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ABSTRACT

We report on measurements of encrget ic particle modulations (ions and clectrons wit h energies 14> 50
keV) observed by the 11 I-SCAI ¥ instrument aboard the UL YSSES spacecraft that were associated
with the only hydromagnctic wave event measured inside the Jovian magnetosphere by the ULLYSSE:S
magnctometer investigation. This wave event occut red during the high latitude. outbound pass of the
spacecraft in the dusk sector of the planct at distances bet ween 65 and 68 Jovian radii(Ry)a at
southern magnetic latitudes between 27 and 32°. We show that the approximately five minute
oscillations that occurred for about an hour in the north- south component of the magnetic ficld arc well
correlated with variations of the energetic particle fluxes at small pitch angles. The detection of the
narrow angle ion beams by the HI-SCAI ¥ inst rainent occurs at the intersection bet ween two angular
spin sectors. The small amplitude waves vary the magnetic field dir ection sufticiently that the beam is
directed primarily towards one sector and then the other, and back again. The plasma instability for
wave generation is explained. We show that the waves are most likely to be generated by the presence

of magnetospheric heavy ions (i.e. sulfur or oxygen) with energies in the range of afew keV.
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INTRODUCTION

in February 1992 the ULLYSSES spacecraft reached the planet Jupiter and remained inside the Jovian
magnetosphere for amost 14 days (day 33-day 47 1992). The spacecraft entered the Jovian system in
the morning sector (10:00 1.T) similar to the other spacecraft Pioncer 10, 11 and Voyager 1, 2 that
flew by the planct 1974 and 1979, respectively. However, on the outbound pass U1.YSSE:S explored
for the first time the dusk sector of the magnetosphere (around 18:00 1.”1") and departed the magneto-
sphere at high southern magnetic latitudes between 30 and 50° on its way out of the ecliptic plane to
explore the southern pole of the Sun. initial results of the encounter with Jupiter arc published in

Science, 257, 1992; Planet. Space Science, 41, 1993 and in J. Geophys. Res., 98, 1993.

The Jovian magnetosphere was highly extended during the ULLYSSES flyby. The first and last
magnctopause Crossings were observed at distances of 110 Jovian radii (R;) on the inbound pass at
10:00 local time (1.T) and 124 R; on the outbound pass at 18:00 1.7 (Hammond et al., 1993; Phillips et

a., 1993).

A power spectral analysis of the HI-SCALL: encrget ic particle data showed that unlike the magnetic
field variations (which were cssentially non-existent inside the Jovian magnetosphere during the
UL.YSSES encounter), the particle fluxes exhibit continuous variability over a wide frequency range

(I anzerotti et al,, 1993). Tsurutani et a. (1993) presented a survey of low frequency waves at Jupiter
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during the UILYSSES encounter. In that paper, only onc clear magnetospheric wave event was noted
inside the magnctosphere for the entire encountes. t occurred during the outbound pass in the dusk
sector of the planet at radial distances between 65 and 68 R; and at southern magnetic latitudes
bet ween 27 and 32°. This wave event was obscr ved at approximately half way bet ween the closest
approach at 6.31 R and the last magnctopause cr ossing. The inagnetic field fluctuations last only onc

hour on day 42 of 1992, from 17:00t0 J8:00 Ut

A detailed analysis of the energetic particlc data fiom the Hi-SCAI X instrument during that time
interval s1lowccd that variations were also observed in the measured particle intensitics with the same
periodicitics. These combined observations suggest that UlLYSSYS observed wave particle interactions
at high magnetic latitudes far away from the planet inside the Jovian magnetosphere. The observations
presented in this paper therefore provide new insights into possible wave-particle interactions in a
different region of the Jovian magnetosphere and extend the observations made by the Voyager
spacecraft in the middle magnetosphere and at low magnetic latitudes (Khurana and Kivelson, 1989).
The interaction mechanisms between particles and waves have been described theoretically i .e. by Gary
et al. (1991); Thorne and Moses (1983); ‘1 *horne and Tsurutani (1987) and more generaly in the. set-ic.s
of papers by Southwood and Kivelson (1981, 1982); Kivelson and Southwood (1983, 984) and

earlier by Kennel and Petschek (1966).
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After ashort description of the magnetometer and 11 1-S(A1.1 ¢ instruments on UL.YSSES wc present
the correlations of the encrget ic particle intensit ics with the magnetic field measurements for that
part icular 1-hour interval, followed by a discussion of a possible explanation in terms of ion beam

instabilities.
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INSTRUM EN] DESCRIPTIONS ANJ) USED DATA SETS

(A) Magnetometer instrument

The magnetometer investigation on ULLYSSES is composed of a vector helium magnetometer and a
flux- gate magnetometer Sitting on a boom far away from the spacecraft body. Onc magnet ic vector pcr
second isobtained from each sensor. The magnctometer instruments arc described in detail in Balogh

ctd. (1992).

(B) HI-SCALE instrumentation

‘1'}]c111-SCA1 E (Heliosphere Instrument for Spectra, Composition and Anisotropy at 1.ow Energies)
inst rament on UL YSSES consists of 5 detector apertures in two separate telescope assemblies which
form different angles with the spacecraft spin axis. 111-SCAI X is able to measure electrons with
energics bet ween 40 and 300 keV in 4 different channels and ions (7>1) with energics bet ween 50 and
5000 keV (assuming protons) in 8 different channcls. The five detectors arc identified as 1 XMS30,
12i1°S60, 1.1:MS 120, 1.1 ‘S 150 and CAGO. “I" he. nuinbers in the names indicate the orientation of the
tclc.scopes central axes relative to the spin axis of the spacecraft. During each 12s-rotation the
measured ions and electrons arc sampled into 4 (1. 1:MS30,1.11‘S 150) and 8 sectors (1.1 :MS 120,
1L.EES60, CAGO), respect ively. With this design the HI-SCAILF instrument  provides mcasurcments
from 32. different directions in space every 12 seconds. We note that the 11 I-SCALI instrument cannot

distinguish between ion specices for encrgics < 0.5 McV/nucleon and the detectors were not designed to
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re.solve the charge state of the measured ions in a multi-species plasma, However, the detector
responses for single ion species are known from calibration. * 1 'he energy responses for protons, oxygen
and sulfur ions in the 8 energy channels of the 1LEMS30 and 1.EMS 120 ion detectors arc summarized
in Tables 1 and 2. More detailed information about the 111-SCA1 K instrument can be fount] in

Lanzerotti et a. (1992a).

Yor this study wc used 30-second averaged data sets from the magnctometer and t he low encrgy H1-

SCALE detectors 1.FMS30,1.EFS60,1.EMS 12.0 and 1 .t1<S 150.

As pointed out by Southwood and Kivelson (1981) the response of a particle detector in the presence
of awave isastrong function of particle energy and pitch angle. The HI-SCALE inst rument is the first
instrument which could provide quasi three-dimensional measurements wit h very high tin x resolut ion
together with good pitch angle coverage and different energy channels inside the Jovian magneto-

sphere. Therefore it is an excellent instrument to st udy wave-part icle phenomena,
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OBSERVATIONS

1 4g. 1 gives an overview of the trajectory of the UL.YSSES spacecraft inside the Jovian magnctosphere
in the Jovian Dipole system. 7, indicates the distance from Jupiter’s dipole axis which is tilted away
from the rotation axis by 9.60 and p isthe distance. from the center of the planet. The arrow marks the
period where the hydromagnetic wave event was observed: clay 42., 17:0018:00 U, at 65-67 R; and

27-32° south magnetic latitude.

(A) Magnetometer observations

Fig. 2. shows the 1 scc. averaged magnetic field data for the 1-hour interval on clay 4217:00-18:00 UT,
1992. The upper three panels show the magnetic field components in the RT'N-system. in the lower
panel the total magnetic ficld is shown. A sinusoidal fluctuation in the N-component (which is
approximately the north-south component) with a period of about 5 min. can clearly be seen. The other
two components and the total magnetic ficld do not show this variation. A detailed analysis of the
components, done by Tsurutaniet al, (1993), showed that the amplit udes AB/B of the associated
waves were on the order of 0.3. The waves were det ermined to be purely t ransverse to the magnetic
ficld direction with little or no compressional components. They were left-hand elliptically to circularly
polarized (in the spacecraft frame), propagating at angles bet ween 100 and 43° to the magnetic field, As

an example, Fig. 3a, b illustrates onc cycle of the wave. at 17:22-17:27 1JJ'. In this case the wave was
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propageting at an angleof210 relative to the magnetic field direction. The two hodograms B,-B, and

B,-B, indicate that the wave was not plane polarized.

(B) HI-SCALE energetic particle observations

1 4g. 4 shows 30 see-averaged and scctor averaged fluxes of clecti ons (165-300 keV) and ions (130-
210 keV) for one clay of data (clay 42,1992). The 1-hour time period where the wave event was
observed is marked by the solid lines. ‘1 *hc event occurred bet ween two relative intensit y maxima.
Maxima in the particles were observed when the spacecraft was closer to the equatorial plasm sheet of
the planet. This means that the wave event was observed when the plasma sheet was relatively distant
from the spacecraft location but was moving towar ds the spacecraft. The particlc data show clearly

that large variations over a wide range of frequencies were observed in the fluxes.

The hour of the wave event is shown in more detail in ¥ig. 5, b. 1 ‘ig. 5a shows the fluxes of ions (61-
77 keV) of the LEMS 120 detector for each sector separately on alinear scale. In two sectors (6 and 7)
the measured fluxes were significantly higher than in the others. This was even more pronounced in the
1. KES60 detector (electrons 42-65 keV), data for which is shown in FHig. 5b. In this figure onc can
clearly sec a modulation of the fluxes in these two sectors 6 and 7 with a period of about 5 minutes. It
also appears that the relative maxima of the modulations in sector 6 were anti-correlated to the maxima

in sector 7.




Krupp et al.: Particle oscillations and waves in the Jovian magnetosphere 10

In order to understand the directionality of the flux observations, the. sector look directions of the low
energy detector heads of the 111-SCA1.1; instrument arc plotted in Fig. 6 on a unit sphere in the
spacecraft system of reference. In this system the Z-~axis (spin axis) aways points towards Earth.
During the Jupiter flyby the Y -axis was pointing south with respect to the ecliptic plane and the X-axis
completes a right handed syst cm. The arrow in t he drawing marks the magnetic ficld vect or wit h
respect to the center of the sphere. Yrom this figure it is clear that the sectors 6 and 7 of the 1.1 i1 * S60
and 1 .1XMS 120 detectors were the sectors measuring particles along and against the magnetic ficld
direction. Jons in setters 6 and 7 of the 1.1 :MS1 20 detector were flowing along the magnetic field
towards Jupiter. Electrons in sector 6 and 7 of 1.11:S60 were flowing an[i-field-aligned away from
Jupiter. This counter streaming of ions and electrons, reported earlier by 1 .anzerotti et a. ( 1992b), is
clearly seen in Fig. 7 where the cosine of the pitch angle is plotted against the normalized fluxes for
electrons (upper panels) and ions (lower panels) for one energy channel as a function of’ time. These
pitch angle distributions are typical for the entire. hour where the hydromagnetic wave event was

observed.

Fig. 8 shows theratio of the fluxesin sectors 6 and 7 of the 1.LEIS60 detector (measuring electrons)
and the 1.EMS 120 detector (measuring ions) t ogether with the By-component of the magnetic field,
The modulation of the particle fluxes is in phase with the directional change of the magnetic ficld
independent of particle species or direction to the magnetic ficld. No phase shifts in opposite sectors

along the, magnetic field were observed, Further analysis of the different energy channels of the N1 -
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SCAL Y instrument showed that the modulation of the fluxes along the. magnetic ficld was observed at
al energies with the same amplitude on a logarithmic scale. As an example, the fluxes of 4 different

electron energy channels measured in sector 6 oft he 1.10360 detector arc shownin 1 ‘ig. 9.
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[NISCUSS10ON

Observations of simultaneous particle and ficld modulations have been reported many times from
measurements made inside the }arth’s magnetos] here. Int he case of t he Farth, bounce- and drifi
resonant int tractions have shown to be very impor tant in modeling UL wave interact ions (Su et & .,
1979; Suct a., 1980). In these discussions, the anplit ude of the flux oscillations should grow as the
resonance energy is approached, and phase shifts of particle fluxes in opposite sectors and between
elect rons and ions should be observed (Kremser et al,, 1981). Neither an energy dependence nor any
phase shifls in the sectorized particle fluxes were observed during the event presented here. Wc

therefore will not discuss that particular wave-particle interaction.

From the observed magnetic field magnitude and the particle intensitics wc calculated the energy
densitics of the magnetic field E,.., = B/ 2j1, and the particle energy densities ; for the two extreme
cases, assuming that the measured ions in the 111- SCAL}: energy channels were 1) all protons or 2) al
oxygen ions. in reality, the ions measured are a mixture of protons, helium and heavier ions (mostly

oxygen and sulfur ions). The energy density 1 4 for specices i is given by (Lanzerottict d., 1980):

8 i
i = an’y A}ik-; 1) I

k=1 Vk
where [J(1)+3(4)])/2 is the average flux of the sectors1and 4 perpendicular to the flow direction for
ion energy channel k of the] 1EMS30 and | .JEMS | 20 detectors, Alkis the energy channel width, and v

and 1k arc the velocit y and energy of the ions in energy channel k. The results of this calculation arc
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shown in Fig. 10. The energy density of the magnetic field is seen to be larger than the particle energy
densit ies by a factor of 2-4 assuming that al the counts arc due to oxygen ions and about a factor of 10

iigher assuming all protons arc detect cd in the 111-SCAL Y energ y channels.

‘rom this determination, it is clear that the 13 -field was controlling the particles in the observed cnergy
range. Whenever the magnet ic ficld moved back and forth in the north-sout h direct ion t he part icles
were forced to follow. The electrons flowing aong the magnetic ficld were more tightly bound because
of their smaller gyro radii. Thus, the wave-related oscillations arc. more pronounced in the electron

channels.

To determine what particles could have generated the observed waves through plasma instabilities, we
calculated the gyro frequencics € of electrons anti ions in an average magnetic field of 9 nT" and
compared thcm with the frequencies of the observed waves = 2w/ T = 0.02 Hz, as listed in Table 3.
The gyro frequencies of the heavy jons are seen to be comparable to the frequencies of the waves. The

clectron gyro frequency, however, was larger by 4 orders of magnitude.

The ion cyclotron resonance energy can be calculated under the usual assumption of doppler-shifted

cyclotron resonance where the k -vectors of the observed waves and the velocity vector ¥ of the ions

arc ant i-paralel. “I"he resonance condition is given by




Krupp et al.: Particle oscillations and waves in the Jovian magnetosphere 14

® - k-V= Qi
o 4+ kievuz Q

where only the parallel components were taken into account. If we then take the Alfvén velocity va as

the phase velocity ®/ k; of the waves, we get the parallel velocit y along the magnetic ficld

- Qi )
Vii=va - —1
(Q]

The Alfvén velocity va in “1'able 4 was calculated by using the electron plasma density Nojagw = 0.03

cm™ , reported for that interval by Bame et al. (1992).

The resonant energy for protons in this determinat ion is above the measurable energy range of thelll-
SCALE instrument and the resonant energies for the heavier ions are lower. 1 ‘or singly-charged oxygen
and sulfur, for example, the resonant energies arc 12 and 1 keV, respect ively. Although t hese energics
are lower than the HI-SCALE detector thresholds, the ionbcam densities can be calculated from the

measured differential flux ji(Es) in the sectors along the magnetic field (Krimigis et al., 1981):

Ni= T dng a3
° Vi

0

where v; is the ion velocity. For a particle detector with a limited energy range wc find

8 [ TN
N~ an ) [ Al J'Qz'>J
k=1L k

Vi
where K isthe number of the encrgy channel, and Al is the energy channel width for specics i. Taking

all 8 energy channels into account, we calculated the 1-hour time averaged ion beam densitics assuming
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protons and oxygen ions; this is summarized in *J able 5. We find that an oxygen beam would have had
adensity of 1.9% of the ambicnt plasma density, which is more than 3 times higher than the density of

aproton beam (0.6 % of the plasma density).

I'rom the fact that field aligned ion beams were observed and from the observat ions that the waves
were purely transverse and left-hanclcd polarized, we can assume that the most likely wave-part icle
interaction for that hydromagnetic wave event is the ion-beam-instability. Gary et a. ( 1984, 1985) and
also Gary (199 1) provide the conditions for the maximum wave growth rates for resonant and non-
resonant ion beam instability ics arc given. In t hese papers it is shown that in the case of non-resonant
interactions a positive growth rate of the waves is only possible if the beam velocity exceeds the Alfvén
speed by a factor of 10. This case can be ruled out for the presented event because the maximum ion
beam velocit y for heavier ions was only 1-4 times the Alfvén speed (sec Table 4). Following these
arguments the most probable wave-particle interaction during that hydromagnetic wave event was the
resonant ion beam instability. The most probable ion candidates were 12-106 keV oxygen ions or 1-12

keV sulfur ions.
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SUMMARY

1. We have observed waves with approximately S minute periods inside the Jovian magnetosphere in
the dusk sector of the plaint at radial distances between 65 and 67 R;and a high southern magnetic

latitudes bet ween 2.7 and 32°.

2. The waves were associated with flux oscillations in encrgetic particles (i > 50 keV) measured by the

H I-SCALT: instrument at small pitch angles.

3.T'he resonant ion beam instability y of 12-106 keV oxygen or 1-12 keV sulfur ions was the most

probable wave-particle intcraction.
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1 .MS30 ])l‘()l(;l oxygen -(3xygen sulfur méulfu@onsc

response response response response [keV/nucleon]
[keV] [keV] [keV/mucleon] [keV]

1 5678  (128-160) (8-10) (<384) (<12

12 ©78-130 (1 60-256) (10-16) (<384) (<12)

r3 130-210 256-384 1624 (<384) " (<12)

14 210-340 384-7244 - 24-34 512-640 16-20

1s 340-600 544-880 34-55 “640-960 030 T

1 ' 6 600-1100 880-14<6 55-91 960-1632 30-51

r7 1100-1800 1456-2240 '91-140 1632-2624 51-82

P8 1800-4750  2240-160000  140-10000  2.624-457600 82-14300

Table 1: Encrgy responses for protons, oxygen- and sulfur ions of the HI-SCAI L

1.EMS30 ion detector (adapted from 1.anzerottict a., 1993). The values in brackets

arc extrapolated.
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o

LEMSI120 proton oxygen oxygen sulfur . sulfur
response response. response response response b
[keV] (keV] [keV/nucleon] [keV] [keV/nucleon]
Py’ 61-77 (1 28- 160) (8-10) (<384) (<12)
P2 Y 7130 (160-256) (10-16) (<i's)-- (<12)
= py 130210 256368 1623 T (<384)  (<12) ‘:”I
[ B 4 210340 368544 2334 448610 14-20
P5 340-600  544-880 3455  640-1088 2034
16 ©600-1120  880-1 520 °55-95 ~  1088-1632 'i4:51 |
P7 1120-1870 1520-2400  "95-150  1632-2752 51-86
- P8 18704800  2400-160000 i50~i~--  2752-457600 86-14300 1
L el

Table 2: Energy responses for protons, oxygen- and sulfur ions of the HI-SCAILE
LLEMS 120 ion detector (adapted from 1 .anzerottiet a., 1993). The values in brackets

arc extrapolated.
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particde  charge [e]  Q;[H7]
p 1 0.87
0" ! 0,05
o 2 0.11
s~ 1 0.03
s 1 0.05
st 3T 0.08
C 1591

Table 3: Gyro frequencies of different particles and chargesin a9 nT magnetic field
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ion  valkm/s]  viylkmis]  E,[keV] I, [kcV/N].
p 1008 42500 9374 0374
o' 252 378 11.86 0.74
0" 252 ‘113" 106.78 - ' 6.67
S' 178 89 132 0.04
s 178 267 1184 < 037 ¢
s 178 534 47.35 1.48

Table 4: Alfvén velocity va, derived velocities along the magnetic field vy and reso-

nance energies 14 of different ions.
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particles  avg. ionbcam density
(energy rangc) Nocar[em™]
protons 1.99" 104

(61-4800 keV)

oxygen ions 571 o-

(12S-160000 keV)

‘J able 5: Calculated averaged ion beam densities during the observed hydromagnetic

wave event inside the Jovian magnetosphere for the 1-hour interval of day 4217:00-

18:00 in 1992.
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FIGURE CAPTIONS

Fig. 1

Ulysses trajectory in magnetic coordinates.

Fig. 2
Ulysses high resolution magnetic ficld components and total magnetic field for 1992, day 42,17:00-

18:00 UT in the RTN-coordinate system

Fig. 3
(a) Bx-By-Hodogram in the spacecraft frame (SC) for one wave cycle 1992, day 42., 17:22-17:27 U]’

(b) Bx-Bz-Hodogram in the spacecraft frame (S/C) for onc wave cycle 1992, day 42, 17:22-17:27 U1

Fig. 4

Ulysses HI-SCALLE ion (1 30-210 kcV) and electron(1' 75-315 keV) fluxes for 1992, day 42

Fig. §
(a) Ulysses HI-SCALE ion fluxes (61-77 kcV) for angular spin sectors 1-8 of the 1.1MS 120 detector

(b) Ulysses HI-SCAL I electron fluxes (42,-65 keV) for angular spin sectors 1-8 of the 1.11'S60

detector
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Fig. 6

Sector look directions (1-8) of the 1.1 :MS30, 1.EES60, 1 1:MS 120, and the LEES 150 detectors of the
11 I-SCAL ¥ instrument, projected on the surface of a unit sphere. X, Y, and Z represent the S/C-system
where the Z-axis points towards Harth. B indicates the magnetic ficld vector relative to the center of

the unit sphere during the event presented in the paper.

Fig. 7
Normalized differential fluxes versus the cosine of the pitch angle for electrons (upper panels) and ions

(lower panels) as a function of time from left to right.

¥ip. 8
Ratio of the fluxesin sector 6 and 7 for 61-77 keV ions (dashed) and 42-65 keV electrons (dotted)
compared with the modulation in the north-south-co mponent of the magnetoc field Bn (solid) during

t he hour of the event.

Fig. 9

Electron fluxesin sector 6 in 4 different encrgy channels (42-290 kcV) during the event.

¥ig. 10
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Calculated energy densities for protons (56-4800 keV), oxygen icms (8- 10000 keV/nucleon) compared

to the magnetic energy density.
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