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In this paper, Voyager 1 plasmawave instrumentobservationsof lightning-generated
whistlersare
combined with Voyager 1 plasma instrument heavy ion (8 -< A/Z -< 64) charge concentrationsto
investigatethe concentrationof light ions (A/Z < 8) alongthe whistler propagationpath. Two models
for light ion concentrationover dipole L shellsfor L between 5.2 and 6.2 are obtained, one giving a
constant concentration along the field line and the other correspondingto an exponential density
distribution.Near the equatorthe light ion concentrationrangesfrom only about 1 to 10%of the heavy
ion concentration, while outside of the torus, at distancesof from 1 to 1.5 Rj above the equator, the
light ions are the dominant species.

THEORY

INTRODUCTION

During the Voyager 1 flyby of Jupiter in March 1979, the
plasma wave instrument observed lightning-generatedelectromagnetic waves known as whistlers [Scarf eta!., 1979;
Gurnett eta!., 1979], thereby providing evidence for the
existence of lightning at Jupiter. Imaging science team
photographsof lightning in Jupiter's ionosphere confirmed
this conclusion [Smith eta!.,
1979]. In addition to the
implications for atmospheric processes, whistlers can also
provide valuable information on the electron concentration
along the propagation path from the lightning source to the
spacecraft. At earth, whistler observationsprovided the first
remote measurements of magnetospheric electron concentrations [Storey, 1953]. Similarly, at Jupiter the Voyager
whistler observationshave now provided the first measurements of electron concentrations at remote points in Jupiter's inner magnetosphere[Gurnett eta!., 1979;Menietti and
Gurnett, 1980; Gurnett eta!.,

1981].

In this paper we use whistler dispersion measurements
from the plasmawave instrumentand heavy ion (8 -< A/Z -<
64, where A/Z equals the ion mass to charge ratio) plasma
concentrationsfrom the plasma instrument (PLS) to investigate the light ion (A/Z < 8) distribution in the inner Jovian
magnetosphere.The principle used is to add a model light
ion distribution to the heavy ion distribution determined
from the plasmainstrumentand adjustthe parametersof the
light ion distribution until the computed whistler dispersion
integrated along the propagation path (assuming charge
neutrality) agrees with the observed dispersion. Within the
Io torus the heavy ions are the dominant component of the
ion density. Consequently, the primary contribution of this
paper is the estimate of the light ion concentrationnear the
Io L shell in the region away from the magnetic equator. For
a descriptionof the plasma wave and plasma instrumentson
Voyager, see Scarf and Gurnett [1977] and Bridge eta!:,
[1977], respectively.

Whistlers observed at the earth by ground-based and
satellite instrumentation have been extensively studied and
are well understood [e.g., He!!iwe!!, 1965]. Primarily due to
this understanding, the interpretation of the whistlers observedby Voyager has proceeded rapidly. Herein we use the
whistler observations to provide measurementsof the plasma concentration integrated along the whistler propagation
path, which to a good approximation corresponds to the
magneticfield line. Even though this method does not give a
local measurementof the plasma concentration, it provides
the unique opportunity to investigate regions far removed
from the spacecraft trajectory. The Voyager whistler measurementsare complementary to the local plasma concentration measurementsbecause they provide information in the
region where in situ measurements are not available.
The characteristic frequency-time structure of a whistler,
consistingof a decreasingfrequency with increasingtime, is
shown in the spectrogramof Figure 1. Note that all frequencies are within the audible range and would produce a
whistling tone if converted to sound. The arrival time t for

frequency
œfollows
theapproximate
law t = D/X/f + to,with
D a constant called the dispersion [Eckersley, 1935]. The
dispersion of the whistler signal is determined by the electron concentation encountered by the wave 'because the

group index of refraction of the whistler mode, ng, is a
function

of the

electron

concentration.

To

evaluate

the

dispersion, some simplifying assumptionsare necessary.
For purposesof analysis, we assumethe whistler propagation paths coincide with magnetic field lines. For the frequenciesof interest (1 kHz -<f-< 10 kHz) this assumptionis
supportedby ray tracing calculations [Menietti and Gurnett,
1980]. Also, even for substantial deviations of the wave
vector away from the magnetic field, the group travel time is
essentially *• .......
c.... '::"'•' "':•-•-'
ti
[Helliwell, 1965]. Consequently, we assume field-aligned

propagation,in which casengis givenby the exact expression [Gurnett eta!., 1979]

• Department
of PhysicsandAstronomy,The Universityof Iowa,
Iowa City, Iowa 52242.

2 Centerfor SpaceResearch,Massachusetts
Instituteof Technology, Cambridge, Massachusetts02139.
Copyright ¸ 1982 by the American Geophysical Union.

ttg --

1 + (1/2)•2fg/f(fg_ 3021
[1 + fp2/f(fg
_ f)]l/2

(1)

whereœis the wave frequency,œgis the electrongyrofrequency,and f• is the electronplasmafrequency.At any
pointin the magnetosphere
ngdependson the magneticfield

Paper number 1A1914.
0148-0227/82/001 A- 1914505.00
2241

2242

TOKAR ET AL.: LIGHT IONS AT JUPITER

..........................

B_GS{C70a.
•......................

W'HIS+'LER ......

Z

o

o

5

V.'OYAGER 1
....

STA':RTTI.ME:. DAY'-':•:,1510'"51UT
Fig. 1. A representativefrequency-timespectrogramof a whistlerobservedby the plasmawave instrument.By

usingt = D/V•+ to,D, thedispersion,
isfoundtobe425sHz1/2.Thisisoneofthelargest
dispersions
observed
andcorrespondsto travel through a high concentrationregion of the Io torus.

strength,throughfg,andthe electronconcentration,through Sullivan, 1981]. As shown in this illustration, the plasma is

In termsof ng,the arrivaltime t for frequencyfis givenby

t=(l/c)
f ngds

distributed symmetrically about the centrifugal equator. The
slight asymmetric appearance of the contours is due to the
small angle between the centrifugal and magnetic equators,
which varied with the spacecraft longitude over the 7 hour
measurementperiod. In this study the effect of the 10øtilt of
the magnetic moment from the rotational axis is assumed to
be negligible so that the plasma symmetry surface, or
centrifugal equatorial plane, coincides with the rotational
and magnetic equatorial planes.

(2)

where the integral is evaluated along the magnetic field line
connectingthe lightning source in Jupiter's ionosphere and
the spacecraft. A dipole field is assumedwith the magnetic
momentadjustedso that the strengthat the spacecraftagrees
with the measurementsmade by the Voyager magnetometer
team [Ness et al., 1979].

While the concentrationof light ions (e.g., H +, He +) in

Jupiter's inner magnetosphereis largely unknown, there is
no a priori reason for doubting theft existence. In fact,
As canbe shown[Gurnettet al., 1979],nediffersapprecia- Jupiter's primarily hyrogen atmosphere has long been problyfromunityin regions
where
fie <<f•2. Sincethisrelation posed as a source of protons. Because we expect the
is satisfiedthroughoutthe high concentrationplasma of the
magnetospheric'plasma
to maintainlocal chargeneutrality,
Io torus, we expect the greatest contribution to the whistler
adding the heavy ion charge concentration to the light ion
dispersion to occur during travel through the torus. The
concentration
determines the electron concentration.
The
distribution of heavy ions throughout the Io torus has been
electron concentration may then be used to calculate the
calculatedfrom the PLS measurementsof electron temperaelectron
plasma
frequency
(re= 9X/nkHz,nincm-3)foruse
ture and the concentrationsand temperatures of heavy ions
in equation (1). Then, (2) can be used to calculate the
[Bagenal and Sullivan, 1981]. Essentially all of the whistler
observationswere obtained in the vicinity of the torus. The
measureddispersionsshow that the electron concentration
integrated along the magnetic field line is larger than the
POSITIVE
CHARGE
DENSITY
values obtained from the heavy ion charge concentrations
[Gurnett et al., 1981]. This discrepancy indicates that subINBOUND
cm-3
stantial quantities of light ions are present outside of the
torus. The purpose of this paper is to combine the whistler
dispersionmeasurementsand the heavy ion measurements
- ,,
I•x•{-l.-•X-----:'y.__
• • CENTRIFUGAL
from the plasma instrument to determine the light ion
concentration

outside of the torus.
IoN CONCENTRATION

MODELS

By using a diffusive equilibrium model for the distribution
of a multi-speciesplasma along dipolar magnetic field lines,
the concentrationsof heavy ions measuredalong the spacecraft trajectory have been extrapolated to higher latitudes
[Bagenal and Sullivan, 1981]. Light ions, with A/Z < 8, are
not measured as their corotational energy in the inner
magnetospherefalls below the energy per charge threshold
of the plasma instrument. The concentrations so obtained
are shownin the contour map in Figure 2 [from Bagenal and
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Fig. 2. A contour map of the heavy ion concentration as a
function of the radial distancefrom Jupiter and the height above the
centrifugal equator. The map has been constructedfrom plasma
measurementsmade along the spacecrafttrajectory (dotted line) by
using a diffusive equilibrium model for the plasma concentration
near the equator [from Bagenal and Sullivan, 1981].
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whistler dispersion for the assumed model of light ion
concentration along the whistler propagation path. The
parametersof the light ion model can then be adjusteduntil
the calculated dispersionagrees with the observed disper-
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sion.

In this paper we have used two simple light ion models,
denoted as the scale height model and the constant density
model, which aim to represent two extreme concentration
distributions. For the scale height model the light ion concentration, n, is given by

•

•
•'
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n=no
exp
- (s/H)
2 where
H=•3mo02•(3)
Here s is the distance above the centrifugal equator along the
field line and H, the scale height, is determined by the
plasma temperature T; the species mass, m; and the angular
rotation rate of Jupiter, •o.To calculate the scale heights, the
light ions are taken to be protons at the same temperature as
the heavy ions. This temperature rangesfrom about 10 to 30
eV. Discussionsof the scaleheight model and the problem of
the distribution of plasma in Jupiter's magnetospherecan be
found in Gledhill [1967], Hill and Michel [1976], $iscoe
[1977], and Bagenal and Sullivan [1981]. Since the light ion
temperature is not precisely known, we include as our
second model the high temperature limit of the scale height
model. For this model, the constant density model, the light
ion concentration is taken as constant along the entire
whistler propagationpath.
Before presenting the results we demonstrate that in the
region exterior to the torus the scale height model is in
qualitative agreement with the light ion profile obtained by
using the diffusive equilibrium model. Calculations using
exact solutions of the diffusive equilibrium model show that
the addition of the light ion plasma to the heavy ion plasma
has a negligible effect on the resulting heavy ion profile.
However, in disagreement with the scale height model, the
diffusive equilibrium model predicts that near the equator
the light ion concentration will decrease due to the effect of
ambipolar electric fields. This effect is exhibited in Figure 3,
which showsthe heavy ion profile, the light ion scale height
and constant density profiles, and the light ion profile
obtained by using the diffusive equilibrium model, for the
whistler shown in Figure 1. The disagreement between the
scale height model and the diffusive equilibrium model is of
no great concernfor whistler dispersioncalculationsbecause
near the equator the heavy ions are the dominant speciesand
completely determine the electron concentration in this
region. Outside of the heavy ion torus the scale height model
provides a very good fit to the light ion distribution given by
the diffusive equilibrium model.
OBSERVATIONS

AND RESULTS

While the processingof the plasma wave data from the
Voyager 1 encounterof Jupiterhasnot beenfully completed,
85 whistlers have already been identified. For a thorough
review of the observations, see Shaw et al. [1982]. Of these
85 whistlers, 53 were used in this study. The remaining 32
whistlers were omitted because their propagation paths

(dipole field lines) lie outside the heavy ion contour map.
The 53 whistlers are separatedinto 14 groups, each consisting of less than 30 s observationtime. The reason for the
groupingis that frequently several whistlers will occur in
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Fig. 3. The light ion scale height and constant density models
that, togetherwith the heavy ion concentration,result in an electron
distribution along the whistler propagation path (field line) consistent with the frequency-time structure of the whistler in Figure 1.
Also shown is the light ion profile obtained by using the diffusive
equilibriummodel. Outside of the torus the scaleheight model is in
good qualitativeagreementwith the diffusiveequilibriumprofile.

rapid successionall having nearly the same dispersion. In
these cases the whistlers were considered as a group, since
they all correspond to nearly identical propagation paths.

For all the whistlers,the_dispersion
was determinedusing

Eckersley's
law,t = D/¾'f + to.For eachgroup,anaverage
dispersion
(/•) with standarddeviation(AD) wascomputed.
A standard deviation of zero correspondsto a group with

one whistleror to a groupcontainingmorethan onewhistler,
all with equal dispersion. The first five columns of Table 1
summarize

these observations.

For each whistler, the hemisphere of Jupiter from which
the signaloriginated must be determined. We have done this
by performing the numerical integration of (2) for the 14
groups assuming no light ions are present. Note that the
observed dispersions fall into two categories, large (five

caseswithD ---250 s Hz •/2)andsmall(ninecaseswith D --100 s Hz-•/2). For the nine smalldispersion
groups,all
observed at northern magnetic latitude, the computed dispersion for a southern hemisphere source is larger than
observed. Consequently, these whistlers must have originated in the northern hemisphere since the dispersion is too
small for the whistler to have passedthrough the core of the
Io torus. For the five large dispersiongroups, a sourcein the
hemispherethat resulted in a propagation path that did not
pass through the core of the Io torus yielded such low
dispersionthat the concentration of light ions necessary to
provide the measured dispersionwould need to be compara-

ble to or greaterthanthe heav•,ion concentration.
Therefore, sincelightion concentrations
thishighare in marked
disagreementwith the concentrationsobtained for the small
dispersion whistlers, the whistlers observed at northern
magnetic latitude originated in the southern hemisphere
while the whistlers observed at southern magnetic latitude
originated in the northern hemisphere. These results are
consistentwith previous conclusions[Gurnett et al., 1981].
Figure 4 illustrates the dependance of the numerical
integration on light ion concentrationfor the whistler shown
in Figure 1. The solid dots were taken from Figure 1, while
the solid curves were calculated by using (2) and the scale
height model. Three percentages for the total equatorial
concentration contribution of light ions are shown. As is
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TABLE 1. Summary of Observationsand Results

Magnetic

Number

Day 64,
1979, UT

of
Whistlers

L Value

1006

11

5.37

Latitude,

deg.
4.2

Constant
•, AD

DensityModel,

71, 8

69

(sHzla)

0957
0950

2
3

5.45
5.50

4.5
4.7

83, 0
64,9

0948
0944
0940

1
1
8

5.52
5.56
5.59

4.8
4.9
5.0

38, 0
72, 0
48, 6

0937

15

5.62

5.0

61, 12

0935

2

5.64

5.1

69, 12

0931
0926
0913

1
1
4

5.68
5.72
5.85

5.2
5.3
5.5

72, 0
255, 0
269, 27

1505
1507

1
2

6.04
6.06

-9.1
-9.1

390, 0
454, 33

1511

1

6.10

-9.2

425, 0

n(cm-3)
58
49
61
43
34
26
14
72
21
16
12
28
18
11
32
21
12
20
19
51
23
2
89
212
157
109
180

ScaleHeightModel

H(Rj)
1.5
1.6
1.7

1.7
2.0
2.1

2.1

2.1

2.6
2.6
3.1

3.4
3.4

3.5

no(cm
-3)
346'
280
230'
304
195
146
107
46
112
64
47
42
100
60
30
115
70
40
50
40
110
49
3
180
411
307
213
343

seen, 15% concentrationcontribution at the equator (no =

few percent to changesin the integratedlight ion concentra-

343 cm-3) reproducesthe observations
while 0 and 30%

tion.

result in too small and too large of a dispersion,respectively.
Note that the percentageconcentration at the equator refers
only to the model used. The actual concentration at the
equator is undoubtedly reduced somewhat from these values
becauseof the arebipolarelectric fields causedby the heavy
ions (see Figure 3). Figure 4 also indictes the approximate
sensitivity of this technique to changes in the light ion
concentration.As is evident, this method has a precisionof a

The parametersof the light ion modelscalculatedby using
this technique are tabulated in the last three columns of
Table 1 for each of the 14 groups of whistlers. Note the
increasein scale height, owing to increasein temperature,
with increasing radial distance. For groups with several

A- C.,81-694

I0

,

,

,

,

,

whistlers,threeconcentrations,
corresponding
to/• + AD,/•
and/• - AD are given.
To obtain an integrated measure of the ion concentration,
we use the flux tube column density of ions, obtained by
integrating the ion concentration over the volume of a flux
tube and dividing by the equatorial flux tube area, to

calculate
the numberof ionsper unitL multiplied
by Lz, a
quantity of use in the study of radial diffusion. Using the
definitionof a flux tube, BA = constant,the columndensity
Nc is calculated from

%

NO LIGHT IONS

o

o

I
TIME

%'15%

2
(SEC)

Fig. 4. The solid dots in this frame are taken from the whistler in
Figure 1, while the curveswere calculatedby usingequation(2). For
the scale height model, 15% density contribution at the equator (no

= 343 cm-3) reproducesthe observationswhile 0% (only heavy
ions) and 30% result in too small and too large a dispersion,
respectively. Note that these percentagesrefer only to the model
used; owing to the effect of arebipolar electric fields, the equatorial
concentration will be lower. It is evident that this technique has a
sensitivity of a few percent to changes in the integrated light ion
concentration.

Nc
=Bo
f (n/B)
ds

(4)

with the integral evaluated along the flux tube from one
hemisphereto the other. Here, B0 is the equatorial magnetic
field strengthat the flux tube, n is an ion model, and B is the
magneticfield strength. In terms of Nc, the total number of

ionsperunitL multipliedby L•, NLz, is givenby
NL z = (2•rR•2)L3Nc

(5)

Figure5 showsNL• for thetwo lightionmodelsandfor the
heavyiondistribution.
The valuesof NL • for theheavyions
are thosegiven by Bagenal and Sullivan [1981]. Owing to the
increased concentration in the equatorial region, the scale

heightmodeloverestimates
the valueof NL •. In contrast,
the constant density model gives a lower limit on the value of
NL • .
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