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calculated and compared with the power required to excite the aurora. 

The energy flow rate, or power, P, delivered by energetic oxygen 

ions with magnetic moment greater than M across radius r is given by 

( 4.12) 

where P>M is the energy density of the oxygen ions (joules/ cm3), and the 

other quantities are defined following equation (4.8). In order to 

calculate P>M at as low a magnetic moment as possible and still be 

outside the region in which most particles are lost, we have determined 

P>M at 10.1 RJ. The quantity P>M was calculated from the 10.1 RJ 

spectrum in Figure 3.8, using the dash-dotted portion of the spectrum for 

magnetic moments less than 4.0x102 MeV /nuc-G. As discussed in section 

3.5.3, the shape of this extrapolated curve was derived from the energy 

per charge spectrum, at the same M, measured by LECP at "'16 RJ 

[Hamilton et al., 1981]. 

Figure 4.5 shows the values of P>M(l0.1 RJ) calculated with equation 

(4.12) for several magnetic moment thresholds. The open symbols 

represent measurements based on the extrapolated portion of the 

spectrum. The uncertainties included in the error bars are those due to 

uncertainties in abundance, event number, Zf, and D. The uncertainty 

in the value of D at 10.1 RJ for different magnetic moments was estimated 

to be 50% (see Figure 4.2). An additional factor of 3 absolute uncertainty 

in D applies to all measurements. The power due to sulfur ions is 

represented by the X symbols in Figure 4.5, and was determined from the 

oxygen P>M values using the S/O ratios in Figure 3.5 and the relationship 

between the oxygen and suliur spectral shapes ('ls= 'lo+ 0.2) implied by 

that figure. The sulfur power is approximately equal to the oxygen power 
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Figure 4.5 

The inward energy flow rate across 10 RJ due to oxygen and sulfur ions 

with magnetic moments greater than M; calculated using equation (4.12). 

The oxygen energy density at 10 RJ used in the calculation was 

determined from the 10.1 RJ spectrum in Figure 3.8. The points with 

open circles were obtained using the extrapolated portion of the 

spectrum derived from LECP measurements. The energy flow rate due to 

sulfur ions was determined from the oxygen values using the sulfur to 

oxygen ratio in Figure 3.5 and the relationship between the oxygen and 

sulfur spectral shapes ('is= 'Yo+ 0.2) implied by that figure. The energy 

flow rate across 10 RJ is approximately the power delivered to the J avian 

atmosphere by ions lost between 10 and 8 RJ. The dotted curve 

represents the power delivered to the atmosphere by all oxygen and 

sulfur ions lost from the magnetosphere inside 12 RJ. Also shown is the 

power required to produce the observed ultraviolet auroral emissions 

[Broadfoot et al., 1981]. 
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due to the fact that the sulfur ions are approximately half as abundant 

as oxygen ions, but have twice as much total energy (twice as many 

nucleons) at a given magnetic moment. 

The inward energy flow across 10 RJ due to >70 MeV/nuc-G oxygen 

and sulfur ions is seen to be "'l.5x1012 W. An interesting number to 

compare this with is the total outward energy flow due to the plasma 

ions. The number of plasma oxygen and sulfur ions diffusing outward 

across 10 RJ is "'5x1027 ions/s, and their average total energy is 

approximately the corotation energy of an ion with mass 21 amu (the 

mean atomic mass of the dissociation products of S02) which is 1.7 keV. 

The outward energy flow is therefore -1.4x1012 W. Hence, the inward flow 

of >70 MeV /nuc-G oxygen and sulfur ions is comparable to the outward 

energy flow of the plasma ions. The energetic oxygen and sulfur inward 

energy flow increases toward lower magnetic moments, so that, including 

the lower energy ions and the energetic protons and electrons that also 

diffuse inward in this region, there is a substantial net energy flow into 

the inner magnetosphere. 

Since most of the ions crossing 10 RJ are lost before reaching 8 RJ 

(Figure 4.3), the energy flow rate shown in the Figure 4.5 is, to first 

order, the power delivered to the atmosphere by ions lost between 10 and 

-8 RJ. However, ions gain energy as they diffuse inward, so that the 

power from inside 8 RJ is not necessarily negligible. An estimate of the 

ratio of the energy flow crossing 8 RJ to that crossing 10 RJ is given by 

P>y(BRJ) 

P>M(10 RJ) 
(4.13) 

where E(r) oc M·B(r) is the average energy of ions with magnetic moment 

greater than M. Based on the inward flow rates of >4.0x 102 MeV /nuc-G 
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oxygen ions in Figure 4.3 and the measured magnetic field strengths at 8 

and 10 RJ, P>y(8RJ)/P>M(10RJ)Rj0.5. The ion flow rate drops off steeply 

inside 8 RJ, implying that most of the power, P>M(BRJ), is delivered to the 

atmosphere by ions lost between ,...,7 .5 and 8 RJ, and that a relatively 

small amount is delivered from inside ,...,7_5 RJ. Similarly for 12 RJ, based 

on the inward flow rate of >1.7x103 MeV/nuc-G ions in Figure 4.3, 

P>y(12RJ)/P>M(10RJ)Rj1.5. Outside 12 RJ losses are small. Hence, it is 

estimated that the total power delivered by sulfur and oxygen ions inside 

"'12 RJ to the atmosphere is a factor of 6=2x(1+1.5+0.5) larger than the 

oxygen energy fl.ow rate across 10 RJ. This power is shown as the dotted 

curve in Figure 4.5. 

As discussed in Chapter 1, the most energetic phenomenon related 

to the inner magnetosphere is the aurora. The extreme ultraviolet 

auroral emission observed by the Voyager ultraviolet spectrometer 

requires a continuous power input of 1.2x1013 W into the auroral zone 

[Broadfoot et al., 1981]. This number is likely a lower limit because it 

was calculated assuming that all emission occurred high enough in the 

atmosphere to neglect extinction, whereas there is evidence that some of 

the emission originates deeper in the atmosphere where extinction is 

non-negligible [D. Shemansky, private communication]. The 

measurements shown in Figure 4.5 indicate that, if the required power is 

not substantially greater than 1.2x1013 W, oxygen and sulfur ions with 

energies of "'100 keV /nuc are contributing a reasonable fraction of it. 

The figure also shows that lower energy ions are likely depositing 

additional power. As seen above, the bulk of the power delivered by the 

energetic oxygen and sulfur ions comes from ions lost between ....,7 .5 and 

"'12.5 RJ, which, using the Voyager magnetic field models of Connerney et 
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al. [1981], maps into a latitudinal zone in the atmosphere of "'67°- ..... 71°. 

This is consistent with the observed auroral zone width of roughly 5° (see 

Chapter 1), and is within the range of latitudes at which aurorae are seen 

[Broadfoot et al., 1981]. 

As a final point, we note that the atmospheric penetration depths 

of heavy ions and electrons of equal energies are quite different as 

illustrated in Figure 4.6. Therefore, further analysis of the depth 

structure of the optical and ultraviolet auroral emission may help 

distinguish between excitation caused by electrons lost from the torus, 

and that caused by energetic oxygen and sulfur ions lost between 7.5 and 

12.5 RJ. 
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Figure 4.6 

The column depth of penetration of electrons, protons, oxygen ions, and 

suliur ions in H2 (the most abundant species in the upper Jovian 

atmosphere), as a function of their incident energies, assuming the 

particles are incident normal to the atmosphere. The electron curve 

represents the extrapolated range given by 

R = A 13 412 El.265-0.0954log6E 

z 27 

[Koral and Cohen, 1965]. The proton, oxygen, and suliur curves were 

calculated using the range-energy tables of Northcliffe and Schilling 

(1970]. 
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Chapter 5 

Conclusions 

The principal conclusions of this study of Z>2 ions with energies in 

the range 1 to 20 MeV /nuc between 5 and 20 RJ in the Jovian 

magnetosphere are as follows: 

1) The elemental abundances of carbon, sodium, and sulfur relative to 

oxygen vary as a function of particle magnetic moment, M ( oc p}I B), but 

are to first order the same throughout the magnetosphere at a given M. 

For 103 MeV /nuc-G ions (EF::j4 MeV /nuc at 10 RJ) the following abundance 

ratios are found: S/0=0.5, C/0=0.1, and Na/Oi::=0.05. The sulfur to 

oxygen and sodium to oxygen ratios increase toward smaller M implying 

that the sulfur and sodium energy spectra are softer than that of 

oxygen, whereas the carbon to oxygen ratio decreases toward smaller M 

implying a harder carbon spectrum than that of oxygen. 

2) Between 6 and 17 RJ, there is a positive radial gradient in the phase 

space density of energetic oxygen ions with magnetic moments in the 

range 2x102 to 2xl 03 MeV /nuc-G. The diffusive flow of the energetic ions 

is therefore inward in this region. 

3) The diffusion coefficient upper limit at 9 RJ is .... 10-5 s-1. This limit, 

combined with the analysis of Voyager plasma observations by Siscoe et 

al. [1981], specifies an upper limit to the mass loading rate near Io of 

-1028 ions/s. 

4) A substantial fraction of the energetic oxygen ions are lost as they 

diffuse from 17 to 6 RJ, with the la.rgest total number of particles lost 

between 8 and 12 RJ. The particle lifetime throughout the region is 
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within an order of magnitude of the strong pitch-angle diffusion lifetime. 

The location of the maximum losses (8-12 RJ) indicates that geometric 

absorption by Io (5.9 RJ) is not the primary loss mechanism for energetic 

oxygen ions. Also, order of magnitude estimates show that absorption by 

dust grains and energy loss in the plasma of the inner magnetosphere 

can not produce the observed losses. The loss mechanism is therefore 

postulated to be pitch-angle scattering into the loss cone. 

5) The total number of >70 MeV /nuc-G oxygen and sulfur ions diffusing 

inward across 10 RJ is ""1024 ion/s. This is a small number compared with 

Io's source strength of 1027 -1028 ions/s. The energy flow inward across 

10 RJ due to the same energetic ions, however, is ..... 1012 W, which is 

approximately equal to the total outward energy flow at 10 RJ due to 

plasma ions. The energetic oxygen and sulfur inward energy flow 

increases toward lower magnetic moments, so that, including the lower 

energy ions and the energetic protons and electrons that also diffuse 

inward, there is a substantial net energy fl.ow into the inner 

magnetosphere. 

6) The energetic oxygen and sulfur ions that are scattered into the loss 

cone during the diffusion process deposit their energy in the J avian 

atmosphere. Based on the observed losses between 6 and 17 RJ, it is 

estimated that oxygen and sulfur ions with magnetic moments greater 

than 70 MeV /nuc-G (EZ0.3 MeV /nuc at 10 RJ) deliver ""5x1012 W to the 

Jovian atmosphere; a power comparable to the -1.2x1013 W required to 

produce the observed ultraviolet auroral emission. Additional power is 

likely contributed by oxygen and sulfur ions with magnetic moments less 

than 70 MeV /nuc-G. Since most of the particles are lost between 7.5 and 
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12.5 RJ, the latitudinal zone in which the most energy is deposited in the 

atmosphere is ,,.,57° to ,,.,71°. 
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Appendix A 

Definition of Terms 

Brief definitions of several magnetospheric terms used in this 

thesis are given below. More details can be found in Roederer [ 1970] and 

in Schulz and Lanzerotti [1974]. 

bow shock the shock-wave surface on the sunward side of the 

rnagnetopause where the solar wind changes from a supersonic to a 

subsonic plasma. 

loss cone - the cone formed at any point along a magnetic field line by 

rotating a line at angle a:1 with respect to the field line about the 

field line. The angle 0:1 is defined such that all particles with pitch 

angles less than a1 will propagate far enough along the field line to 

encounter Jupiter's atmosphere before mirroring back toward the 

magnetic equatorial plane. The particles that encounter the 

atmosphere are absorbed and therefore lost from the 

magnetosphere. At 10 RJ, the loss cone at the magnetic equatorial 

plane has a1Rj1°. 

magnetopause the surface that bounds the magnetosphere, 

separating the domain of the interplanetry magnetic field and 

plasma from that of the Jovian magnetic field. 

magnetosphere - the region of space in which Jupiter's magnetic field is 

dominant. 

Mcilwain L parameter (or simply L parameter) - a coordinate often used 

in magnetospheric physics to order observations of trapped 
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particles. Defined for a dipolar magnetic field as the distance from 

the center of the dipole that a particle's guiding center field line 

crosses the magnetic equatorial plane. L is defined in units of RJ, 

and is therefore dim.ensionless. In this thesis, L values were 

assigned only to observations made at or near the magnetic 

equatorial plane, and were therefore defined as the spacecraft -

dipole center distance. (Jupiter's dipole center is offset "'0.1 RJ 

from the planet's center of mass). 

phase space density - the particle density in coordinate - momentum 

space (six dimensions). 

pitch angle the angle between a particle's momentum vector and the 

magnetic field direction (i.e., pitch angles of 0° or 180° imply field­

aligned ft.ow). 

zenocentric - with respect to Jupiter's center of mass. zeno- comes 

from Zeus. A table of the commonly used prefix and genitive forms 

of the planetary names is in Allen (1973, p.139]. 
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Appendix B 

High Counting Rate Calibrations 

The high radiation levels of Jupiter's inner magnetosphere cause 

several instrumental problems in the LET system for which corrections 

must be made before absolute particle fluxes and energies can be 

determined. These include discriminator threshold changes due to 

baseline shifts at the output of the detector amplifiers, discriminator 

deadtime effects, and pulse pileup effects. In order to correct for the 

deadtime and threshold effects, a spare CRS instrument was calibrated 

using light pulses from randomly triggered light emitting diodes to 

simulate the ionization energy loss of charged particles in the detectors. 

The calibration and its results are described in detail elsewhere [Gehrels, 

1981]. This appendix summarizes the calibration results that are 

relevant to the present study and describes the pulse pileup effect. 

B.1 Discriminator Deadti:mes 

Finite retrigger times for discriminator circuits cause a dead time 

in the instrument response that results in observed rates that are lower 

than the true rates. For the CRS instrument, the effect becomes 

noticeable above rates of "'103 s-1 and significant above rates of 104 s-1. 

The standard livetime correction formula for rate R is 

Robserved (B.1) 

where T is the retrigger time of the discriminators, often assumed to be a 

constant. During the calibration it was determined, however, that, for 

the Z>2 rate and the detector singles rates, T is a function of both the 
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rate and pulse height of the particles exceeding the discriminator 

threshold. It was therefore necessary to measure T, or equivalently 

Robserved as a function of Rt.rue• for all rates and conditions of interest. 

In Table B.l, measurements of Z>2obs as a function of Z>2true are 

listed for 15, 30, and 90 MeV pulses in 11. In Figure 2.5 it is seen that 15 

MeV pulses are typical of those exceeding the Z>2 discriminator 

threshold outside of Io's orbit, and 30 and 90 MeV correspond to oxygen 

and sulfur events respectively, inside Io's orbit. Although not shown in 

the figure, the Ll pulse-height histogram at "'8 RJ has a single maximum 

at 30 MeV. The Z>2 livetime correction listed in Table 3.2 is the ratio 

Z>2true I Z>2obs for the observed Ll pulse-height distribution in each 

region. 

The livetime correction formula for a coincidence rate such as LZ3 

is approximately given by 

LZ3true = (B.2) 

where ~and Ti are the singles rate and retrigger time of detector Li, and 

Rz>Z and Tz>z are the Z>2 discriminator rate and retrigger time. 

Equation (B.2) is exact only in high flux environments where all of these 

rates are much larger than the observed coincidence rate. During the 

calibration, the live time correction factor, Ai = 1/ ( 1-Ti~), for each 

discriminator in the LZ3 coincidence equation (Ll ·L2·13 command state; 

IA off) was measured for the case where the particles of interest are 

oxygen and sulfur nuclei (large pulses) and the predominant events are 

protons (small pulses). 

Figure B.1 shows fits to the measured >..1 for 30 MeV (oxygen) and 

90 MeV (sulfur) pulses as a function of the rate, R1, of "'1 MeV (proton) 
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Table B.1 

Observed vs True Z>2 Rate 

for Several Ll Pulse Heights t 

5 

7 

10 
15 

20 
25 

30 

E1=15 MeV 
(103 s-1) 

4.7 
6.5 

8.9 

12.6 

15.9 

18.8 

20.3 

Z>2obs 

E1=30 MeV 
(103 s-1) 

4.7 

6.5 

8.8±0.2 ~ 

12.3 

15.5 

18.3 

21.0±1.0 

E1=90 MeV 
(103 s-1) 

4.7 

6.3 

8.6 
11.6 

14.0 

15.8 

17.5 

t E2=0, E3=0. 

~ Typical standard deviation of the measured Z>2obs 
in LET A, B, C, and D. 
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Figure B.1 

Fits to the measured 11 livetime correction factor, A1, for the LZ3 rate 

for 30 Mev (oxygen) and 90 MeV (sulfur) pulses as a function of the rate, 

R1 , of "'1 MeV (proton) pulses. The error bars at the end of the curves 

represent the typical spread in the data about the fit. Also shown are 

lines of constant of constant T1 in the equation A1 = 1/ (1-T1R1). 
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pulses. The error bars indicate the typical spread in the data about the 

fit, and the dashed lines are lines of constant T 1. The oxygen and sulfur 

curves are seen to be the same to within the measurement uncertainty, 

so that, for a given R1, the same 11 correction factor will be applied to 

both event types. The results deviate significantly from lines of constant 

T, indicating the importance of directly measuring the correction factors. 

The measured A.2 and A.3 for the above case were found to be 

consistent with A.2 = ?-..3 = 1.0 to within ..... z3 for all 12 and 13 rates. This is 

due primarily to the fact that the LETs use a strobed coincidence logic 

triggered by Ll (see e.g. Gehrels (1981]). An event that exceeds the 11 

threshold and produces a strobe is counted in the 1Z3 rate if it either 

triggers the 12 and 13 discriminators itself or comes at a time when 

these discriminators are up from a previous event. Hence, the 12 and 13 

discriminators cause very little deadtime in the LZ3 rate. It was also 

determined that ?-..z>2 Rj 1.0, due both to the above effect and to the fact 

that approximately half of the events that exceed the Z>2 discriminator 

also cause an Ll singles rate count and are therefore already included in 

the ?-..1 correction. With these measurements and considerations, equation 

(B.2) simplifies to 

(B.3) 

The values of ?-..1 in the regions used in the analysis are listed in Table 3.2 

(the LZ3 livetime correction). 

B.2 Discriminator Threshold Shifts 

High counting rates cause negative shifts in the baseline voltage 

level at the output of the detector amplifiers. Since discriminator 
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thresholds are set for a specified level above the nominal baseline, the 

baseline shift produces an increase in the effective threshold, so that, for 

instance, at high counting rates it takes a larger energy deposit to 

exceed a given threshold than at low counting rates. During the 

calibration, the shift in the Ll Z>2 threshold was measured as a function 

of the Ll pulse height and Z>2 rate. The effective carbon, oxygen, and 

sulfur Z>2 thresholds, Et-eff• including energy loss in the window, were 

then calculated from the measured thresholds and are listed in Table B.2. 

The effective oxygen thresholds used in the analysis are listed in Table 

3.2 

B.3 Pulse pileup 

As fluxes increase, the probability that two particles are coincident 

in a detector within the instrumental resolving time increases, degrading 

the pulse-height data from that detector. For large oxygen pulses in the 

detector, the effect of a high rate of coincident small proton pulses is to 

broaden the oxygen pulse-height distribution. Oxygen events in 

coincidence with other large pulses, however, will be displaced completely 

out of the normal oxygen distribution. The fraction displaced is 

Tpha Z>2t.rue• where Tpha is the effective resolving time for pulse-height 

analysis ( ..... 20 µs). In all regions, particles stopping in L3 were analyzed 

using only their L2 and L3 pulse-height information. The maximum 

counting rate of large oxygen and sulfur pulses in these two detectors is 

on the order of 103 s-1 (L2 near Io), so that pulse pileup affects <2% of 

the Z>2 particles stopping in L3. In the 4.9, 5.3, and 5.9 RJ regions 

however, particles stopping in L2 were used to calculate the lower energy 

portions of the spectra, and for these events the L1 pulse height is 



6.6 
11.6 
19.7 

6.6 
11.6 
19.7 
6.6 

11.6 

19.7 
6.6 

11.6 
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Table B.2 

Effective Z>2 Discriminator Thresholds 

Pulse 
Height 
(MeV) 

7.5 

7.5 
7.5 

15.4 
15.4 
15.4 
30.8 
30.8 
30.8 
92.3 
92.3 

Carbon 
(MeV/nuc) 

1.2 
1. 3 
1. 3 
1. 3 

1.4 
1.5 
1. 3 
1.5 
1. 7 
1.4 
1. 7 

E ,-r 
t-eff 

Oxygen Sulfur 
( Me VI n u c ) ( Me VI n u c ) 

1.1 0.9 
1.1 0.9 
1.1 0.9 
1.1 0.9 
1.2 0.9 
1. 3 1.0 
1.2 0.9 
1. 3 1.0 
1.4 1.1 
1.2 1.0 
1.4 1.1 

,-r The nominal thresholds for carbon, oxygen, and sulfur 
are 1.2, 1.1, and 0.9 MeV/nuc respectively. 
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required for elemental identification. The counting rate of large pulses in 

11 is Z>2true• which is "'1.5x104 s-1 in these regions, so that pulse pileup 

affects approximately 30% of the Z>2 events. A more precise estimate of 

the amount of pulse pileup in each region can be determined from the 

data by comparing the energy spectrum of particles stopping in 13 

obtained using 11 in the elemental identification process with one in 

which only 12 and 13 were used. The ratio between the resulting spectra 

is energy independent over the three-detector energy range and indicates 

the fraction of the events in 11 displaced out of the oxygen distribution. 

The ratio was therefore used as the pulse pileup correction factor for the 

two-detector part of the spectrum. 
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