per cubic centimeter. 

One of the more significant results ob- 
tained was confirmation of Alfvkn's (13) 
model of the formation of a comet tail. 
Specifically, it was found that a magnetic 
lobe composed of magnetic field lines of one 
polarity extends from the coma on one side 
of the plasma tail, while a lobe of oppositely 
directed field lines is located on the opposite 
side of the tail (11). The two lobes are 
separated by a current sheet. This results 
from capture of interplanetary magnetic 
field lines by the cometary ionosphere. The 
outward motion of the solar wind carrying 
magnetic field lines causes the field lines to 
be bent around the nucleus like spaghetti 
around a fork. It had been thought that the 
spacecraft might move nearly parallel to &e 
current sheet and hence pass through only 
one lobe. Passage through both lobes appar- 
ently occurred due to the current sheet 
being inclined to the ecliptic plane, although 
back and forth motion of the tail may also 

have contributed. A similar field pattern has 
been observed at Venus. At  en&. howev- 
er, the lobe field strength is apprdximately 
the same as for the interplanetary field, 
whereas at the comet the magnetic field 
peaked at about 60 nT, more than six times 
higher than the values observed just before 
and after encounter. 

The ion composition experiment ob- 
tained direct measurements of the composi- 
tion of a comet (14). Water group ions 
(HO', H20+,  HsO+) are the dominant 
component, and there is probably CO' or 
HCO+ or both. These measurements verifj 
that the major volatile constituent of Whip- 
ple's (15) "icy conglomerate" model of the 
nucleus is water ice. In addition, there are 
unidentified ions in the mass range 23 to 24; 
possible candidates are Na+ and G? A diffi- 
culty with the e+ identification is that 
ground-based spectrometric observations of 
Giacobini-Zinner show very weak C2 lines 
(3, 16). On this same basis, Na' is also an 
unlikely candidate. It is thought that C2 wiU 
dissociate before it becomes ionized. Sodi- 
um could possibly be sputtered off the com- 
et surface or off dust particles by ions ener- 
gized by solar wind $ckup. 

Finally, the plasma wave experiment de- 
tected pulses attributable to dust particles 
himng;he spacecraft. The dust impact rate 
was low (<0.5 sec-' peak), with the maxi- 
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mum rate occurring at closest approach (7). 
The radio waves group reported an upper 
limit to the dust flux for particles with mass 
exceedmg lo-'' g that is 100 times lower 
than the predicted flux (3 ) .  

Shortly after the ICE encounter, comets 
Giacobini-Zinner and Halley were near each 
other in the sky. Figure 4 shows the symbol- 
ic changing of the guard. 

The ICE spacecraft will be about 0.2 AU 
upstream from comet Halley in late March 
1986. Disturbances and changes in the solar 
wind observed by ICE should be related to 
the behavior of Halley's ion tail observed 
from Earth by members of the International 
Halley Watch. Given the large distance from 

which comet Giacobini-Zinner was first de- 
tected b~ ICE and the expected factor of 10 
larger gas production rat; for comet Halley, 
it is possible that ICE will detect comet 
H d e y  itself. 

REFERENCES AND NOTES 

1. Geqbys. Res. Lett. 11, 1027 (1984). 
2. R. Farquhar, D. Muhonen, L. C. Church, J. Astvo- 

naut. Sci. 33, No. 3 (1985). 
3. D. K. Yeomans and J. C. Brandt, The Comet Giaco- 

bini-Zinner Handbook (NASAJet Propuls~on Labo- 
ratory, Pasadena, CA, 1985) 

4. T.  T. von Rosenvinge and J. C. Brandt, Eos 66, 625 
(1985). 

5. IEEE Trans. Geosn'. Electron. GE-16 (1978). 
6. A. I. F. Stewart, M. R. Combi, W. H .  Smpth, Bull. 

Am. A m n .  Soc. 17, 686 (1985). 

F. L. Scarf et d., Science 232, 377 (1986). 
R. J.  Hvnds, S. W. H. Coukv, T. R. Sanderson, 
K.-P. W'enzel, J ,  J ,  Rooijen, ibid., p. 361. 
F. M. Ipavich et d., ibid., p. 366. 
S. J.  Bame et nl., ibid., p. 356. 
E .  J. Smith et d., ibid., p. 382. 
N. Me er Vernet et d., ibid., p. 370. 
H .  Ad& Tellus 9, 92 (1957). 
K. W. Ogilvie et d., Science 232, 374 (1986). 
F. L. Whipple,Astq@ys. J. 111, 375 (1950). 
N. T. Bobrovnikoff, ibid. 66, 439 (1927 
The success of this mission depended on t k e  cooper- 
ation of maw individuals in the face of the unknown 
and with a &ed deadline. At the risk of omission, 
we thank R. Amorose, P. Astill, J. Corrigan, J. Day, 
Jr., D. Dunham, J. Elliott, N. Fanelli, L. Hata- 
kepama, J .  King, J. Madden, S. Maran, W. Martin, 
D. Muhonen, E. Nace, M. Niedner, R. Schumacher, 
J.  Spohr, M. Titland, R. Wales, M. Ward, J. Wolfe, 
and D. Yeomans. 

7 January 1986; accepted 31 January 1986 

Comet Giacobini- Zinner : Plasma Description 
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M. F. THOMSEN, D. T. YOUNG, R. D. ZWICKI, 

A strong interaction between the solar wind and comet Giacobini-Zinner was observed 
on 11 September 1985 with the Los Alamos plasma electron experiment on the 
International Cometary Explorer (ICE) spacecraft. As ICE approached an intercept 
point 7800 kilometers behind the nucleus from the south and receded to the north, 
upstream phenomena due to the comet were observed. Periods of enhanced electron 
heat flux from the comet as well as almost continuous electron density fluctuations 
were measured. These effects are related to the strong electron heating observed in the 
cometary interaction region a d  to cometary ion pickup by the solar wind, respectively. 
No evidence for a conventional bow shock was found as ICE entered and exited the 
regions of strongest interaction of the solar wind with the cometary environment. The 
outer extent of this strong interaction zone was a transition region in which the solar 
wind plasma was heated, compressed, and slowed. Inside the inner boundary of the 
transition region was a sheath that enclosed a cold intermediate coma. In the transition 
region and sheath, small-scale enhancements in density were observed. These density 
spikes may be due to an instability associated with cometary ion pickup or to the 
passage of ICE through cometary ray structures. In the center of the cold intermediate 
coma a narrow, high-density core of plasma, presumably the developing plasma tail, 
was found. In some ways this tail can be compared to the plasma sheet in Earth's 
magnetotail and to the current sheet in the tail at Venus. This type of configuration is 
expected in the double-lobe magnetic topology detected at the comet, possibly caused 
by the theoretically expected draping of the interplanetary magnetic field around its 
ionosphere. 

T HE RESULTS OF THE LOS ALAMos 

plasma electron experiment obtained 
during the encounter of comet Gia- 

cobini-Zinner with the International Come- 
tary Explorer (ICE) on 11 September 1985 
indicate that the solar wind interacted 
strongly with the comet. During the en- 
counter, the spacecraft passed through sev- 
eral distinctive plasma regimes. Some pre- 
liminary interpretations of the plasma elec- 
tron data are presented here. It is expected 
that these interpretations will be refined as 
more in-depth analyses become available. In 
particular, future analyses that make use of 

the combined data of various experiments 
on ICE should lead to more detailed inter- 
pretations of the phenomena observed. 

Instrumental details. Electron measure- 
ments were made with an electrostatic ana- 
lyzer (1) composed of a spherical section 
analyzer with a 135" bending angle, fol- 
lowed by a system of secondary electron 
emitters and an electron multiplier that gives 
two- and three-dimensional capability. Only 
two-dimensional measurements of plasma 
electrons were made during the encounter 
so as to maximize the measurement repeti- 
tion rate. A measurement cycle consists of 

16 energy sweeps spaced uniformly 
throughout a 3-second spacecraft revolu- 
tion. During each sweep, measurements are 
made at each of 15 energy levels. The experi- 
ment has two energy ranges: a "normal" 
range of 10 to 1000 eV and an infrequently 
used "photoelectron" range of 1.9 to 190 
eV. The latter range was included for study- 
ing spacecraft charging, since a knowledge 
of the spacecraft potential is essential for 
analyzing low-energy electron data. At the 
encounter tekmetrv rate. one measurement 
cycle was obtained every 24 seconds, so the 
data format consists of 3-second data sets 
followed by 21-second gaps. In this report 
the data are presented in histograms in 
whlch the actual 3-second data acquisition 
times occur during the first 3 seconds of the 
24-second-wide bars representing derived 
data points. In a few cases, abrupt changes 
in electron distributions occurred in times 
comparable to or less than the time between 
energy sweeps (-0.1 second). The plasma 
electron bulk flow speed, temperature, and 
densitv are determ&d bv numerical inte- 
gration of the entire plasma distribution. 

The comet's plasma structure. Figure 1 
shows a 10-hour plot of the electron mo- 
ments during the solar wind-comet interac- 
tion (Fig. 1). The data extend from 0600 
universal time (U.T.). when ICE was in the , > ,  

solar wind, through the central passage at 
-1102 U.T., to 1600 U.T., when ICE was 
again in the solar wind. Shown are electron " 
density (n), temperature (T), and plasma 
bulk speed (V), computed from the electron 
distributions. (The kbscript e is to be un- 
derstood for ' d the &asma moments 
throughout the text.) The data in Fig. 1 
were processed through a three-point run- 
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