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Earth-Based Radio Tracking of the Galileo Probe 
for Jupiter Wind Estimation 

W. M. Folkner, R. A. Preston, J. S. Border, J. Navarro*, 
W. E. Wilson, M. Oestreich 

Although the Galileo probe was designed to communicate only to the orbiter, the probe 
radio signal was detected at two Earth-based radio observatories where the signal was 
a billion times weaker. The measured signal frequency was used to derive a vertical 
profile of the jovian zonal wind speed. Due to the mission geometry, the Earth-based wind 
estimates are less sensitive to descent trajectory errors than estimates based on probe- 
orbiter Doppler measurements. The two estimates of wind profiles agree qualitatively; 
both show high wind speeds at all depths sampled. 

O n  7 December 1995 the  Galileo probe 
entered the atmosphere of Jupiter. O n e  of 
the goals of the probe rnissio~l was to deter- 
mine the jovian zonal (east-west) wind 
s ~ e e d  as a function of altitude bv measure- 
IAents of the  Doppler shlft of the probe 
radlo s~gnal  recell-ed by the  orblter. P r t o ~  to 
the Gallleo mlsslon, varlous c o m b ~ n a t ~ o n s  
of Doppler, radio interferometric, and in 
situ measurements of a tmos~her ic  nrobes 
from the Pioneer, Venera, and Vega mis- 
sions have been used to invest~pate the  " 

wind speed o n  Venus ( 1 ) .  Remote observa- 
tions of Jupiter's clouds show complex 
structure and large variation in wind speed 
(2) .  T h e  remote observat~ons do  not pene- 
trate the  uDner cloud lavers and cannot 
de te rm~ne  whether the winds are driven by 
solar energy, which is largely absorbed in 
the upper cloud layers or by Jupiter's Inter- 
nal energy. Measurements of the Doppler 
shift of the  probe radio signal help estimate 
the wind speed below the levels where sun- 
light is absorbed and help determine the  
driving mechanism. 

T h e  Galileo orbiter was nearly directly 
above the  probe throughout the descent to 
maximize the  signal received by the orbiter, 
and thus the nrobe-orbiter link lvas nearlv 
perpendicular to the zonal wind direction. 
This creates some ambiguity in interpreting 
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the probe-orbiter Doppler shift, since verti- 
cal updrafts and do~vndrafts or meridional 
winds could cause Doppler shifts potentially 
as large as caused by the  zonal winds (3) .  
After the  Galileo mission lvas launched, it 
~vas  realized that the  probe radio signal 
could be directly detected at Earth for at 
least part of its descent even though the  
signal power was 1C"ilnes weaker a t  Earth 
than a t  the  orbiter. Because the  probe-Earth 
direction was almost parallel with the  zonal 
wind direction, the Doppler shift as re- 
ceived a t  Earth was less sensitive to probe 
descent trajectory modeling than the  probe- 
orbiter lneasurements (4) .  

T h e  probe transmitted data to the  orbit- 
er o n  two channels near 1387 hlHz (21.6 
cm).  Probe telemetry was sent a t  256 sym- 
bols per second o n  each channel durtng the  
entire descent of the probe through the  
atmosphere with a fully suppressed carrier 
(5). O n e  of the t ~ v o  probe channels was 
controlled by an  ultra-stable oscillator 
( U S O ) .  This oscillator provided the  fre- 
quency stability over the  descent of the 
probe necessary to ensure that oscillator 
drifts were negligible compared with Dopp- 
ler shifts due to changes in the xvind speed. 
T h e  probe carrier frequency received at the 
orbiter was compared to the  frequency of a 
similar U S 0  o n  the  orbiter. T h e  differenced 
frequency data were transmitted to Earth. 
Through the  Doppler effect, these differ- 
enced frequency \-alues provided a measure 
of relative velocity between the  probe and 
the orbiter along the  probe-orbiter direc- 
tion. This velocity measurement did not  
represent the absolute 1-elocity of the  probe 
in  this direction, but rather tlle sum of 
probe velocity and a (nearly) constant un- 

known bias, with the bias caused by the  
difference of the  unknown frequency offsets 
of the  probe and orbtter oscillators from 
t h e ~ r  nommal frequenc~es. 

T h e  probe antenna pointed vertically, 
w ~ t h  the  orbiter nearly overhead for best 
reception of the  probe telemetry. Earth was 
near the  horizon as seen from the probe. 
Consequently the  antenna galn in  the  di- 
rection toward Earth was lo\\,. T h e  Dower 
transmttted in  the  direction of Earth was 
about 60 times less than the  verttcal power 
for the  first 3 lnin of probe transmission. As 
the  probe descended the  rotatton of Jupiter 
caused the  probe antenna to point farther 
from Earth so that tlle power t r a n s ~ n ~ t t e d  
toward Earth decreased to 209 times less 
than the  vertical power 35 min after probe 
entry. In  addition Earth was about 4900 
times farther from the probe than the orbit- 
er was. 

During the  probe descent, the  Very 
Large Array (\/LA) in  Socorro, New Mex- 
ico, was configured to point at the  Galileo 
probe with the  signals from all 27 antennas 
combined to prol~ide a collecting area 
equ~valent  to that of a 13C-~n diameter 
radio antenna. T h e  .Australia Telescope 
Compact .Array (.ATCA) in Xarrabri, Aus- 
tralia, was similarly configured as a backup 
site, with its six antennas combined to form 
the equtvalent of a 54-m dtameter antenna. 
Since the  probe signal was 190% phase- 
modulated by the  telemetry stream, real 
time detection of the  probe signal required 
sufficient signal to noise (SNR)  in one sym- 
bol-time (-4 ms). which could be achieved 
a t  the o rb~ te r  but not  at tlle Earth-based 
sltes. Instead the Earth-based sltes eer- 
formed a wide band open loop recording of 
the  probe signal for later processing. By 
using the known probe symbol stream, as 
relayed by the  orbiter to Earth, the  phase 
modulation o n  the   robe signal due to the 

b 

telemetry could be removed from the  open 
loop recording of the probe signal, which 
allo~ved longer coherent integration times. 
T h e  probe signal was successf~~lly detected 
at both sites. T h e  stronoer \/LA signal was " 

used for most of the  data reduction and 
analysis. 

After removal of the  telemetry modula- 
tion, the S N R  at the  \]LA would have been 
adeauate to determine the nrobe radio fre- 
quency with a simple phase-locked-loop al- 
gorithm if the  signal frequency had been 
changing slowly enough. However tlle 
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probe, suspended about 13 m below its para- 
chute, was apparently swinging in a manner 
similar to a pendulum throughout its de- 
scent, causing continual changes in the  ra- 
dio frequency. This s~vinging of the probe 
was first detected in the  probe transverse- 
accelerometer data (6), but was also seen in  
the  probe-orbiter Doppler data (7 )  and in  
the  amplitude of the  probe signal received 
by the  orbiter (8). T h e  amplitude of the 
swinging caused the frequency of the probe 
signal as received at the VLA to change by 
i-5 Hz with a 5-s period (9). Wi th  this level 
of frequency change the VLA recording did 
not  provide adequate S N R  for carrier phase 
tracking. Instead, we used a signal process- 
ing technique where pon7er spectra of the  
recorded signal were formed for short (0.1 s) 
intervals, and then averaged over 12 s ( 10).  
LVlth thls procedure the frequency varia- 
tions caused by the  pendulum motion were 
usually within a single (10 Hz) frequency 
bin, and averaging of independent power 
spectra was used to achieve adequate S N R  
for signal detection. This method was used " 
to estimate the probe frequency for the  first 
17 mi11 of probe transmission, during which 
the attnospheric pressure experienced by 
the probe increased from L1.4 bar to 4 bar 
( I  I ) .  Alternate signal processing tech- 
niques show a detectable signal down to at 
least 7 bar. 

T h e  Earth-based de tec t~on  of the  probe 
frequency was referenced to a stable atomic 
clock a t  the  radio observatories. Since the  
frequency of the clock was known, and the  
radial velocity of Jupiter relative to Earth 
was well known through ground-based 
tracking of the orbiter, the deter~nination of 
the probe frequency o n  Earth provtded a 
measure of the  probe velocity relative to 
Jupiter along the  probe-Earth direction. '4s 
in the case of the  orbiter detection of the 
probe, the  Earth-based velocity measure- 
ment did not  provide absolute velocity of 
the urobe in Earth direction, but rather the  
sum of probe velocity and a constant un- 
known btas arlslng from the  unknov n fre- 
auencl offset of the nrobe's US0 from ~ t s  
L 1 

nominal frequency. Because the  probe- 
Earth direction was nearly aligned with the  , b 

zonal wind direction during the  probe trans- 
mission, an  offset in  the probe U S 0  fre- 
auencv was not senarable from a constant 

L ,  

wind speed. T h e  probe-orbiter geometry 
changed quickly enough, due to the  rapid 
rotation of Jupiter, that differences ~n the 
probe-orbiter Doppler measurements could 
be used to infer the  wind speed (12).  This 
method was used to detertnine a zonal wind 
speed profile from the  probe-orbtter data 
(7).  W e  determined a wind profile using the 
probe-Earth data by including the first few 
seconds of the probe-orbiter Doppler mea- 
surements and assuining the  nominal probe 

descent trajectory. T h e  changes in the 
probe-orbiter Doppler measurements were 
used to estimate the wind speed a t  the  
beginning of the probe descent. Then ,  from 
the  probe-Earth data, the probe U S 0  fre- 
quency could be estimated along wit11 the 
change in the  wind speed as a function of 
time (13) .  T h e  resulting wind profile (Fig. 
1 )  is in qualitative agreement with the early 
results from the  urobe-orbiter measure- 
ments (7) .  T h e  probe-Earth and probe-or- 
biter Doppler measurements s h o ~ v  high 
wind speeds a t  depths below the  regions 
where solar radiation is predominantly ab- 
sorbed, which indicates that the 1%-inds are 
driven primarily by internal convection 
114). 

Differences in the shapes of the  probe- 
orbiter and probe-Earth wind profiles are 
apparent a t  the beginning of the  probe de- 
scent, where the  probe-orbiter profile shows 
a n  initial sharp decrease in wind speed 
which is not  seen in  the probe-Earth pro- 
file, and for pressures above 2 bar, \\,here the  
probe-Earth profile shows a n  increase of 
speed with depth. These differences are 
most likely due to differences between the  
nominal probe descent trajectory and the  
actual trajectory (15) .  Errors in the descent 
trajectory could introduce a constant bias 
error into the zonal wind speed estimates 

P (bar) 

240 P++l 
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Fig. 1. Estimated Jupiter zonal wind profile from 
Galeo probe misslon from the signal as received 
by theVLA ( s o d  n e )  The published profile based 
on the probe-orblter measurements is also shown 
(dotted n e ) .  Both are based on a nominal probe 
descent trajectory, as is the pressure scale. The 
error bars on the probe-Earih proflle indicate mea- 
surement and modeling errors affecting changes 
in the wind speed. A constant bas  error of about 
30 mis may exst, based on the prelminary probe 
descent profe; the uncertainty should be re- 
duced to a few meters per second or less when a 
flna descent profile is available. 

based o n  the  probe-Earth data but s l~ou ld  
no t  affect the  shape of the  profile. T h e  
largest other uncertainties in the  probe- 
Earth wind profile are due to  the  probe 
s ~ v ~ n g i n g  motion ( 1  to  2 m/s), lo\\' S N R  
( 1  to  3 m/s) and  uncalibrated effects o n  
the  radio signal due to atmospheric refrac- 
tivity ( a t  Earth and  Jupi ter) ,  and  solar 
plasma ( < 2  m/s). 

T h e  designers of the  probe radio system 
considered the possible existence of a 
strongly absorbing cloud layer up to 5 km 
thick a t  about the  5-bar level. This ~ o s t u -  
lated cloud layer could have caused the  
probe-orbiter signal power to be attenuated 
by as much as 2.5 times depending o n  the  
density of water and ammonia in the  cloud. 
Had these clouds existed, the probe-Earth 
signal would have passed though several 
hundred kilometers of the  cloud laver, mak- 
~ n g  the probe signal undetectable. N o  
s t~ong l \  absorbing clouds were found a t  the 
p ~ o b e  slte by in s ~ t u  measurements (1 6)  and 
the probe s~gna l  uas  detected a t  Earth a t  
least d o a n  to 7 bar A t  the 7-bar level the 
probe-Earth signal would pass through the  
base of the  postulated cloud layer about 
1400 km from the probe site, so the detec- 
tion of the  probe signal a t  Earth indicates 
the absence of strongly absorbing clouds far 
from the probe site. This is co~~s i s t en t  with 
ground-based infrared observat~ons of the  
probe slte which show the  entry site to be in  
a clear region of several thousand kilome- 
ters in longitudinal extent (1 7) .  
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Microscopic Growth Mechanisms 
for Carbon Nanotubes 

Jean-Christophe Charlier,* Alessandro De Vita, Xavier Blase,? 
Roberto Car# 

The uncatalyzed edge growth of carbon nanotubes was investigated by first-principles 
molecular dynamics simulations. At experimental temperatures the open end of single- 
walled nanotubes closed spontaneously into a graphitic dome, which may explain why 
these nanotubes do not grow in the absence of transition metal catalysts. On the other 
hand, chemical bonding between the edges of adjacent coaxial tubes ("lip-lip" interac- 
tions) trapped the end of a double-walled nanotube in a metastable energy minimum, 
thus preventing dome closure. These calculations show that this end geometry exhibits 
a high degree of chemical activity and easily accommodates incoming carbon fragments, 
supporting a model of growth by chemisorption from the vapor phase. 

C a r b o n  n a n o t ~ ~ b e s  ( 1 ,  2 )  are attracting 
I I I L I C ~  interest because of their potential 
applications in high-performing llanoscale 
materials ( 3 ,  4 )  and electronic devices (5, 
6) .  Synthesis techniques for C nanotubes 
have recently achieved high production 

as \yell as good colltrol of the  tube 
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geometry (3 ) .  Carbon nanotuhes typically 
grow in a n  arc discharge a t  a temperature of 
-1000 K. Trallsition metal catalysts are 
generally necessary to  produce single-walled 
nanotubes (7 )  but are not required to pro- 
duce illultiwalled nanotubes, suggesting dif- 
ferent prolvth mechanisms. However, the  
gro\vth of C nanotubes cannot be directly 
observed, and the  underlying microscopic 
mechanisms are still ~lllclear (3). 

T h e  earliest models for grorvth of multi- 
walled C nanotubes (8, 9) mere based on 
topological considerations and emphasized 
the  role of pentagonal and heptagonal rings 
capable of bending the  straight hexagonal 
tubular network. T h e  most debated issue 

was whether the  ends of these nanotubes 
\\ere open or closed during grobvth. In  favor 
of the  closed end mechanism, it bvas pro- 
posed that tubes grow by addition of atoms 
into the  reactive pentagons present at the  
tip of the  closed structure (10).  Hobvever, 
recent experimental studies lend support to  
an  open end growth mechanism ( 1  1 , 12) ,  in 
~vh ich  the  atoms located a t  the  open end of 
the  graphitic structure provide active sites 
for the  capture of C atoms from the  plasma 
phase. Any capped configuration is more 
stable than the  open end geometry, and 
therefore it \vas proposed that the  latter 
could be stabilized by the  high electric field 
present at the tip (13).  Holvever, recent 
first-principles calculations (14) have 
shobvn that this is not  the  case for realistic 
electric fields. Moreover, it is controversial 
~vhether  in multi~valled nanotubes the  in- 
ner or the outer tubes grolv first ( 9 ,  15)  or 
~vhether  different shells of the  same tube 
may assist each other during growth (16.  
17) .  Finally, it is not clear why the  grobvtll 
of single-walled nanotubes, in  contrast to 
that of the multi~valled nanotubes, general- 
ly requires the  presence of metal catalysts 
(7 .  12) .  

In  this work, bve studied the  microscop- 
ic mechanisms underlying the  uncatalyzed 
g rox th  of C n a n o t ~ ~ b e s  by performing first- 
principles molecular dynamics s i ln~~ la t ions  
of single- and double-walled nanotubes. In  
this approach (1 8)  the  forces acting o n  the  
atoms are derived from the  instantaneous 
electronic ground state (19) ,  n h i c h  is ac- 
curately described bvithin density func- 
tional theory in  the  local density appros- 
imation. W e  performed calculations 011 

tubular nanotube sections terminated 011 

one  side by a n  open end and on the  other  
side by H atoms tha t  complete bonding to  
the  two-coordinate C atoms (20) .  W e  
considered a (10,O) "zigzag" nanotube 
(Fig. 1.4), a ( i , 5 )  "armchair" single-bvalled 
nanotube, and a (10,0)@(18,0)  "zigzag" 
double-~valled nanotuhe (Fig. 2.4) (21 ). 

During the  course of the  simulation, the  
open end of the  (10,O) single-walled tube 
closed into a structure bvith n o  residual 
tlvo-coordinate atoms (Fig. 1,  A through 
C ) .  This closed structure is Inore stable than 
the  initial open e ~ l d  structure by -18 eV 
( that  is, -1.8 eV per initial two-coordinate 
C atom). This is still 4.6 eV less stable than 
the "ideal" C,,-hemisphere cap, which con- 
tains only hexagons and isolated pentagons. 
However, the  time scale of our simulation 
prevented us from studying the  further evo- 
lution of the  tip geometry. 

A siillilar calculation for the  ( 5 , i )  sin- 
gle-~valled nanotube led to tip closure into a 
hemi-C,, with a n  energy lolvering of -15 
eV. In  this case the  open llanotube edge 
consists of dimers, rather than single atoms 




