
control was robust and continued ~ndef i -  
nltely ~ v ~ t l i o u t  filrther a~ljustment. 

T h e  slight drift in frequency in Fig. 1B is 
attributable to a slnall and slow 100-1-I; 
ramp in tlie injection current f r o ~ n  the  TDL 
co~l t rol  module. T h ~ s  drift shows that OPF 
control can he maintained \vli~le varying 
the center frequency of the  TDL. W e  
achieved siluilar results with a f ~ x e d  Fahry- 
Perot etalon as the F/A by tunlng tlie TDL 
to one s ~ d e  of a low-finesse etalon fringe. 
W e  maint,~ined OPF control vvlllle scar-i- 
ning tlie frequency 01-er a range of -8C 
h'lH:. T h ~ s  range is of practical Importance 
as it clemonstrates that OPF can he used 
rvitli a TDL to scan across a molecular 
absorption feature and to perform rpectro- 
scopic measurements a t  higher frequency 
resolution than previously possible. 

\Xfe can only give an  upper linlit to the 
frequency stability attained \~.itli the OPF 
rnethod because the measurements are 
dominated hy detector noise that can only 
be improved hy signal processing (Fig. 1 ) .  
Another  factor is that our F/A process in- 
sepa'ahly convolves anlrlit~lde and frequen- 
cy variations. To calculate an  upper limit, 
we project the trajectories in t\vo ilimen- 
sions (Fig. 4A) .  A liistogralll of tlie numher 
of points in each C.2-MH; hill of the  con- 
trolled and uncontrolled emission is then 
nlacle (Fig. 4B). Frorn a Gaussian fit to the 
controlled clistribution, we obtain a value 
for its f ~ ~ l l  width a t  half maximum 
(F\VHM), here heing 1.68 MHz, \vliicli nre 
can use as a strict upper limit. 
An equal partitiol-iing of the intensity 

and frey~lellcy variations in ~~uadrature ,  a 
reason,~ble assumptii~;, would reduce tlie fre- 
quency limit by 2'2, to 1.19 h.1I-I:. Tlie 
FLYiHhl of tlie ~~ncontrollecl TDL excursion, 
nleas~lred by liancl, is -18 h'lI-Iz. Therefore, 
tlie OPF method improves tlie TIIL fi-equen- 
cy stability l ~ y  at least a factor of 11 to 15. 
W e  can deternllne more accurately the fre- 
quency stability by heterodyning the TI3L 
o u t p ~ ~ t  n.ith a stabilized l C - ~ m  C02 laser. 

T h e  i rn~roved stahilitv, in hot11 the ire- 
cjuelicy a l i j  tlie amplitud; of the  OPF-con- 
trolled TDL. will enable new a~~nl icat ions .  
W e  have mentioned higher resolution spec- 
troscopy that scans a TDL. An OPF-con- 
trolleci TDL can also be used as a local 
oscillator for heterodyne radiometers. T h e  
hr-~nfrared (FIR) spectral regime is es-  
tremely important, and tlie recent develop- 
lnent of ~vi~de-hali~d~t ' i~lth hot-electron bo- 
lometer mixers makes the need for a ruit- 
able FIR local osc~llator immediate. Tliere 
are numerolls candidates for future OPF 
control, such as an  optically pumped rub- 
~nillimeter laser that emits from 30  F m  to 1 
~li l l i  and \\.hose output varies in a seemingly 
rand0111 fashion hecause of nonlinear feed- 
back lxta.een the pump and lasant gas. 

REFERENCES AND NOTES 

1. "Chaos in Communications,' Proc. SPlE 2038 
(1 993). 

2 E Ott. C. Grebogi, J. A. Yorke. Phys Rev. Leii. 64. 
1196 (1990). 

3. U Dressler arid G. Nitsche ioid. 68, 1 (1992). F. 
Romeiras, C. Grebog. E. Ott, V1'. P. Daya\,&<ansa, 
Pt?,vsica D 58, 165 (1992); H. Wang arid E H Abed, 
Proceedings of IFAC Nonlinear Co~itrol Systems 
Symposiu~i? Bordeaux (1 992). 

4 W L Ditto, S N Rauseo, M. L Spano Phys. Rev. 
Lett. 65, 321 1 (1 990). 

5. J. Singer Y -Z. lp\iarig, H H Bau, ibld. 66, 11 23 11991). 
6 A Gari~rikel, M L. Spano, W L. D~tto J. N. Weiss, 

Science 257 1230 11 992). 
7. E. R. Hunt, POys. Rev Leit 67, 1953 (1991) 
8 .  T. Takiza\,&<a, Y. L I ~ .  J. Olitsubo, IEEE 1. Quant~im 

Eiecb-on 30, 334 (1 99A) 
9. R Roy. T W Murphy Jr , T. D. Maier, Z. Gills E. R. 

Hunt, POys. Rev. Lett. 68, 1259 11992), Z. Gills C. 
Iwata, R .  Roy, I. B. Sch\,hdaltz, 1 .  Trlandaf i85io'. 69, 
31 69 (1992). 

10. D. E Jerinings, J. Quant. Spectrosc. Radial Trans- 
fer 40. 221 11988). 

11 - , Appl Opt. 23, 1299 (1 984) 
12. J. P. Eckmann and D. Ruelle, Rev. Moo'. P,bvs. 57. 

61 7 (1 985) 
13. J P. Eckmarin. S. 0 .  Kamphorst, D Ruel'e, S Cilib- 

erto, Piiys. Rev. A 34, A971 (1986). 
14. M. Dlng, C. Grebogi, E. Ott, T Sauer, J. A Yorke, 

P,bvs. Rev Lett. 70. 3872 (1 9931. 
15. D S. Broomhead arid G. P. King, Physica D 20. 21 7 

(1 986). 
16. N. H Pac~ard,  J. P. Cr~,tchfeld, J. D. Farmer, R S. 

Shaw~. Phys. Rev. Lett 45, 712 (1980) 
17. Ari animated phase portralt of orie of our data sets 

can be vlewed on our World Wlde Web slte at 
http,;;aurora.phys.utk edui-senesac; 

18. T. W Carr arid I B. Schivartz. Phys. Rev E 51. 51 09 
(1 995): Phys~ca D ,  in press 

19. We thank J. Lobe'l for designng the OPF electroncs 
and G. Miller for putting it together ithey are In Code 
692 of the Goddard Space Flight Center (GSFC)] M. 
Sirota and D. Reuter (Code 693) oaried us the dode 
laser for this experment. Ths research ivas coriduct- 
ed under NASA cooperatve agreemerit NCC 5-88 
with the Uriiversity of Tennessee under the support 
of the GSFC Director's Discretionan; Fund. 

29 July 1996, accepted 23 September 1996 

Solar Wind Magnetic Field Bending of 
Jovian Dust Trajectories 

H. A. Zook," E. Grun, M. Baguhl, D. P. Hamilton, G. Linkert, 
J.-C. Liou, R. Forsyth, J. L. Phillips 

From September 1991 to October 1992, the cosmic dust detector on the Ulysses 
spacecraft recorded 11 short bursts, or streams, of dust. These dust grains emanated 
from the jovian system, and their trajectories were strongly affected by solar wind 
magnetic field forces. Analyses of the on-board measurements of these fields, and of 
stream approach directions, show that stream-associated dust grain masses are of the 
order of 1 O F q 8  gram and dust grain velocities exceed 200 kilometers per second. These 
masses and velocities are, respectively, about l o3  times less massive and 5 to 10 times 
faster than earlier reported. 

W h i l e  the Ulysses spacecraft ~vas In the 
neiglihorliood of J ~ ~ p i t e r ,  the on-board cosmic 
dust cietector (CII13) detected 11 intense, and 
unexpected, streams of dust (1-3). Tlie firbt 
stream occurred 2359 Jupiter radii ( R , ,  where 
1 KI = 71,398 km) fro111 Jupiter, and 137 days 
before L'lysses' closest approach to J ~ ~ p i t e r  
(JCA) on 8 Fehruary 1992. The  last stream 
occ~lrred at a distance of 4205 RJ, or about 2 
astronomical units ( A U ) ,  from Jupiter and 
254 days after JCA.  The  iiust grains in these 
streams are believed to have come from the 
jovian system (2)  for t ~ v o  reasons: (i) the most 
intense stream, of 327 impacts onto the CDD, 
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occurreci only 31 days after JCA,  and 327 R, 
from Jupiter: (il) stream radiants tended to lie 
on, or near, the line of sight (LOS) direction 
to Jupiter trom the CDD. Both phencimena 
are shoa.11 in Fig. 1, where iiust stream impacts 
are characteri;ed by beqg  un~~sually concen- 
trated in the measured spacecraft rotation ,111- 
gle, (b,,,, and in time (4).  Eacli stream appears 
to impact tlie CDD fro111 a single direction 
L I I I ~ L ~ I ~  to that stream. T h e  variation in +,,, is 
largely due to the 140" field-of-view (fov) of 
the CDD as it rotates through a stream radi- 
ant, althougli a few degrees of variation in +,,, 
may be due to a true spread in arrival direc- 
tiolls of the dust grains. Strong non-gravita- 
tional forces must be acting on the grains 
during their tr,ijectories from J ~ ~ p i t e r  hecauae, 
under gravitational forces alone, average 
stream racliants n.i)ulil lie wit11111 a degree or 
t'ivo of the LOS d~rection to J ~ ~ p ~ t e r .  This Lvaa 
only true for streams S5 and 56. Analysis of 
CDD data from tlie Galileo spacecraft, which 
recorded even Inore intense streams of jovian 
dust tha~n Ulysses (5), suggested that Jupiter's 
moon, Io, is a llkely source of the dust (6) .  
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Here we nil1 focus 011 n-hetl-ier the reported 
impacting cl~lst rain Inasses and velocitie? 
(10- 5 ill 5 4 X 10 " g a1lLl 28 ~ I I I / S  5 

5 j6 km/s) (2 ,  3) are compatible with 
the obser\.ed ilirect~oll of approach of the 
streams to Ulysse.;. If the\- are not comp~t ible ,  
we determine ~vha t  size particles, traveling at 
what velocity, and cl-iarped to what electro- 
static potential are responhlble tor the ob- 
berve~l streanls (7). 

The  C D D  detects du5t hy measuring the 
charge of the Impact plasma created 1'y ~111 

Impact of a part~cle onto tl-ie C D D  surface. T o  
ebtimate the hize, veloc~ty, and charpe of these 
particles, we n~~merically ilmulate the ejec- 
tlon at the medial1 tilne of each sti-ea~n occur- 
rence, I>ack\vard in time ancl outn.ari1 av-ay 
from Ulysses, of a larpe number (typically 10') 
of electrically chareeil d ~ ~ h t  particles. Particles - 
are ejected in all directions that can lie sensed 
i l~~r inp  spacecraft rotatLon, and are ejected 

~v i th  many sizes and velocities. Tl-ie ec~uatiol-is 
of motlon, assuming acceleration due to grav- 
itatiollal ,111d solar wind lnagnetic field fc~rces 
011 each ejected grain, are then numerically 
integrated backnard in time (re\.ersing also 
the directions of the solar n.ind ~naolleric field 
vector, and the I~article, spacecratt, anc-l solar 
~ y ~ n d  velocity vectors), to see if the grain 
approaches tcl ~vitl-iin 50 R1  of Jupiter. If it 
cloes, \ve collrider ~t a rotei-itial r o l ~ ~ t i o n  in the 
sellre that the ralne pr t ic le  could h1 .e  left 
the 1c-iviai-i magnetosphere, traveled for\vard In 
t m e  tl-iro~~gh tl-ie time-variahle solar ~vii-id 
~ l~agne t i c  field, and i~npacteil the CDD. If, in 
aililitiol-i, the dust grain's s im~~lated @ lies 
v-it11~1-i the 95% confidence li~nlts of the av- 
erage (b,,,, ~t is cclns~ilei-ed a realistic so1~~tioi-i 
tor that stream. It is n~~merically efticient to 
integrate backward in time, I>ecause the inte- 
gratiol-i <tarts at a known locaticln ailcl t i ~ n e  
(the spacecraft lc3cation at the inean tiine of 

Fig. 1. Dust pari~cle m 1 2 3 4 5  6 7 8 9 10 11  
pacts on the Ulysses . . 

d .  CDD versus measured 1 . .  a 

spacecraft rotailon an 300 1 . .. . 
gle 4 , and t11ne Sol~d 1 a . *-. 
c~rcles correspond to 
1 1 6  x 10-I C -= Q < . 
4 d 6 X 1 0  14Candopen 
tr~angles correspond to % I a A* ' 

4 .  
. * *  

A46 x 10 l - C < C ? <  
173x10-"CwhereQ 100 
s the a~npltude of the to- 
t a  pos~tve Ion charge ex 
tracted from the mpact L . r a , o , , ,  

plasma 114 75) Dust 0 
streams nd~cated b) 91 5 92 92 5 93 

T~me (years) vert~cal dashed Ihnes are 
labeled 1 through 11 and are recognzed when dust Impacts are concentrated n tme and rotaton angle 
(16) The s o d  I~ne ndcates when the CDD axs  ponts closest to Jupter and Jupter s n the fov of the 
CDD The sudden change n rotaton angle on 8 Februaiy 1992 occurred a s  Ulysses flew by Jupter In the 
dashed pori~on of the n e  Jupter neiier entered the CDD fov 

Fig. 2. (Aj Calculated spacecraft 300 1 I " ' I " '  I I # -  - 
rotaton angle, c!, versus pa~t~cle ra- A 
dius a ,  for the 7798 (of lo-) time- 
reversed simulated trial trajectories 
of stream S2 that passed w~thin 50 - S l  

R of Jup~ter The hor~zonia dashed 5 200 E r -  - - - - - - - - 4 k- - - - - - _ -I 
I t  n e s  10- above and below the 5 t 1 

mean ct) , at 203' glve the approxl 
mate 9370 confdence m t s  on the 
true locaton of the mean 4 , (Bj ct) 

trajector~es (C) h versus a for the 
versus V ,  _ for the same calculated 100 

1 a09 smuated trajector~es ( aga r  c 
of 10 ) of stream S9 that passed 

150 - - 

w~th~n 50 R, of Jup~ter (D) + versus 1 
11 , for the calculated trajector~es g 
of stream S 9  The lnean +,, = 2Qn 5 100 
and 9570 conf~dence I ~ n ~ t s  are a -  S 
beled as n 1Aj 6 

50 , - f S a C  

- I -  
- - - - - - - - - - - - - 

-_u 1 ) I  8 I I  , 8 I 1  

0 0 05 0 1 0 100 200 300 400 500 
a ( I . L ~ )  v,,, (kmls) 

stream ~mpac t ) ,  as \\ell as at  knon-n solar wind 
velocity and ~naglletic fielLl intensity values. 

The  cluantitati\-e analysis is o l~t l ine~l  be- 
lo\\: F(j1- each grain simulated, a rai-idom num- 
ber generator selects parameters a, L:,,,,l,, 8, 
and (1) in each of the follo\\.ing ranger: 

~vhere  a ii pal-tlcle radin?, 8 is the angle of 
dust grain em~ssion relative to the  space- 
craft spm axis (which points toward the  
Earth),  and d, ir the emisslon dii-ectlo~n 
around the Llysses spin axis. As the solar 
\vine1 veloclty (8) al-iil lnaglietic flelcl (9) 
vectors are con t inuo~~s ly  measured 011 Ulys- 
res, the total \7ectoi- acceleratlc-in, a . ,  of a 
clhargeil dust gi-ail1 call be detern-iinh by 

\\,here r, 1s the position vector from the sun to 
the c l~s t  grain, rl 1s tlie pohitlon \.ector from 
Jupiter to the dust grain, and v = vl, - v5,,, 
nhere vl, and v , ,  are, respectively, the dust 
gra11-i ancl solar v-il-icl velocity vectors. G is the 
~ravitational constant. Xi, and hl, are the 
masses of the sun al-icl Jupiter, resixctively, 
and B is tl-ie solar \vind lnagnetic field vector. 
B ranped fiom 2.2 to 5 n T  troln 60 days hefore 
51 to the clay that the last stream, 31 1, \\.as 
recordeel and averaged about 1 nT.  v,,, 
rai-i:;.ecl from about 422 to 602 km/s, and av- 
erapeil about 452 k~n / s  duriiip the r a m  perlod. 
The inma1 time-reversed v,, 1s related to im- 
pact velocity, the i~npact velocity ot the 
c-lust gram on the CDD, l ~ y  v,, = ( 1 '  ,,,,r - 
v5, .) tvhere vqi. is the spacecraft velocity. The  
charge, Q, on a durt grclln is clue to a halance 
het\veen solar rlhoto-electrol-i emis?ion and 
nentralirati~>n hy solar n311d electrons. The  
i -eb~~l t~ng clust grain electric potential, IT, is 
some\vhat uncertain, hnt +-1 \I is near the 
a\,erage Ulysses spacecratt potential interred 
ti-on1 the solar ~vii-id electron specti-l~m, and 1s 

ar e-to-mass ra- used here. Tl-ie dust :;.rain ch  g 
t ~ o ,  Q ~ I ,  1s given hy 

T h e  d ~ ~ s t  gi-a111 mash clensity, p, is assumed 
to he 1 :;./cm3. All quantities are trans- 
formed to ecliptic cartesian coord~nates ,  a n  
llnertial system for the liunlerical ii-itegra- 
t1o11. Conridering only tl-ie s-components 
of acceleration, velocity, and position, tlie 
( I  t 1 ) t h  iteration values of v,, aiicl .yI, are 
related to the ith iteration values by 



where n,,,(i) is ohtained froin E q  2 ,  v,,,(i) 
and x,(I) are the \,elocity and position ot 
the dust grain at the heglininling of the ~ t h  
interval, and I t l - ( i )  is cleflneci below. s r ( 0 )  
ancl cl-,(0) = -(\I , - L':~:,) are the 
particle position and velocity at tlne time of 
impact, respectively. T h e  ancl : compo- 
nelnts are treatecl in a n    den tical fashion. 

Care must he useel in tlie evah~at ion of 
It) ,( i) .  For each ith-interval, l-l-iour averag- 
es are taken of the Ulysses-measured vector 
compoinerits of the solar rvlnd velocity and 
inagiietic field, and I t , ( i )  is tlne length ot 
time the particle spenils in the  corresponil- 
ilng ith ~nterval .  Except fur an  assumed 
rveakening ot the lnagnetic tield vector 
co~nponents  \\-it11 increasing distance from 
the  sun ( l o ) ,  it is assllmeJ tlnat all vectors 
remain uncliangecl in cllrection as ther are 
carrieJ racllally out1varc1 at the  measurecl 
solar wind velocity. If ,  tor example, the 
particle 1s travel~ng, for\vard in time tov-ard 
the  sun at radial velocity component,  
v,,(i), then, approximately, it tlavels 
tLrough the  ith interval in a time (in hours) 
of At,(i) = v,,(~)/[v,,(i) + c,,,(~)]. Other  
smaller cc~rrections to Atl,(i) are required 
due to  spacecraft motion, dust graiin accel- 
eration, and clue to the assumpt~on that the  
sc~lar wind velocity and magnetic field vec- 
tors rotate n i t h  the sun. hlaginetic field and 
solar nilnil velocity vectors are assumecl, as 
an a p ~ ~ r c ~ x i ~ n a t i c ~ n ,  not to vary with solar 
latitude out to 1 2 "  latitude. 

For particles that \$,ere simm~lated to im- 
pact (111 the C D D  at the meiliain time of 
occurrence of streani S2 (Fig. 2A) ( ~ n l y  par- 
ticles with r a d ~ i  in the range 0.006 p ~ n  < 
a < 0.026 pin 1nal.e 6 ' s  that lie within the 
95% colnfidelnce bars of the lneas~lred rnean 
&I,,, (derived from data in Fig. 1) .  Larger 
uarticles arrive frc~m close to the LOS ciirec- 
tioin to Jupiter; the \vi~ltli in cb for larger 
txwticles is due to the 100 RI width of the 
jovian magnetosphere as seen from Ulysses. 
A s ~ ~ h g r o ~ ~ p  of particles with \;,,,,,, < 45 kni/s 
(Fig. 2B) gives rise to a group (Fig. 2A) 
whose particle radii lie between 0.014 and 
0.023 ~ m .  Holvever. detailed lahoratorv cal- 
ibrations n i t h  Iron, carhon, and silicate par- 
ticles ilnpactilng o n  a CL3L3 with V,,,,,, < 50 
km/s showed ( 1  1 )  that the resulting ilnpact 
plaslnas for partlcles less than 0.026 pin in 
radius would he expected to be at least one 
order of lnagnit~lde below the detection 
threshold c ~ f  1Pp1' C. If particles helo\$, the 
experimental detection threshold are elimi- 
nated from oLlr n~llnerlcal results, then only 
partlcles with 0.006 p m  < cc < 0.014 p m  
(Fig. 2A), lie within the acceptal~le cc~nfl- 
deince interval and only l~elocities greater 
than about 100 km/s are acceptable (Fig. 2B). 
A particle trajectclry, representing one point 
fro111 Fig. 2, A and R, is sho17~11 111 Fig. 3. 

For strealn S9, only particle trajectories 

\\-it11 radii in  the  range 0.005 < a < 0.01 
p ~ n  and 17,,,,, > 200 km/s are compatible 
\ri th tlie lnean +,, fur that stream (Fig. 2 ,  C 
ancl D) .  These simulations also slioa. tlnat 
particles \\-it11 radii less than 0.005 p m  are 
~ ~ ~ n a b l e  to make the journey from Jupiter to 
Ulysses; all these particles, for every stream, 
are caupht up 111 the solar \\-inel aincl swept 
alvay ( a  particle of radius 0.01 p m  traveling 
at 450 km/s across a 1 n T  inagiletic tield 
feels a solar wincl v X B force 2500 times 
greater than the force of solar gravlty at 5 

I 
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Fig. 3. The calculated trajectory of a dust grain in 
stream S2, whose t~me-reversed trajectory 
passed withn 30 R, of Jup~ter The dust grain was 
of denslty 1 g/cm3, of radius 0.0069 km, and 
Impacted the C D D  at a veloc~ty of 316 km/s. It 
arr~ved from a J) of 201 8'. and from a 0 of 95 7' 
The fght time to Jupiter was 5.04 days and the 
d~stance of closest approach to Jup~ter was 29.7 
R,. (Top) The trajectory in three dmens~ons In a 
coordnate system centered on Jupiter The R 
drecton IS  positive to the left and outward from 
the sun along the sun-Jup~ter I~ne. The T d~rect~on 
is perpendicular to R and 1s parallel to the ecptic 
plane, and N = R x T ponts close to e c p t ~ c  
north The trajectory starts at the label 1 at the 
r~ght-center of the dagram and proceeds, In re- 
verse-t~me, radally outward from the spacecraft 
to Jupiter The part of the trajectory to the eft of 
Jupter does not represent physical realty for par- 
ticles org~natng In the jovian'system Sol~d dots 
and open circles ndcate that the trajectory IS, 

respectvey, above or below, the R-T plane. (Bot- 
tom) The R. T, and N components of the above 
trajectory, as w e  as the total d~stance, D,, from 
Jupiter versus reversed tme 

A U ) .  It appears that tlie particles in every 
strealn except S6 have simllar sizes and 
ilnpact velocities; tlie S6 ilnpact plasmas are 
somelvhat larger than for the other streams. 

The use ot the solar wind nlaginetic fielcl as 
a piant mass-and-\~elocitv snectrolneter for 
cIiargecl clust grains has constrained dust grain 
radii alncl velocities sugpesting that they are 
slnall and hst .  Our results are conristent with 
tlie lnoclel ot Horanyi et al. 11 2 ) ,  ~ v h o  have 
shown that the jovlan magnetospliere can 
accelerate dust erains, of the sizes that v-e 
modelled, to ve1;citles in excess of 3L10 km/s. 
K1e apree with Halllilton ancl Burns ( 1  3) that 
the temporal varlation ot the ~nterylainetary 
lnagnetic tield (IMF) pri~narily determines 
clianges 111 the directionality ot clust grains 
impactling on the CDD on hoard Ulysses. But 
our lnocleline uses the measured, rather than 
tl-ieir postulated, solar \vlncl mane t i c  tleld; 
trol-in tli~s. v-e find tlie uarticles to be i ln~ch 
smaller than the ones they modeled. 
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