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A detailed account is given of the energotic electron and prgkpn
populations as observed with Voyagers 1 and 2 during their passes through the
dawn magnetotall of Jupiter. In general the results of the Pioneer 10 pass at
90° to the Jupiter-Sun line have been confirmed and ext%hded. The region
between 20 and 150 Ry is dominated by a thin plasma sheet, and open field
lines were observed at 42 Ry at a magnetic latitude of only 15°. Trapped
energetic electron and proton fluxes reach their maximum in the plasma sheet
and decrease rapidly even a few degrees away from it. The spectra of trapped
protons can be represented by an exponential in rigidity and havé’a
+of ~ 50 keV, Proton anisotropiles in the plasma sheet
were vwonsistent withﬂ orotation even at 100 Ry, but the preliminary, analysis
1s not yet conclusiveiA major proton accelcrahion event as well as several
cases of fileld-aligned proton streaming were observed. Comparable proton =
fluxes were observed in the plasma sheet by Voyagers 1l and 2. The flux ' of ,

? 0.4 MeV protons decreases by three orders of magnitude between 20 and 90 RJ
and then remains relatively constant to the boundary layer near the
magnetopause. Between, 20 and 30 Ry in the anti-solar direction, the trapping
region has a latitudindl extent which is comparable to that observed during
the inbound pass at -309 solar aspect. The plasma sheet positions in the
magnetotail can be represented by a distorted disk which rotates about the
Jovian spin axis. Fine structure in the data indicate longitudinal
asymmetries with respect to the dipole/origntation. Electron spectra in the
outer magnetosphere, the magnetosheath and Lnterplanetary space are modulated
by the Jovian longitude relative to the subsolar point; this counfirms the
Pioneer 10 and 11 results. )
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Introduction

(Al

The Voyager 1 and 2 passes by Jupiter offered the first opportunity since
1974 to perform in situ investigations of tﬁg Jovian magnetosphere. The
cosmic ray subsystem (CRS) observed energetic electrons and protons between
0.4 and 10 MeV and ions above 1.8 MeV/nucleon. The latter results are

. \\‘_\ .
dascriﬁéﬁ in the companion paper. While the outbound trajectory passed

through the dawn magnetotail, a previously unexplored regioh. the inbound
trajectory through the subsola;yhgmispheta followed relatively closely the
bath previously taken ﬁy Pioneers iO and 1£/(Fig. 1), Summaries of the new
results were publig?éd by Vogt et al. (1979a,b).

The two passes through the subsolar hemisphere confirmed in general the
Pioneer results (a summary and references to chg Pioneer results ars given in
thé review article by Goertz and Thomsen, 1979). As/ expected, the
magnetopause position was variable and several crossings were observed bhetween
45 and 80 Rj (Jupitet’iadii)~ In the outer magnetosphere (D45 Ry) fluxes -of
low energy protons (0.4 to 3 MQV) were variable but showed no consistent 10~
hour modulation, High-ensrgy electrons (28 MeV) did show a modulation which
was in phase with prediction from the so-called elock model (Cheneteei?t al.,

7
L
1974; smith et al., 1976). L | )

.

Inside 40 Ry, a wéll-devéloped %urrent sheet was encountered which was
closely aligned with the magnetic equator. Because of the 10.4° tilt between
the magnetic dipole and Jupiter's apin‘axis,ﬂthis current sheet moved up and

Q

down with Jupiter's 10-hour period.” Since Voyager was always within 5° of the

equator, two crossings occurred every 10 hours. Fluxes of both energetic electrons

and protoné peaked at the magnetic equator. In the case of Voyager 1, the proton

fluxes observed at the crossing near At ™ 300° (f965) were 30 td 70% more

intense than those associated with the crossing néar Alﬁfzn 100°, No such
ol ¢ o . .
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consistent difference was present in the Voyager 2 data. The Voyager 1
observations suggest that an asymmetry exists at times in the flux of trapped
energetic particles which may be associated with the so-called active and
inactive hemispheres (Vpsxliuuaa, 1975; Desaler, 19783. i

In the inner magnetosphere, absorption features in the low-energy proton
population (~2 MeV) were associated with Ganymede, Europa and Io. During its
inbound pass, Voyager 2 came within 63,000 km of Ganymede; the large disturbances
in the préton flux which correlate with similar disturbances in magnetic field
and plasma parameters have been ascy%bengg:a possible wake created by Ganymede's
motion through the magnetoapheriﬁ/ﬁlasma (Bﬁrlaga et al., 1980)., Near Ganymede's
orbit, Simpson et al. (1975) had \kmvibusly;pbéé“rvad with Pioneer 11 nﬁmarous
bursts of ~1 MeV protons whichAtypicaliyﬁiéagéd less than 1 minute, but the =
magnetic field signature observed at the same time was quite different (Kivelson
and Wing, 1976) from that observed by Voyager 2., As already noted frowm Ploneer
data, the Lo-associated decrease in proton flux starts atLL ® 6.2, well outside
of To's orbit and appears to be primarily due to 1nteraétiona with the io plasma
torus rather than geométric absorpti{%‘by To itself.

The wajor new reglon iRVestiguFéd, and to be discussed in this paper, is the
dawn mngnetotnil;ﬁEig. 1, Table 1). The Pioneer 10 and Vaynggc outbound passes
provide data bet&éen ~100° and -13$° from the Jupiter—-Sun line all the way out to
the maghetopause and in the anti-solar direction (fiidnight) at 21 Ry. As in the
cage ‘of Pioneer 1.0, we found a thin. plasma sheet at the magnetic equator which c
was already well developed near 23 Ry. Sharp flux maxima in proton and electron
({3 MeV) population occurred near the sheet and permitted us to follow the
position of the plasma sheet out to 160 Ry, At a latitude of ~15% away from the

plasma sheet, the proton flux dropped to 1ﬁ§ interplanetary value.

Bl

_ The proton spectra observed in bhe\magnecotail agreed generally with those
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observed during ﬁhe outbound pass of Pionecer 10; however, we have now spectra
measured in different directions relative to the magnetic field. Most of the
time, observed spectral differences are small and reflect the effects of
corotation and of spatial gradients of the proton spectrum. At times, the plasma
sheet w;s accive and quite different spectra were obsérved parallel and
perpendicular to the field. Proton streaming along the field and away from
Jupiggr was observed on several occasions with anisotropies as high as 400:1. 1In
the plasma sheet at 155 R;, Voyager 2 observed a very anisotropic (20:1) proton
flow which was Qpparencly accompanied by a super Alfvenic flow of an oxygen-
sulfur plasma away from Jupiter (Kriq&gis, et al. 1980).

The many new observanionp of thelplnsma sheet position place additional

constraints on the models developed after the Pioneer missiongs. Our data agree

best with a model that involves a gradual bending of the plaémé‘éhéeb towards the

Jovigraphic equa@or (Bridge at. al., 1979). Since a much smaller or no bending
was observed with Pioneer~-10, we have to assume that conditions in the plasma
sheet cﬂanged between 1973 and 1979. An alternate model keeps the plasma sheet
inclination fixed at 10.4° and accounts for the differences onﬁthe basis of
differenﬁ longitudes at which the plaSmaOsheet was crossed. The latter model,

o

however, does not explain the absence of plasma sheet crossings’beyond 80 Ry

[

during the Voyager 1 mission.

o}

i

The periodic modulation of the energetic electron flux continues in the
magnetosheath and interplanetary space (Chenette et al., 19%4); however, the
character of this modulation is different from that observed in ghe plasma sheet
region. The proton flux does not participate'in this modulation, and minima in
the energetic electron flux occur simultaneously at all ;laces where it has been
observed, hence the name "clock" modulation. This modulati&n must be caused bx%

an‘asymmetty that rotates with Jupiter (Dessler and Hill, }975), and we show that

it is appavently divectly associated with the active hemisphere. . P
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Instrumentation

As its name implies, the CRS was designed for cosmic ray studies (Stone et
al., 1977). It consists of two High Energy Telescopes (HET), four Low Energy

Telescopes (LET) and The Electron Telescope (TET). The detectors have large

2

geometric factors (~0.48 to 8 cm® ster) and long electronic time constants (~24

usec) for low power consumption dhé}gggg stability. Normally the data are
P R .
primarily derived from compreheﬁgivéH(Aﬁij AEy and E) pilse-height information
about individual events. Because of the high particle flﬁxes encountered at
Jupiter, greater rellance had to be placed on counting rates in single detectors
and various colncidence rates. The detectors used for most of our work are
listed in Table 2. In interplanetary space, guard counters are placed i%?ant1~
coingidence with Fhe pfimafyﬁdéféétﬁfé to reduce tie backgfouﬂa*ffﬁﬁ-ﬁigh-éﬁefgy
paté;cles penetrating through the sides of the telescopes. 'These guard countgrs
were turned off in the Jovian magnetosphere, when thg accidental anti~coincid2nce”
rate became high enohgh to block a substantial gtactioq of the desired cobnts.
Fortunately, under these conditions the spectra‘were sufficlently soft that the
background due to penetrating pgrticles was- small. -
The data on proton and ion fluxes at Jupiter w;;e obtained with the Low
Energy Telescope, LETQ(Fié. 2 and Table 2). The thitknesses of individual solid-
state detecﬁora in the LET and their trigger thresholds were chosen such that

S

even in the Jovian magnetosphere, electrons made no contribution to the proton

a

counting rates (Lupton and Stone, 1972). Dead time corrections and accidental

coincidences were small (<20%) throughout most of the magnetotail but were

- substantial (>50%) at flux maxima within 40 Ry of Jupiter. Results in this paper

are based only on data obtained on the rising part of the detector response
¥

(prior to roll over) and were corrected with the dead time appropriate to the

~detector (22 to 25 usec);ﬂ The high counting rates, however, caused some baseline

shiftvwhich was inSiénificant compared to the energy of heavy ions (Carbon to
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Sulfur) but may have raised proton thrcshoids %1gn£ficnnci}. In the inner
makneto;phere, the incounting rate was still useful because it never rolled
over. This rate is due to 1.8 to 13 MeV protons penetrating L, (0,43 cm? ster)
and >9 MeV protons penetrating the shia}d (8.4 cm? ster): For an g2 spectrum,
the two groups would make comparable contributions; but in the magnetosphere for
the E-3 to £~ spectrum above 2.5 MeV (McDonald et al., 1979), the contribution
from protons penetrating the shield would be only 3 to 14%.

The LET LlLiE" coincidence~-anticoincidence rate gives an accurately defined

pr0ton flux between 1.8 and 8 MeV with a very small alpha particle contnibution

coincidences, and anticoincidence losses from L&' The anticoincidence time

constant was count-rate dependent, for low ratea 1: was 27 psec and gradually

decreased to 10 psec at maximum counting rate. A third-order polynomial in the ;
L, rate was used to express the anticoincidence dead time. In“correciiﬁgvfonf
accidental. coincidences between L, aﬁd Ly, account was taken of thedfa&t that a
major fraction of the counts in Ly were in coincidence withle. An average
aceidental coingidence time constant of lé’usec was used. The actuai accidental ;
coincidence time conétant w;s in the range of 10 to 25 us;c with a qomplex ﬁ
dependénce on pulse height and rate.

In addition to the rates listed in Table 2, the energy lost in detectors Ly,
Ly and Ly was meﬁsured for individual particles. For protons this covered the
energy range from 0.42 to 8.3 MeV. Protons can be identified positively by the
AE vst/f technique, theix spectra obtained and accidencal coincidences greatly
reducéd, Because of telemetry limitations, however, only a small fraction of the
events could be transmitted and statisticslbecome poor unless pulse~height data

Q
are averaged over one hour for one detector or 15 minuteS'when summed over the

_ four LETs.




Each Voyager spacecraft carriad four LETs; three of these looked n =

¥

. . g noL g
mutually-perpendicular directions such that LET-A, ~D and =B formed a right=-

" handed coordinate system. LET-C looked in the minus A direction. Figure -3 shows

the typical directions in which the teliscopes were pointed during the outbound

[}

passes of Voyager l. The actual directions beyond 30 Ry were within #15° of

those shown in Figure 3, which gives the exact directions for Voyager 1 at 50

- Ry» LET-B was nearly parallel to the average magnetic field during the outbound

pass, and the other three telescopes looked almost perpendicular to the field.
LET-A pointed 66" north from the plane of the ecliptic but«ospfiwisa towards the
corotation ditection, and LET-D pointed nearly in thé corocatiou direction.
Relative intensitlies and differences in energy spectra for these directions can
be determined. If higher-order anisotropies are small compared to th Eirst-
order anisotropy, then the average flux, firat~ordarxanisoﬁrcpy and its diregtiqn
can’be determined uniquely. At Jupiter, however, the first~ and second-order

anisotropies are often comparable (McDonald et al., 1979), and such a simple

analysis would be misleading except when two or three detectors poiﬂt

| perpendicular to the magnetic field.

One HET and two LETs share the same data 1ines and pulse-height analyzers;
thus the three telescopes can interferé”with one another during periods of high
counting rates. To avoid this andlexplore different coincidence cgnditions, the
experiment was cycled through four operating modes, each 19Zosecoﬂﬁs long.

Either the HET or the two LETs were turned on at a time. The LETs were cycled

through L; only, and LjL, coincidence requirements. Some of the time, one of the

LETs was operated on}y in the L1L2L3 coincidence mode to improve statistics for e

higher energy particles and reduce interference from spacecraft noise. Inside of

20 Ry, both HETs and two LETs were turned off, and the remaining two LETs were operated in

the double coincidence mode on Voyager 1 and triple mode on deaéer 2, The TET was

)
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cycied through‘various conicidence condickfn-, including singles from the front _

detectors., At the expense of soite time raualucton, thin procc&érc pern&tted us

8

to obtain significant data in the middle nasuetonpheta and excellent data during

o

the long passage through the magnetotail region.

;
Particle Fluxes in the Magnetotail o
7

An overviewwof the energetic particle fluxeavencouncered during the ouhbouﬁﬁ
passes of Voyagers 1 and 2 is shown in figures 4 nndbs. These spacecraft and
Pionear 10 went towards uha<5awn direction between -100° and ~135° from the
Jupiter=-Sun direction. - The deep modulgtion observed in the particle fluxes
(Voyager 1) indicates that the plasma sheet ls much thinner between zoignd 40 RJ
than in the,subsolar direction. Periodic plnsma sheet croseings or;asg}oaches
can be identified beyond 150 Ry. 1In contrast, no clear cut modulation of low.
energy proton fluxes has bq?nwsedh beyond 45 Ry in the subsolar hemisphére.

& The latitudinal eXtenﬁ of the energetic particle tré%ping region is probably
controlled by a pressure balance between the Jovian magnetic fiebd, trapped
thermal plas&a, and solar wind pressure. The interactions between forces due to
the Jovian magnetic field and centrifugal forces éoncentrate the plasma into a

sheet near the equator (Gleeson qu Axford, 1976). In-the subsolar hemisphere,

the addition of the solar wind pressure insures that the sheet 1 relatively

© thick. When a section of the magnetosphere rotates. from the subsolar hemisphere

into the antisolar divection, the trappéd‘thefmal plasma can expand radially
outward because the. solar wind ptessufé is removed. The expansion spéed is

limited by che wave ve&ocity to be discussed later (Table 5). This velocity

{

iimits the expansion during che 4 to 5 hours available for crossing the tail.

C

The thinnest trapping region should thereforé occur just before the expansion is
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stopped, when hhn,expandlng region rotates into “tha dawn mngnetopa&5 ”
Cqmpnr&aon,becwe&n Voyager 1 and 2 data from 20 &0 é@ By shows that))the trapping .
region 1is thicker in’the autisolur dir«ccion (prager 2) than in e dawn
direction. The differance in mqﬂulntion between the two missions is partially

due to different latitudes at equal distances from Jupiter; however, some direct

comparisons are possible. The peak fluxes at equabbfial crossings are comparable

and decrease with distance. In contrast, Voyager 1 measured a smallet flux of

0.42 to 12 MeV protogajft 264 Ry ngd only 7° below the magnetic equator (281/cm2

r 2 at 34.5 and 40.3 Ry u} 10° @yd 4,29 below the equatot

sec ster) than Voyps )

(648 and 45§/cm2 saec¢ ster, respectively).

The valleys in the modulation of the proton flux approach Interplanetary

N [

solar streams, and Conlon ey alj (1979) hus shown that the flux observed in the

tail away from the plasma sheen was within a Eachor of 2 of 1ntensicies observed

o O . N “
by the sister spacecraft atj a timg corresponding te the solar corocation daelay.
This effect accounts for riduction of uhé310~hnqn modylation of the Voyageryz

proton flux (>_1.8 MeV) betWesn 105 and 130 Ry (Fig» 4), The electron £lux was

not affected by the proton enhancement and was modulated by the poaigion of the

plasma sheet relative to the spacecraft. v

" On the average the maxima of both eléétron and proton fluxes decreaga
monotonically from 20 to 90 Ry and’remain relatively constant from there to the |
boundary layer near the magnetopause. From the character of the electron flux
(figure 5) it appears that Voyager 2 was ~ither in the boundary layer or sheath
ftom 170 Rﬂ until its final magnetosphere crossing. DAll three spacecraft
(Pioneer 10 Voyager 1 and 2) encountered enhanced particle fluxes at their first

magnetopause crossings, however; such enhancement* in the proton flux were not

necessarily associated with later crossings (Fig. 5). These enhancements were

{

fhtarpinnetary proton flux was due to corotating

i
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probably due to local acceleration when the magnetopause was being compressed

G

prior to its £irat passage ovar the spacecraft.
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Proton Spectra . ‘ o ’

The diffuréncial pxct;n spectra observed @Q&in& the Vnyager and Pioneet
10 outbound passas can be approxiﬂhced alther by“u power law in energy, J(I) =
K E™Y or pnmaghﬁt better by an exponential in rigidity J(p) whke”P/?D, where
po 18 the e~folding momentum (McDonald et al., i9?9).' Figure H shows tyéical )
Voyager 1 spectra observed at flux maxima at distances of 34.2, 64.9, 116.9, -J

and 146 Rys. The apeetravdan be characterized by_the energy correspondin mto>

s W

B oo

the c~folding momentum, E

'~
™

*£p§/43.32)2*_which falls into the range of 3
80 keV. In contrast the spectra at flux minima aré much harder,

0.5 5;50‘5 2 MaV, and are characteristic of corotating events (Van Hollebeke
et al. 1978). The first such gpéctrum was seen at ~42:4 Ry and is shown in
£igure 6. |

Figure 7 shows the spectral index E, and 1 Meb Elux derived Erom least
squares fit to 1 hour average pulse-height data from LET A of Voyager 1. The
regulav paétarﬁ Eg/soft spectra at flux maxima (plasma sheet crossings) is
followed with few exceptions. These results ave compleménted by data Ffrom the )
ouibound pass of Plonger 10 (Fig. 8),which provides a better spatial
resolution for the behavior of the spectral index in cﬁefplasma sheet, Since
Pipnegpglo ﬁﬁ% at a latitude of ~9°, the plasma sheet approached and receded
from it more gradually; addiciondlly,#%he speétrum could be determined avery
15 ﬁinutea. The Pioficer 10 observations show that the‘spentxum‘of'trappad
pattiples is hardest at the center of éhe plaém; sheet and becomes

significantly softer’a short distance (~1°) above it. -The new results show
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that even furkhd; away the -bcctrum of energetic procgh; becomes harder
because of the presence of inbérplgnQCnry'pntticlan‘vﬁich are not trapped.
Normally, only small differences existed between spectra observed in
different direcnicng;(LET A, B, and D)., Most of the time the spectrum in LET
D was somewhat harder than in A. Two effects contribute to this herdening.
One of these is the change in aﬁéctrum due to the Compton-Getting effect. Let
¢ be the angle between the anci~corqcaciog\direcbion and the direction in
which the dacackorﬁpoinhs, thus the Compt;n-satting“efféct makes Llts largest
contribution at @-B. If the energy spectrum in the (partially) corotating ;
frame can be approxlmated by j(EQ)-K Ec'Y near the energy E,, then to first
order in g, the spectrﬁl index y* looking into (¢=0) and along ($=~180) the

corotation direction are given by  (Ipavich, 1974):

Y=yt (ydl) e =0

o
vy
-

T o=y~ (rH) € 45 180° | ¢ (1)

RO

where g = /“§:;7E‘and Esp 15 the particle's (partial) corotation energy.
However, velocities corresponding to Eop in the 500 to 1500 k@/aec range at 35
%to 65 Ry would be required if this were the only effect. Theﬂrigid corotaticn
velocities are 440 ahd 816-km/sec, respectively. at 35§§nd 65 Ry, Tﬁé second
and apparently éqﬁally important cause is the change in apeéc:al parameter

RN (Fig. 1) Away framjthe plasma sheet. Above or belew the center of the
plasma sheet, tﬁa diréction-ofﬂche magnetic field is hearly radially away from
Jupiper; thus, pd;&tive ions with a’gulding center one gyroradius (pg) closer
to the center of the plasma sheet will be counted as moving iq:tﬁe corotation
direction. As a result LET A, which polnts 69° from the anticorotation "
direction, sees protons whose guidingicenter“iu 0.4 Pg closer to the centexr of

the plasma sheet; Pg x~ 0.3 Ry for 2 MeV protons at 45 Ry in the tail,

3 . [
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éimilarly, LET D sees protons attached to field lines ~1 Pg further away gron

the center. As a result LET D detects a larger admixture of solar cosmic rays °

than LET A.

o

During the outbound pass of Voyager 1, the LET B telescope pointed o

: ; “ 2
towards the planet often almost antiparallel to a field line (Fif. 3),

particularly when Voyager was just above the cencer of the plasma sheet.

Consequently, LET A, C, and D pointed nearly perpendicular to the magnetic
field and could measure the anisotropy of particles with 90° picch anzlﬁs.
This permius a determination of the non-gyrotropic component perpendicular

to B, without requiring knowledge of the pitch angle distribution, Only the

Compton-Getting and flux gradient effects contribute to the; dnisntropy in that _1

plane (Sifﬁi”iham'ﬁﬁd afthfup, 1979), Uuiﬁg again a@ local power 1aw o
© g,. o N ¢

approximation, we can express the ratio“*n\nounts bety;en two detectors as f
i RN A

“follows (to ftrst order in €): ) N | h a

L

T o o 5
& | 31nj 4 SR RETSE (
JE,¢) L Hp fopieosty  fl-2ecospy iy () ¥

alnj

cos8, 1Q_ 2 i.coigl g

3(E8) L+

O 2l

8|

N P
{ N v . " . . &
s

where ¢ 1s the detector look angle relative to the cototation direction, witn
¢-0 when the detector looks into the corotation direction. 6 ia the‘angle
between the detéctor pointing direction and the‘directinn (ijﬁ) in which the
1ntensity gradienn\ﬁakesdthe largest cnntribution to the flux. In ihe tail

geometry, 6 is approximately equal to ¢ because the flux gradient is

&

approximately north*south in the Z-direction. The differential flux j(E ¢) ig

the flui:petpendicular to B that is the flux of 90° pitch angle particles.

The gradient term constitutes a major uncertainty.in this expression. 1&16
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term was eytimated using thé flux increasa towards ﬁaxinym.auéigidiacanee to

the centar of the plasma sheaet based on the bant twistaed digk mdaﬁl (nna

Section Plasma Sheaet Crossings). However; loval gradlancs may ba difﬁaranc .
from average gradients, and aven the average grndienc ia uncercain because the Ced
motxon of tha neutral shaet may daviuca from the modal.

Praliminary cal¢ulations were parformad with 2Q§av protons for the rise
towards the flux maxi§h at 34 and 103 RJ and near the £iux minima at 50 and
107 Ry (Figs 7).« Those positions were chosen bacause of tha close alignment
bacwunn the magnetle field (Ness, privahe communication) and LRI B, “Tha
rasults shown in Table 3 are genarally conaiatant with covotation., A
significankly lavgaer anisotropy is obsat;ad near fiux maxima bacause of the

o softer gpectrum and cnntributial frqm:Lha_flgx gradigat, the gradient belng ;

elther zervo or very swall neatr £lux mindma. It should be emphasized, howaver.

that these prellminarvy rvesults arve inadaquaLa to firmly establish conotnﬁ: N

\;rl-

\ or & lack thave of. The vatios betwaen, counts in°diffarvent detectors varies a’ ;
graat daal% but it is axpected that a more gystematic analysis of these : ‘

anisotroples will contribute towards rvesolving this question.
0 ) iR .

o

The blasma sheet crossing at 59 RJ;ﬁas unusual in that the apcccrﬁm

' anqama hatder vather than softer near the plasma sheet (Fig. 7) and spectra

' observed with’tﬁw A, B, and D were differvent from ona another (Fig. 6), The

: magnatic field data indigatq that the teglon in which the field rvaversaes is “ /
;"< 75 arogsed rhpidly compared to thé ~ 1 hrs 4 min. over which our data had to be 7
o i avaragad* tharafor&, most of Lha tima uha spanunraft was edthaer jusn ahQV& or )

*‘-’9\ B - >
A ~

4 : bulaw tha centar of the plaamn shaet, and Lha magnahin field was aligned with LET B ¢ .;
% zf,_; | (awcapn at kha inscant of nru&aiug) At 2 MaV nhe LET, A/LET D ratio is 4. 0
Ni | © gorrauponding to a Eivar cher unlsacropy ‘of 0. 70, the- CQmpnon*GeLthg affect
can account Ecn anvmoan 0.30 of thiﬁw A local flux increase of 2.6 times per

ﬁJ towards the cagharfof the. plasma shect 1s vequired to explain the observed

=%
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anisotropy: (pg = 0.4 Ry in the 7 gampa fleld).Typically, a factor of 1.5 vas
observed at other times. Particles with 90° pitch angles, LET A and D, have a
much harder spectrum than the small pitch angle particles seen by LET B. This
is exactly what would be seen if the acceleration occurred locally in the low
field region of the plasma sheet, and a substantial fraction of the particles
mirror in the 7 gamma field near the spacecraft. A considerably lesé extreme
example of local acceeration wag observed by Pioneer 10 at 45 Ry (Fig. 8).
The usual plasma sheet value Eg ; 50 keV increased at this crossing to iSb

keV; however, this is a spin-averaged value and the spectra perpendicular to

the magnegic field may well have been harder.” The Voyager 2 magnetotail R

proton spectra appear to be in general agreement with the Voyager 1 data;

" frowever, no major acceleration event was found.

&>

Proton Streaming

Most of the time the counting rate ratio between the different LET's feil
into the range of 1 to 2 with the higher flux perpendicular to B. Ratios in
this rangé are consistent with expected pitch angle distributions (McDonald et
al.,, 1979) and cb:btacion and gradient anisotropies. Major departures from
this con&itien were observed at a number of occasions between 98 and 260 Ry by
Soth Voyager 1 and 2, These events are characterized by rapid flux changes
and a large enhancement in the flux of protons coming from the general
direction’ of Juplter.

The first example of streaming was observed at 98 Ry with VOyagerff'gm
March 11, 1979, from 0500 to 0700 spacecraft time. On the basis of 15-minute

average magnetic field values (Ness, private communication), LET B pointed

\Jduring this period between 20° and 319 from the anti-field direction, and the

‘At
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74

e B o ot S . i sl i 7 P S UV SRR SRS T
" VP R T O o, TR i ¢

e

N S

Caeml i eenal




B

esw T L LTI

L e

“ ' A

// 14
l
spacecraft was near but did not ccbuu the center oﬁ the plasma sheet; LET A

Looked perpendicular to the fielq Figure 9 ahows a hisco;:;n of the counclng"
rates of the 0.4 MeV proton f)%# taken every 192 seconds. Due to cycling of
the detectors, LET A and B were turned off when HET I was on. In Figure 9,
data gaps in the LET B histogram are bridgcdﬂwtth a dotted line.  This event
is characterized by large (at least 400 cénua‘ “hc:easea\1n<the field*alignid
flux and moderate (10 times) or no incteqs;s 1drthe flux perpendicular to B.
Each of these intreases lasted about 10 minutes. The maximum flield~aligned
£lux was about 40 times thenflux normally found in the plasma sheet.

As Figure 10 shows, the spectra of the two proton populations are also
%

quite different. The 27.9 Ry spectra in Figure 10 represent an average from

0448 to 0552 spacecraft time on 3/11/79, and the 98.6 Ry spectra were averaged

LV

from 0552 0656. As can be seen from Figure 9, these periods cover most of
the intense activity. The spectrum and average intensity of streaming protons
characteristic of the trapped proton population in the plasma sheet
(compare Figs. 6 and 10). The spectra and intensities of locaily mirvoring
protons are characteristic of iaterplanetary protons. The relative fluxes and
spectra indicate that we observed field-aligned streaming of energetic protons
characteristic of thé normally trapped plasma sheet population. Peak
intensicies in LET B were as high as those found at ~40 Ry. The most likely
cause 1s a field line reconfiguration (magnetic merging?) between Jupiter and
Voyage€é§§?hich injected protons onto open field lines. This process was
probably associated with proton acceleration because no corresponding changés
were fourd in the eiéctgon population. If the electfons'weré closely‘ ’
collimated along the magnetic field, however; we could have mtjsed stfeaming

electrOns because the deteccor geometry was less favorable.

Five proLon SCreaming events are lisved in Table 4. The secoud event
o
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observed with Voyager 1 at 133 R; resembled the earlier event. The event
é observed at 188 Ry in the magnetosheath was quite different in that we
obgarved a much smal%er anisotropy, and electron fluxes were also affected.
Similar observations haveKbeen made in the terrestrial magnetosphere (Sarris
' et ai.; 1976 nnd‘refereuces therein). Sarris found that proton and electron
‘ => bursts are always associated in the magnetosheath. In the ea%ch's 5
magnétocntl, they are generally but not %}ways associated. The g}osesn
B terrestrial analog to our magnetotail observations are probably i&pulaivé
proton bursts (Sarris et al,, 1976) that ave not accompanied by electron
bursts; howevav,‘ehex lasted only a few-seconds as compared to over 10 minutes
in the case of the Jovian bursts. . .

» ' The Voyager 2 observations of highly anisotropic fluxes (Table &)
differed from thosae of Voyager 1 in that-the magnetic field direction was
disturbed during the Voyager 2 observations. It is possible, therefore, that
the large nnis&LrOpy’waa not field-aligned but had a major perpendicular

V= c&mponent. This would require aithetgupgeasonab}y large flux gradients or
high plasma convection velocitdes. Kri&igls'eu al., (1980) haﬁe analyzed the

proton and heavier ion spectta associated with the 155 RJ event and concluded
N

the they were ptobably seelng an oxygen-sulfur plaama moving away from Jupitec'

with a veld&ity corresponding to a mean ion energy of 100 keV.

5 | In 5ummaty, we have obsarved three different types of proton streaming

aventa. Well inside the magnatopause at 98 and 133 Ry, we dececced field~

aligned streaming in the plaswa sheet in an ordered magnetlc field - -
[A] . .

E ~ configuration. Near the magnetopause, but still inside the magnetosphere, the
; large anisotropies appear to be due to a comﬁfﬁaﬁi@n of fast plasma motion
coupled with field-aligned Elow 1n an irregular field configuratton/’and-1§>,

o s
“the dawn magnetoshenth we see ptotou and eleccron streaming. These

o v, , . .
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obgservations have many similarities with analogous observations at earth as
reported by Sarris et al., (1976) and by Frank et al., (1976) in his

“fireball” observations.

v

Plasma Sheet Crossings

Models of the plasma sheet position in the dawn direction have been
developed to account for the Pioneer 10 outbound data (see, for éxampie, Smith
et al., 1974; Goertz et al., 1976, Northrop et al., 1976; Kivelson et al.,h'
1978). These.models can now be tested against the Voyager 1 and 2 results.

To simplify comparison with experimental results, plasma sheet positions are

expressed in terms of R, §, A coordinates, that is wadius, latitude from the

~ Joviographic equator and longitude Arrp (1965). The simplest model places the

plasma sheet at the dipole equator and A as a“function of & is given by the

equation of a plane tilted at an angle B to the rotational equator: '

s

-1 tan § (3)

)\akd:’jcos ~m

O .
« where Ag is the longitude to which the dipole points in the southern

hemisphere (20.8°), and 8 is the dipole tilt (10.4°). A is independent of R
and double valued unless §=8. The extent of the plasma gheet depends on solar
aspect and 1s about 40 Ry in the subsolar diréction, 90 Ry at -90°, 13Q Ry at
-115°, and L%O Ry at ~137° from tﬁe subsolar point. This asymmetry is

introduaced by the solar winﬁ pressure and is present in all models.

«  This simple model (Equation 3) applies close to Jupiter; however, as the -

ohserver moves further away, the values of A were found to be larger ‘than

[

a s, A ekt ol ia i s s e e s st ey wa Ceons X oo s 5 o Wy i e s o AN e eaa i v T

e

e e o Sae M

T O N PP PR T ST TR P T T




a

17

4]
predicted by Equation (3). This is equivalent to an R dependent twist of the

plagma sheet about the rotational axis. The reason for the twist is a delay
N ,

Lo relative COﬁ%ﬁe position of tha magnetic equator (Northrop et al., 1976).
Even if the magnaetosphere were rigidly corotating, plnéma moving radially away

from Jupiter would load the field lines resulting in a By component and field

sweepback (Hill, 1980). Since the magnetotail configuration of the plasma

sheet 18 much thinner and extends to greater radial distances than in the

v 7 subsolar hemisphi/é, actual radial plasma motion has to ogeur when a given
; o

gection of magneAQ?phara rotates from dusk to dawn. A lack of corotation
0 would inerease the sweep back. Field line slipping fn the fonosphere, 1f it

depends on latitude will also affect the delay. lf the slippage increasaes
7

with the latitude of the feet of the field lines, ygfg thie procsss

411
ki

increase the delay; however, 1f slippage 15 more at”acmehlaticudes than

others, we could also observe a relatlve phase adva;;e.

In addition ég the delay, the plasma sheet may be bent towards the plane
of the ecliptic by solar wind pressure and towargs the Joviographic equatorial
plane by“the centrifugal force éh the (partially) corotating plasma. These
featuras were incorporated in thé model proposed by Kivelson X%978), which
expressed the delay in texms of o finite radial VLJQcity startkfg gk a
distance R This model also permitted the local latitude of t%a plasma sheet

e to differ fyom that of the dipole., With these modifications, Eq%atimn (3) may

d o be expressed as (Kivelson et al., 1978): : %‘: ) \
! + . » %" 5//"/; N i ;
’ \
; ' -1 tan & (R“RC) \
o | A= dg g cos g 4 3627 for R > R (4) \\

: : : \\\
o du | ! | v \

where §; is the local latitude of the plasma sheet, with the cnnditidhiw
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; 6§ <8, < 10.4°, and Vc}u a "velocity" produéfd by the various effects
: discussed above. Using Pioneer 10 data, Kivelson et al. (1978) found 60 = f
’ and V = 29 or 43 Ry/br., depending on the criteria used in fitting the data.
Figure 11A shows an isometric projection of the plasma sheet plaﬁé
! described by Equation (3). The r;gid disk in the dipole equator is
illustrated with equally apéée@\g&ncencric rings; the Z dimension has b“??
multiplied by 3 to enhance the 10.4° tilts. The surface defined by equation 4
may be derived from this rigid disk. The effect of a finite V in equation 4
is to rotate the plane of each ring gggough an angle B(Ri) around the spin }
axls, where 6 stands for the last téim in Equation (4). The effect of bending
is to decrease the inclination of each ring from g to §,(Ry). The resulting \
surface is shown in figure 11B for an inclination of the outer ring of §, =
E 6.4j/@nd a delay angle at the outer ring of 6 = 50°, 1In figure 11B, the \Q
patéé;ters 85> R, and V are independent of A; it should be noted, however,
that this is not a necessary feature of this model.

; | If the spacecraft latitude is inserted for § in Equations (3) or (4),
| then the two v&lues of A are the pfedicted longitudes of the plasma sheet
crossings. The smaller A refers to the leading crossing where the spacecraft
goes from north to sgbth ;} the plasma sheet, and the larger A refers to the
lagging crossing where the spacecraft emerges again to the north, If the
spacecraft latitude & is greater or equal to B, the plasma sheet approaches,
but doegs not pass over; the spacecraft at iongitude A= Ad‘ This was the
geometry of the Pioneer 10 outbound trajectory. Since Voyagers 1 and 2 were
close to a latitude of 59, two crossings are expected out to a distance
where 6, = 5.

We‘have used the peaks in the >0.4 MeV proton Flux (Figures 4 and 5) to

identify the center of the plasma sheet or our closest .approach to lt, For
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this purpose, detailed plots were used as illustrated in Figure 12. If more
than two peaks were present in a 10-hour period, che\longicudés eorreoponéfns

the first and last peaks were used. Figure 12 also shows that for Voyager
2, double peaks persisted beyond 200 Ry, which is consistent with so ® 8, as
determined from Ploneer 10. In order to d&cermine the "velocity" in Equation
(4), weyhave plotted in Figure 13 0 = Aypy = Mg * cos~T(tan §/tan 8,) for §, =
10,49, where 8 1s the angle illustrated in Figure 11, and ﬁi the difference
between the longitude of maximum north excursion of the plasma sheet and Ad» @
the longitude to which the dipole points idﬁfhe gouthern hemisphere. Be;weené
25 and 50 Ry, the slope of the Voyager 1 leading crossings differsofromkkhap
of the lagging crossings (Table 5), and the delay was significantly 1o;ger for
the 1éadinggchhn for the’lagging croésihgd."For Voyééer-é; Ehe élbpes arér
initially the same, but the two crossings ha§e different delays beyond 50
Ry. For both missions at 100 Ry, the leading crossings were éonsistently
delayed by 1 1/2 to 2 1/2 hours more than the lagging crossings. Such a
result {s consistent with our modeli but reqﬁités different values of V at the
two crossings. This led to the suggestion (Vogt et al., 1976b) that the
average velocity has an azimuthal dependence which mﬁj be agsociated with the
"active" and "inactive” hemispheres discussed by Vasyliunas (1975) and by
Dessler (1978). |

A different explanation for the apparent difference in delay of the two

crossings is based gn the bending of the neutral sheet towards the Jovigraphic
equator; that {is, §, becomes a function of R. Bending presumably was present
during the Voyager 1 pass (Vogt, 1979a), because we often's;w only Sneﬂflux
maximum for distances beyon& 70 Ry, and did not actually cross the center of
the plasma sheet (the magnetic field did not reverse, Ness et al., 1979a), . @

even though Voyager 1 was.at a latitude of only ~5%. If we assume equal

cohrt
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‘ : % velocities, V, for the two crossings at a given R, Equation (4) can be solved )
| for &, as, (Bridge et al., 1979):

= 9

i é 8, = tan”t(tan §/cos %ﬁx) (5)

Where AX is the difference in longitude hetween the two crossings, and § is
the spacedraft latitude. The resulting maximum excursions of the plasma gheet

(zZ = R tan 8,) are shown in Figure 14, Only Voyager 1 data warejusad batween

20 and 70 Ry because the latitude of Voyager 2 was unfavorable. Beyond 80 Ry

there was 4 distinct difference in the plasma sheet excursions petwaen thé two
Vmissions. Epr Voyager 1, it waslmésnlyrgg, or juat below,rche apac&craf&ﬁ,r
g | crajeccoryf while it was-generally above the trgjector& during the Voyager 2
outbound pass. The Epproximata neutral sheet positions shown in Figure 14 ave
in good agreement with the results of Bridge et al. (1979) who obtained a
value of 541° from the combined Voyager 1 and 2 data.

The smooth curves for Voyaper 1 and 2 plasma sheet excursions in Figﬁte

14 are eyeball fits through the experimental points. Both Voyager 1 and 2
gurves start with a slope of 10?4°,>bend over at 30 Ry and follow the Voyager
1 data to 70 Ry. For Voyager 1, §, is smoothly interpolated to ~5.3% at 150
Ry, where the maximum plasma sheet excursion’becomes tangent to the spacecraft
; . trajectory. The Voyager 2 data are tangent to 60 = B0 at 150 Rye, Our data 0
| get was veanalyzed with these values of &y the rksults are shown in Figure 15

and summarized in Table 5, Since equal velocities at the two crossings is a

basic assumption of the model, its success can be judged on whether or not the

A

seen from Flgure 15, the organization of the data is exceedingly good between

s

/20 and 55 Ry and reasonable between 70 and 150 Ry. Between 55 and 70 Ry,

a

]

leading and lagging crossings have the same delay versus distance. As can be -
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. other longitudes. %

2,

however, significant differences reﬁ;in.’ Ithia exactly in this region that we
cbserved parcicle acceleration during the Voyagar 1 mission (59.Ry), and the
discrepancy may ‘be due to a relatively unutgﬁle plasma sheet ccnfiguratlon. A
change {g wave velocity between 55 and 70 Ry can be seen in both Figures 13
and 15; a significantly lower wave velocity is found inside 55 Ry than outside
70 Ry (Table 5). .

The bent twisted disk model can account for the timing of the primary
flux maxima; however, it cannot account for the observed fine structure in the
data. Beyondléo Ry, we frequently obsexved three pronpunced peaks on hoth
missions (Figureg 4, 5 and 12) At largern diataﬁées this could easily be due
to”flapping?bf the plasma shegt in response to changes in the .solar wind.

0

This explanation, however, is inadequate at ~40 Ry when V%yager 2 was at a

latitude of only 1,6°, compared to 9° for the plasma sheet (Fig. 14). Based

on magnetic field data, the two main. maxima were associated with plasma sheet

| crossings, but the smaller middle peak was not, The obsexrvation of these

secondary peaks by both missions in assoclation wtth approximately the same
longitude (Appp = 40°) is most easily explained by an azimuthal asymmetry.. It
is doubtful that the intermediate peak 1s due to particle acceleration agd
injection pnto higher magnetic latitude field linés because theufiux was
nearly isotropile (Fig. 12) aqdjthe energy spectrum did not chenge (Fig. 7).
This leaves two possible explanations: A iongitude-dependent tilt of the
plasma sheet,such that §, is smaller at Appp = 40° than at the plasma sheet
crossings whith occurred at At ® 300° and 100°, respectively. Tﬁa other

explanationlis based on a change in the thickness of the plasma sheet. If

Py

“ near AIII = 46°, it has the same latitudinal extent as in the subsolar

hemisphére, then the flux would decrease more slowly withyiatitude than“%t
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The Electron Clock
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Although the above discussion was based ptimariiy on the modulation of

protons, energetic electron fluxes are also confined to the neighborhood of

pattern.

about 40 Ry in the subsolar hem&fphere,

_® the plasma sheet (Figs. 4 and 5), and are subject ro a similar modulation
The reglon where the diak>model 1s valid extends from 15 Ry out to

to 80 Ry at 5 A.M. local time (Pioneer

10), 120 Ry at 4 A.M. (Voyager 1) &nd 160 Ry at 2:30 A.M., as observed with

Voyagerwz.

elecrons become more irregular, while electrons above 8 MeV tend to show a 10-

holir modulation,

minima occurred simultaneously in the high~ener&y élecc:on flux (P8 MeV) when *

Beyond these distances, the flux changes of protons and low-energy

it

At all 1ocal timea that were observed by Pioneers 10 and 13,

the longitude range Ayyp = 240° to 310° passes the subsolar point., This

feature was originally pointed out by McKibben and Simpson (1974; also Simpson

et al,, 1975; for a more recent discuséiop, see Fillius and Knickerbocker,

. n
1979) and extended to Jovian electrons in the magnetosheath and interplanetary

space near Jupiter by Chenette et al.“(1974;,pee also Smith et al., i§76).

This in-phase mgdmlation in widely different regions is referred to as the

”qlock" miodel,

il
o

modulation of the >8 MeV electron flux in the subsolar hemisphere was obser¥Fd =

with Voyager 2 between 40 and 60 R, (Vogt et al., 1979b).

The Voyager encounters 5 years later offered the first opportunity to re-

_ examine the "clock” modulation and ‘to test the presumption that the release

Q~mechan1§m depends on ihe solar aspect of a certain Jovian longitude. Ten=hour

The dominant

magnetic field component pointed in the ~Z direction (south),“rather than

raaial, as_in the disk reglon (inside 40 R;).

4

i

Three deep flux minima occurred

@

i
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‘ ©at subsolar longitudes Apyp ™ 306, 255 and 310°, consistent with clock model

D

e e S S M SR 7 7 T

predictions. In contrast to Pionesr 10, the Voyager spucecraft entered the

. Jovian magnetosphere in the northern hemisphere, which introduced a 180° ﬁhule
shift in the disk model. Ag a result, the disk model would predict thnclfiuxn ,
minima should occur at a local Apyy = 260° and a subsolar longitude, |
Aryr=240°. This is based on the dipole direction and a 60° phase Jag at 60 Ry

observed during the outbound pass (Fig. 1SY.Q Although the time of occurrence

P T S T T T T Ve Iy

is essentially the same for both models, we'&ﬁlievg that we were observing
- ¢lock model médulation because of the indications that a well*organiza& plasma
| sheet did not exist in this region during the Voyager 2 encaunter“(uess et
al., 1979b). {‘ |
Tp?ffclockf model modulaeion'wga_obsgrvgd during che:oucbound passes of

Voyagers 1 and 2. Figure 16 shows Voyager 2 dath (1 hr. averages) on the 3

modulation of 2.6~ to 5.1-MeV and 8- to 12-MeV electron fluxes both in the

disk and clock regions. Also shown i the flux ratio between these two

channels. As Chenette et al. 51974) have shown, this ratio reflects more
accurately the "clock" modulacion than the total electron flux. A
characteristic feature of this modulation is a minimum in the electron flux
abov& 6 MeV and, therefore, a periodic softening of the spectrum when

AIII~2%0° 1s near the subsolar point. The 1eft ;anel of Figure 16 (118-140

RJ) reflects the strong intensity modulation observed in the disk xeglon.

fé Neither the flux minim//nor the softest spectra occur at the predicted time,

:fg T and the softest spectra occur closer to flux maxima. In the right pahel of ,
| Figure 16 (194~225 Ry) the intensity modulation is smaller, softer spectra are
observed at minimum flux and the timing of softest spectra coilncides with

clock medel predictions. It is very significant that this feature persists in

E' - the magnetosheath region. Clearly the magnetopause does not coqstitute a
£ g
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boundaky to elactrons which are contrglled by the processes producing the

' ¢léck model modulation. Apparently, the modulation holds for saveral

Q

consacutive cycleni however, departures occur, such as pt 0400 on 7/27 in
Mgure 16.. As yet, we have no basie for attyibuting these dnviationa from
the clock model to the solar winds, as ogﬁasud to internal chnngua in the -
Jovian magnatosphere.

To investigate the modulatien over more extended peviods, we performed an
epoch analyzis using thé)aynodic puriod of Jupiter (9.2587 hrs.). Averages
over 16 minute intervals were placed into an 18 bin hiatogram based on the
Arpy of the subaalﬁr'goinc at the tlme of abservations. Since interplanetary
modulation also affects our abaervntiahs, the epoch analysis was rvepeated
using perlods of 8.5 and 11.5 hre. Based on the xg test, we{%nund in most
cases gnalyzed that both ‘the fluxes and flux ratios depeﬁ&ed signiticantly on
phase. The flux ratio vesults were the most consistent. Tﬁe upper plot in
Figure 17 shows a histogram covering the time during which Voysger 2 was in
the boundary or sheath region near the mgguéhapnuse (162-279 Ry). Data from
0~120° have bean repeated between 360 and 480%. The xz value for 17 degreea
of freedom was 2100 for the Jovian period and 750 or less for the athér
periods, Data gathered during 44 days about 3 months after éncuunbaLLarg
shown in the lower panel of Figuxe 17. The x* value was again significantly
greater for the correct peviod (230 as aomparga to 118 or less, L7 degrees of
freedom). Both graphs in Figure 17 confirm clagﬁﬁmodel modulation; however
the degree of modulation is less at the later Fine,

) Voyager 2 data from 3 moaths pre encounter and 4 months past encounter
have been analyzed.” The pre-sncounter results (April-June 1979) and post-—
gncounter results for September 13 to 26 1979 were less conclusive. The

modulation was laess and the x2 value for the Jovian period was not

Y .,
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) the trapped electrons. .

(because plasma motion is only one componént of the Wave speed.

"where che Pigneer 10 and Voyager trajectories erossed it (Fig. ).

" . i
bl )
. o

siginficantly different from that for 8.5 or 11.5 hrs. Further analysis will
be:reéuired to positively elimin&ce or identify clock model modulation during
cheée times. However, our analysis to date confirms the modulation of the

interplanetaty electron flux by the Joviographic 1ong1tude relative to the .

Jupi;er~Sun line. This modulation 1is time dependent and poasibly depends also

G

‘on,apacecragi)position rel&ttve to Jupilter.

Dessler and Hill (1975 and 1979) and Hill and Dessler (1976) _proposed the
magnetic anahaly model ﬁo explain the 10-hour modulation of the interplanetany

electron flux, In this model, the plasma density is énhanced”in an "active"

hemisphere due to an inerease in the lonospheric conductivity which is"

f

producéd by recipitating eleetrons at a magnetic anomaly betwegp Mip = 200

40 2700 {Acuns and Nege, 1976). It was postulated that hf% enhancament 48 .. .

b ] wrvq

not confined to the fnner magnetosphere (L~6) and would piay a particularly
imporcant role in the magnetotail where the solar wind pressure is removed. .

The‘denser-plaama would escape along the tail and thuaupermit the escagg of

o C:i) o

In principsl the expansion could pfoceed to infinity since many
b

observations have demonstrated that the ﬁiasma pressure 1n the plasma sheet is

W Q

@t least equal to che magnetic field pressure. The expansion velocity,

hOWeVergécan be at most as hiéh as the wave vélocity we deduced from the

plasma sheec crossings (Table 5), but it may actually be considerably lower

(,»

If the tail

S

. corotates, then only 4 to 5 hour§)arp available and the expansion can proceed

at moat from 40 to 250 Ry, and 19 probably less, At that time the expandirg

'itrapped particlq‘region would contact ‘the dawn magnetopause in the region

)
It is,

: thereforea,mostrlikely that a major fraction of the release of energebic

'R
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@
elattrons occurs thera, or characteristically at approximataly 100 Ry near the
damn maridian where the plamma either ewcapes or 1s racompressed.In the .
diffusion~convection model of intevplanatary propagation (Pyl&vﬁud Simpaon,
19773 Chenatta, 1980), observations of Jovian elactrons near 1 AU ave
conslatent wlph a rveleasa point close to Jupiter. Other 1n¢aét13&thta have
xgc@ppratad the 1 AU data to lmply a veleasa point wach further away from
Jupiter (a.g. Krdwlgls st al., 1975; Pressas and Goerts, 1976); but under that
interpratation, wa muy}bﬁ Jaaling with ﬁwo diffevent populatlions (Praséaa and
Goorks, 19?&?. If the release 1s near the dawn meridian, wa caw sstimate the

Tongltude fron which the anopalously soft elactron spectrum oviginatess A .
o

N ; 5
pubsolar ‘longltude of 2409 to 310° corresponds to a dawn meridian of 330° to

4009, ‘The longltude vesponsibla for the anamoly, howaver, pasaed the dawn
mavidan earlier, becuuse of tha propagation dalay~£rom tha inper magnatosphars
nohuhn maghatopause amd any alectron driﬁu§> Accovding to Flgures 13 and 15,
the dalay is butween 70° and 100°. Tha curvatura and 3rud&ané deifts must be
amall bacause thara {8 no consistent s&pncaniuu bahwaan flux minima for 2 and
§ MoV elactrons. DBecause off tha highly-distorted ﬁlmld conﬁiguratiqn, wa have

not caleulated waximun dedft augles conaistent with our data, but we estimate

" that 509 cénnninutaa a conseryative upper limkts This would placa the

longltude x@sponsiblﬂ fcn the laW<mJaetran flux into the’ range of D 1809
to 3309, which brackets Lh@ langihuda of the magnetic anomaly.

Ardimuthal asymetries in thé wlectron pnpglnti&n will aapnraca with hiﬁ@
b&causa'gradi&nc and curvature deifts arvae anérgy daﬁandauﬁ. fThé‘in~phaaa
nodulation of’cha 2 and 8 MeV flux~imp1iaa el thar ajghart cesidence time in
tha magnetosphare or modulation at the release polut. mu& Fact that the
mcdglaciou.ia oﬁs&rvad inaidg,?aa'wali as outslda, the magnagosph&ra would.

favor the former explanation. Thi@igﬁ.alsa consistent with the obaarvation

G . s
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that Jupiter injects into interplanetary space in 10 houvs aégumbar of
alectrons comparable to the covtent of tha outer magnetosphere (Fillius at
ale, 1977), Ona would expect that the valease of alectrons across the
mﬁgnéﬁbpauaa and 1Qca1“§ccelawac1an bacomas wore probable as tha plasma
loading lacveanes in chg boundavy raeglon near the magnetopavnse. Yat we find
that the miniwum dn uha‘§lncbﬁbn flux 1is apparently associated with the actlva
hemispheve which prasumably has the hié%&r plasma doensity. ~ Wa propose that
relatively small diffevences iu“ch@ “wave velocity" discussed in the last
-aaccian could produce a miniwmum in plaswa leading and, hence, tiwe vequlred
maﬁulﬂ&ian (Vogt at al., 1979b). Although the moat plausible plaam@ aheat
model, tha bent twlsted digk, does wot Involve a longitudinal depsndence of
the “wave VQLueLcy,“ such diﬁfa€$ne@n nay still exist at”ﬁhawﬁaiuirmﬁ'u
longitude to produce the clock woduwlations In any case, the fine structufa in
the data clearly requires some asimuthal asyametvy. Mgave I8 fllugtrataea
stream lines vs. radial distance and \yyy a8 thay would dppear to an observer
in Lha dawn meridian. Nota that an observer on the subsnlutJmatidinm would
gae o somawhat diffevent plotura bacause the magnatopausae is not aymmauwie. A
difference in expansion velocdty was introduced batween the active and
luactiva hamiapharas with the eranaitionlfrom the laactive to thoe active
hamispharae at inI = 240% With a slower expanslon velofiity dn the active
hemisphere, a varafaction veglon will davalbp at this boundavy, which arrivas

at tha dawn magnatopause whan *Itl » 240° 18 at the subsolar poinhc This

smqll reglon should have a lowar plasma dengity than axch&r the aau&va 1) S

fnactive %&m&sph&raa. and it is precisely this ahwrp miuimum wh&ch 1s cha
cﬁanﬂeuariﬁﬁic of the ulnek modal, It is also &vldnnt fxom gl and. 13 Lhat
Veyagar dutmﬂ& ity inbound trajectovy (A0 to 60 Ry) wauld anxauunan the |

rarafaction raglon at about tha same aubsolar lengituda. A flux waximom wﬁuld

o
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ba expectad when the bxansitlon from the active to inadtive hamiaphara reaches
the dawn magnauoaphara. Coe :

The magngnodisk crosainga during the outbound passes of Voyager occurred
primarily batween the nﬁo solid stream linné’(Fig' 18) which stact at Apypyp ™
330 and 90°, With a 10.4° disk, all crossings would have been near these

\\

© lines; with a bent diek, they would have 03\ rred mostly near the center of

A

P

this :egion. Since nhn avallable data come From only oneé hemispherve and vere

not :akmn naar the interesting reglon for the clock modal we can only argua

that the proposed model is plausible, To resolva this question, we need

O

plasma gheet crossings in tha southern hemisphere and near tha dawn weridian.

o . w/\\y
Summary and Goneclualons

The Jovian magnetotail ag solax aspact angles betwaen 90° and 1409 fin the

dawn direction poasesses a thin p asma sheet whose effects have been observed
out to 160 Ry, Tnappad‘anergau?c alectrons (0.3 to 12 MaV) .and protons (U.4
to 8 MeV) are confined to this disk to witlin a few degrcas in latitude. In
the tall 1nba, interplanetary protous above 2 MeV wara already sncountered at
42 Ry only 159 above the disk and wera found cpn&id&vablyuclosuv to the disk
at greatar diééanaaga This is taken as strong evidenca that thase field lines
are open ayd thus would facilitate the maq%pe of energetic particles which
reach them chraughkalproeaas like cross fleld diffwsion. |

The well=organized plasma sheet &ppean§ to break dewn near the
magnatdpnusa;‘ The di&appaar&n&& of the plasma disk is p#rticulnrly noticable
in the modulatlion of the electron flux (Figure 5). At a distance of ;bout 15
Ry inside the magﬁetapausg, the electron ﬁxux iuereaaad»CO its priorv value in
thé plasma sheet and vemained that high even in the sheath reglon outside the

nagnetopause. Dlnpahéity chﬁnggs became smaller and less vegular. Tha region

: e - ’ () N
ingide the wagnptopsuse appears to be a boundary layer. "Gurnette et al.
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o}
(1980) identifiaed the boundary layer by the enhanced population of thermal
alectrons; however, the boundavy layer defined by tharmal electrows appears to
be thicker., For instance, during the Voyager 1 outbound pass Gurnatte et
al, (1980) observed the thermal electron boundary layer starting at 100 Rys
whila the boundary layer for energetic elactrons starts at 135-145 Ry.

)" Gowparabla proton fluxes wers observed in the plasma sheet by Voyager 1
and 2. Tha £lux > 0.4 MeV protons deereased by about three orders of
magnitude from 20 to QO‘RQ and then vemained velatively coustant. The flux
Increasad again by alwmost én order of magnitude in the boundary layex, at
lengt LF the boundary had been compressed recently. In tha plasma sheaet and
boundary layer, the spectrum is best represented by an exponential in rigidicy
with a_characteristic snsigy of 30 & 30 keV.  DProton spactra agrae Qichnr i
interplanetary spectra in the tail lobe (B, 2 500 inV), bacome quite soft as.
the plasma sheet ia'appvunchad (B, ~ 20 kaV) and then havder again (B, ~ 50
kaV) at the center of the plasma shaot. The plaﬁdn shagt in the tail is quite
active; both proton accdleration and field ‘aligned streaming have besn )
nhaanvgd. Under these conditlons both energy spsctra and intensivies can
dapend sensitively on divection relative to tha magnetic fleld. |

During most of tha outbound passes of Voyagera 1 and 2, proton and
alectvon modulation tracked sach othar closely. Theve is a taddency for the
electron flux to show less of a dip than protons between two clgaelyuapuéeﬂ
neutral sheet erossings or approaches. Most flux ahangasﬁnbsafﬁed in 2= and

8«MeV alectrong were in phase; thus the lack of diffevential drift fndicated

locsl effects. In the veglon of disk model contrel, the elsctron spectrun’ "
, v -

o

Eromvz'ta 12 MaV was softer nesrsmaximum £lux, i.e. near the plasma shaet.
This relation was reversed in the boundawy layeyr and, outside the
magﬁatoPaugg* in the sheath and interplanatacy sp&d&, whare the clock model

applies. It should be noted, howavar, that modulation of the intensities and
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spectra in this region was not nearly as consistent as inside 140 Ry

‘The Pioneer 10 and 11 missions established (Smith et al., 1974) that a

well developedpcurren; sheet exists near the magnetic equator inside of ﬁyfﬁfﬁja.

in the dawn direction. The Pioneer 1l outbound pass indicated that the

“trapping reglon is thicker near the subsolar meridian than at ~ 30° from the

Jupiter=Sun line. Between 20 and 30 Ry in the antisolar direction, Voyager 2
observed an energetic particle popuiﬁtiou which covered almost as largeea

A

latitidinal extent as was observed at -30° from the subsolar direction and not
nearly(;a thin as at a solar aspect of -909, ' It is doubtful that this large
an effect is due to temporal changes, and we balié@e this observation
furnishes evideunce that the na*ﬁatosﬁ‘%riedﬁiaaﬁa does indesd sxpand intd the
hail. but because of the finite veloclity tha expansion had Just barely
affected the plasma sheet from 20 to 35 i_ near the antisolar direction.

The many apprOnches to and crossiﬁgs of nhe plasma sheet by Pioneer 10 :
and Voyagers 1 and 2 give plasma sheet pasitions at seve:al latitudes and

o

longitudes. Ihese positions can be compared to pradictions by models of the
//

plﬁgma sheet configuration in an attempt to gain an overall description of the ‘

plama (heet. Various inﬁe:gretacions based upon Voyager data have Segn
published by Bfidge et al. (1979), Carbary (1980); Ness et al. (1979b), Vogt
et al. (1979a,b) and Vaayliunas and Deaslet‘(1980). Most of these authors
used the model described by Kivelson et al. (1978) which involves twisting the

dipole equator through an angle 6(R). around the Jovian spin axis, and the

0

~ possibility of bending it as a function of distance towards the Jovigraphic -

equator (Fig.21). In this paper, "swisted disk" refers to a model with the

plasma sheet at & constant latitude of 10.4%, and "bent twisted disk" allows
the latitude to decrease, as a function of distance, to values below 10.49,
G Q , k Cj - :
From this analysis we conclude that the Voyager 2 data, with generally

|
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two crossings for each Jovian period, are consistent with both the twiated
disk and bent twisted disk models. For the simple twisted disk, the angle of
rotation depends not only on radius but also on lengitude. as first pointe@
out by Vogt et al. (1979b). The implications of this pfdel are descfiyﬁﬁfin
more detail by Vasyliunas and Dessler (1980). Resulté“from both missions
taken together favor the bent twisted disk not only because of the absence of
Voyager 1 neutral sheet crossings beyond 80 Ry, but also because Voyager 2
observed essentially the same wave velocity between 30-55 Ry at both
crossings, while Voyager 1 found a significant difference in this veglon (Fig. '
13 and Table 5). Because of the difference between the two trajectories (Fig.
14) this is exactly what would be expected from a bent twisted disk in the
absence of azlmuthal asymmetry. Betweéng§0ﬂnud 60 R&, our rasdits'wicﬁ the
bent twisted disk agree with Bridge et al. (1979). Our results differ from
the model identlfied by Carbary (1980) as “"Wavy II" in that the maximum plasma
sheet excursion in his model reaches a fixed amplitude while our results
require that/ﬁgg maximum excursion grows as ~R tan 6%, One feature of the
bent twisted/disk model is that different amounts of bending are required to
fit dnﬁu from the three missions; no or little bending was present during the
Pioneer 10 pass, bending from 10.4% to 6° for Voyager 2 and to 5° for Voyagetr
1. Changes in the plasma loading in the magnetosphere should affect the
departure of the plas&n shaai from the dipole equator. Since temporal changes
are known to occur, it is quite possible that the amount of bending was
diffevent for each mission. s

A new result of our detailed analysié is théﬁfinding that the wave gpeed
changes significangly between 50 And 70 Ry (Fig. 13 and 15). This was not
realized by the other investigators and explains why quite different wave

speeds can be obtained depending on the exact range over which the data are

3
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fit, Magnetic perturbations propagate with the Alfven group velocity along “
field lines, and Kivéfson et al. (1978) and Carbary (1980) have equated the “
o wave velociéy discussed above with the Alfven velocity. A comparison between
the wave velocities derived from the three missions and the corotation
velocity is shown in Figure 19, A general criterion for corotation is. that
the Alfven velocity exceeds the corotation velocity. If taken literally,
Figure 19 shows that corotation should cease near 30 Ry but become. possible
again beyond 70‘RJ. However, the interpretation of the wave velocity as an
Alfven velocity has npt been firmly established, and in the model of WNorthrop
et al..(1974) no such nssuéintion canﬂbe‘made. / T
The beut twisted disk model accounts for the Qvera;lﬂplasma gheet
location; hobever; the additioﬁal £lux peaks observed Sy both Voyagers batween -
40 and 60 Ry are difficult to explain without a Aypy dependent asymmetry.
Such an asymwetry is also reqqired by the “"elock" modulations of elactrons in
the outer magnetosphere and inCefﬁlanetary space. -
The degree of corotation of the plasma sheet in the magnetotail is yery
¢ important because it determines whether the Jovian plasma escapes down the
tall or piles up at‘phe dawn magnetopause in a boundary layer. In the latter
case, a part of this boundary layer would still escape along the tail, but a
substantial fraction should continue to rotate with iﬁpiter and Le
recompressed to form a thick boundary layer in the subsolar hemisphere. As
{ Yet no consistent picture has emerged from the experimental evidence. The
lack Qf complete corotation between 20 and 45 Ry in the subsolar hemispliere
was demonstrated from plasma data by McNutt et als (1979; see also McNut and
Beicher, 1980). Analysis of the first order anisotropy in the energetid;

proton flux (E > 0.5 MeV) has been the other ma’jor source of data on

corotation. However, first order anisotroples have to be corrected for flux
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gradients and higher order anisotropies (Northrop and Thomsen 1980), resulting
in a significant reduction in the accuracy with which the corotation velocity
can be determined. On this basis McDonald et al. (1979) found that corotation
was not present Bayond 703&3 in the subsolar hemisphere (Pioneer 10). Carbary
at al, (1980) have interpreted their V&&agar data to imply that much of the
magnetosphere ls relatively close to corotation, Our preliminary analysis of
Voyager 1 observations in the tall is consistent with corotation eveu at 100
Ry

It would appear that the degree of corotation must be subject toﬁ
significant temporal as well as spatial varlations: For instance a major
injection of gas from Io would significantly slow down coroC4tion in ;hertgrué
reglon and affacc thé outer mnguaﬁosphera oﬁly later. The neutrnlizatign of
ions in the torus region discussed by Eviatar et al. (1976) permits gééape of
neutrals Erom the inner magnetosphere without nffecting’%he oute:»ﬁf
magnetospherea. Corotation determines the extent to which Jupipéf'a angular
momentum is coupled to the magnetosphere and therefore playg’; key role in the
energetics of the whole magnetosphere; it is patcicular%ylaignzggcant c?wards
understanding the dawn magnetosphere. @ ) " k“b@v :

The Voyager missions confirmed the "clock" model wodulation (Chenette et

al., 1974) of the Jovian electron flux just outside the magnetopause and in
7 :

" the boundary layer. A large phase shift occﬁtred in the B-MeV electron flux

between the region where disk model modulation dominated and the outer
region. Surprisingly enough, the phase of the softest electron flux did not
change. Softer spectrs were found near maximum flux in the disk model reglion
and near minimum flux‘in the clock model region.

In trying to understand the modulation of the electron flux and Specﬁrﬁm

in the boundary layer and magnetosheath, we have assumed a’substantial degree

G ;
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of corotation, Some electrons presumably diffuse onto open field lines and

escape throughout the tail region; however, a major release point should be

-

I3

near the dawn magnetopause. In this region the corotating plasma should form s

a thick boundary layer and a relatively unstable magnetopause. If this holds

trux, then the electron modulation can be associated with the active )
hemisphere and, when account is taken of the propagation delay, minimum flux i

corresponds to a subsolar longitude, AIII ~ 240° . This type of modulation
clearly vequires a longitudinal asymmetry, and”we suggest that a region with
the least amount of plasma loading would arrive at the dawn magnetopause at Y
the appropriate phase if a separaéion occurred” at the boundary Pecween the
active and inactive hemiaéheres. This should be observable as a difference in
. the wave velocity and may be due to a somewhat greater departure from
corotation in the activé hemisphere. Unfortunately the available data are

inconclusiveron this point, and additional observations are required in the 9

southern hemisphere and at more favorable longitudes. i
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i . © FIGURE CAPTIONS

! Figure 1. Jupiter encounteé trajectories projected into the ecliptic plane

for Pioneer 10 and Voyaéer 1 and 2. Tick marks were placed to indicate

the start of a new day. The two magnetopause positions shown correspond

to typical high and low solar wind pressures. o !

;( g Figure 2, Schematic draﬁing of the Voyager LET instrument. The detectors are
& enclosed in an aluminum housing with an average thickness of 0.025

inches.

Figure 3. Orthographic projection of unit vectors representing the look

directions of the four LET detectors (A, B, C, and D) during the outbound

pass of Voyager 1. The ecliptic plane is within 39 of the Joviographic
equator. The angles from the +R direction are ¢, = 564°, ¢g = 165°, bc -lj
124° and ¢, = 69°, and the inclination angles are 3, = 66°, 3p = 199, 3 J
= -66%, and & = 16°, The positions shown applied at 55 Ry and were

g within + 15° from 30 R; to the magnetopause.

Figure 4. Electron (2.6-5.1 MeV) and proton fluxes (16 minute averages)
obgerved between 20 and 130 Ry during the outbound passes of Voyagers(i
and 2 towards =-115° and -1379, respectively, from the Jupiter-Sun line.
Electron and >1.8-MeV proton fluxes above 103/cm? sec ster are uncertain

. ; because of large corrections and are plotted only to show relative
trends. The proton fluxes were derived from averages of three LETs (A B

D for Voyager 1 and A C D for Voyager 2).The electron flux is based on a

f N triple coincidence channel of the HET covering electrons with ranges
between 4 and 10 mm of Si..

Figure 5. The fluxes shown in Figure 4 are extended from 130 to 250 Ry. The

4

shading near the distance scale indicates wheq'théQSpacecraft were in the

Magnetosheath. - s
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Figure 6.” Proton momentum spectra for 64 min. intervals observed during the
yo ; outbound pass of Voyager 1. Spectra at 34.2, 59.0, 64.9, and 116.9 Ry
b were observed during plasma sheet crossings; the 42.4 Ry spectrum
) represents interplanetary particles observed 15°”above the magnetic
} equator; and the 146 Ry spectrum showézégé particle population observed

prior to the first magnetopause crossing.
: ( Figure 7. Result of least squares fit to 64 min. averages of the Voyager 1
| LET A pulse height distributions. A differential spectrum of the form
‘ J(E) = KE"L/2 oxp ~VEJE, was fit to the data; this is equivalent t; ip)
- K‘expﬂp/po. The top panel shows the differential flux at 1 MeV and the
lower panel gives the characteristic energy, E,.
| Figure B. Result of least squares fit to 15 min. averages of Pioneer 10 |
obsexrvations during the outbound pass. The top panel shows the proton b
counting rate in a detector with a geometric Factor of 0,015 cm? ster,
and the lower panel gives the characcefiscic energy for the same spectral
, fit as Figure 7. ’
Figure 9. Field aligned flow of protons with energies above 0.4 MeV away from
Jupiter observed with Voyager 1 near 98 Ry. LET B is pointed ;nti-
parallel to the field line towards the planet and LET A perpendicular“to‘
the field. The peak flux in LET B of 830 protons/cm? sec ster is about
40 times the flux observed at the other plasma sheet crossings near 100
R
i Figure 10. Proton momentum sggcﬁta averaged over 64 min. observed during the
streaming event near 98 Ry. The spectrum of protons st:eaming along the
E : magnetic fielins characteristic of particl%gikrapped near the neutral

sheet. The near 90° pitch angle particles (LET A) have a spectrum

similar to that observed in the acceleration event near 59 Ry
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Figure 1l. Isometric projection of the neutral sheet position as described by

©

the rigid disk model (FZg. 11A) and by a bent twisted disk (Fig. 11B).
The disk is illustrated by equally-spaced concentric circles; the 2
dimension has been multipled by 3 to enhance the g = 10.4° dipole ci%;,
8(R) in Fig. 11A shows in the ecliptic plane the delay angle used inf
computing Figure 11B. 1In boch:figurea the inclination of the two inner

rings is 10.43%Zut decreases to 6.4° for the outer ring in Figure 11B,

Figure 12, Comparison og Voyager 2 plasma sheet crossings at various

distances from Jupiter. LET A is indicated by x, LET C by 03, and LET D

. by‘o

Figure 13. Change in plasma sheet crossing corrected for lead or lag relative

y

ta dipole tilt for a 10.49 inclination of the plasma sheet. The angle ~

plotted is AIII— 20.8 % cosal(tan §/tan 10.4) , where § is the local
spacecraft latitude. Solid circles refer to leading crossing or
approaches in the active hemisphere and open circles to the lagging

crossing or approaches.

Figure l4. Maximum excursion from the Jovigraphic equator or dipole eqﬁator

AR tan 10.4°) and of bent disk (R tan §,). The Voyager ‘trajectories are

shown by dashed lines. The values for §, were derived from the Voyager 1
and 2 data under the assumption of equal wave veloQLE} at the leading and

lagging crossings.

Figure 15. Changes in plasma sheet crossings corrected for lead and lag

relative to the bent disk shown in Figure'!l4. The angle plotted
1s Appp = 20.8° + cos'lctanvélnan 80) where ¢ is the spacecraft
latitude. Solid circles refer to leading and open circles to 1agg£;g

crossings or approaches.

 Figure 16. Fluxes and relative intensities of 2.5- to 5- ang‘a- to 12~ MeV

electrons as observed with Voyagef“2.“ Data frem 7/19 to- 7/21 (118 to 140
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Rjy) were taken in the disk modulation region and data from 7/26 to 7/29
(194 to 225 R;) in- the clock modulation regfon. Dashed lines correspond
to time of softest spectra predicted by clock model (Ayry ™ 2§0° at the
gsubsolar point). “ » | .

Figute 17. Histogram of the ratiz of 1ow-“(2.5~5 MeV)- to high- (8-12 MeV)
energy electron fluxes versus'ﬁlxl of the Jovian subsolar point. The
upper panel givcs Voyager 2 data accunulated in the boundary and sheath
region near the magnetopause (162-279 Ry). The lower panel gives Voyager
2 posc-encountar data averaged from September 29 ﬁo November 11, 1979. ”

Figure 18. Illustrations of plasma sheet acream 11nes vs. radius for
different Velocities in the active and inactive hemispherés;. iﬁé | :.;
following radial velocities were used for this illustration: active
\ hemisphere, 20 Ry/hr. to 65 Ry and song/hr.'y 65 to 150 Ry; inactive

hemisphere, 50 RJ/ht- Notice the rarefaction reglon at transition from

' . tnactive to active h;mispheres ;nd the enhanced flux regiiy at traansition

from inactive to active hemisphere. Solid atre;; lines gives approximate
positions of neutral sheet ’éréssinga for ‘twisted disk (10.4° |
1nc11natiq&).

g

Figure 19. Jovian corotation velocity vs. distance. The rectangles give the

(el

* wave velocities and their uncertairties (Table 5) derived with the bent

twiséedﬂdisk model for the plasma sheet positions.
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