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ABSTRACT

Stimulated by the recent work of Walker, Kivelson, and
\‘A WS A.QA’QA
Schardt, I have mad®& a detailed re-examinatianof the University

of Towa data on energ;tic electrons during a Pioneer 10 encounter
with the plasma sheet in Jupiter’'s dawn magnetodisc at about 51 R@'*
(Jupiter equatorial radii) on 6-7 December 1973.; I have also

“» repeated, in a”quééi-zgdépeAAeﬁt manner, the Walker et al{’analysis
of data on energetic protons for this encounter.

On the whole, it appears reasonable to accept the conclusion

.of Walker et al. that very hot plasma (characteristic particle

energy ~ 0.1 MeV) is an important and probably dominant contributor

L oo™

to the pressure of the plasma confined by the magnetic field in
Jupiter's dawn magnetodisc. The pressure of energetic protons is
greater than that of energetic electrons by a factor of the order

of ten. It is plausible that charge neutrality exists for the
energetic particles at a number density n ~ 3 Xx 10°F cm™®. The

k e F bt L0073 Cuicn,

additional presence of cool plasma is not excluded by present

knowledge but an upper limit on its density can be placed on the

basis of the relative un-importance of centrifugal pressure.
A
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I. INTRODUCTION

One of the most striking features of Pioneer 10's outbound
traversal of the dawn magnetosphere of Jupiter in early December
1975 was the periodic, ten-hour variation of the intensities of
energetic particles. These observations are illustrated by the
data for electrons in Figure 1 [Van Allen, 1976]. In faithful
correlation with the maxima of energetic particle intensities
there were minima in magnetic field strength lﬁl [Smith et al.,
1974]. Examples are given in Figure 2 [Van Allen et al., 197h4].

Recently, Walker et al. [1978] have provided a fresh
stimulus to discussion of this correlation by making quantita-
tive estimates of the volume density of kinetic energy of charged
particles € (i.e., particle pressure) in the implied plasma sheet
(current sheet) and a comparison of this quantity with AB®/8m,
the difference in magnetic pressure outside and inside the plasma
sheet. Their principal conclusion is that the quantity
B = &/(AB?/8n) may be of the order of unity for protons having
energies above a characteristic energy E* (to be defined more

exactly in a later section) of the order of 0.1 MeV.
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In this paper, I do a similar study for energetic electrons

as observed by the University of Iowa instrument on Pioneer 10 and
review the work of Walker et al. for one example of a plasma sheet

encounter on 6-7 December 1973.
II. RELEVANT OBSERVATIONAL DATA

In Figure 3 is shown a plot of B° as a function of time for
the case in question (data courtesy of E. J. Smith). The dashed
line is adopted as the baseline for B® just outside of the
current sheet. In the lower panel of Figure 4 is shown AB®/8m as
a function of time as reckoned from this baseline. The upper
panel shows the spin-averaged intensity (in arbitrary units) of
electrons E, > 0.060 MeV, the lowest energy threshold of our
detector system.

The two curves are strikingly similar in form, even to
relatively fine scale detail. A similar remark has been made by
Walker et al. in examining the comparison of the intensity~time
curve for protons 0.54 < Ep < 1.85 MeV [Simpson et al., 1974]
with that of AB®/8m (Figure 5). In Figure 6, intensity-time
profiles for electrons in four different energy ranges are shown.
The curves have been normalized approximately near their peaks in
order to exhibit their comparative shapes. (Background has not
been subtracted.) The data are 1.79-minute spin-averaged counting

rates of our detectors in order of increasing energy thresholds

G, B, A, and C.
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The statistical uncertainty of each 1.79-minute average
is 23 R-é percent for G and 32 R-é percent for B, A, and C, where
R is the rate in counts s,

The geometric nature of the plasma sheet penetration by
Pioneer 10 on 6-7 December 1973 is indicated by Figure 7. This
diagram gives the calculated perpendicular distance ZD of the
spacecraft from the magnetic equatorial plane as a function of
time for a centered dipole as specified., The observed minimum
value of |B| (~ 2 7) is almost certainly very close to the center
of the current sheet as predicted by this dipolar model, though
the observed time of occurrence of the minimum (2348 ERT) is
about 4O minutes later than the predicted time (2309 ERT)

(ERT = Earth Received Time of the telemetry signal). This time

lag is well known [Van Allen et al., 1974; Northrop et al., 1974;

Fillius and McIlwain, 1974].
III. ANALYSIS OF ELECTRON DATA

For the purpose of a preliminary study I have analyzed our
electron data in the interval 2324-2348 ERT of 6 December near the
peaks of the counting rate curves. The absolute integral omni-
directional intensity spectrum of electrons (Figure 8) is based
on a full and accurate reduction of the counting rate data. This

curve of JO(3>Ee) was differentiated numerically to produce a




table of dJ/4E vs E (dropping subscripts). The corresponding differ-

ential number density spectrum is

d

dn _ 1 4J
T W

dE

5

=1

where v is the particle speed at kinetic energy E. A plot of E %%

is given in Figure 9. For E < 8 MeV

dn _ -6 =1177
E T - 1.199 x 107" E

with E in MeV and n in em™3. (These units are used throughout,
except for energy density.)
The total energy density € of energetic electrons above an

»*
energy E

@
dn
g = E == AE
f* dE
E

1.085 x 107 (£ )7°°177 erg cm™® .

e =
Also
T dn
n=J\a§dE
X
E
* -
a = 1.019 x 20°° (B )27 ™,
The value of AB?/8m is 6 x 10-1° erg em™® at its peak
(Figure 4).

e/(AB?/8m) is plotted vs E in the lower

i

The value of B

*
part of Figure 10 and n vs E in the 1ower_part of Figure 11.
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IV. ANALYSIS OF PROTON DATA

From Figure 5 and Simpson et al. [1974] for the appropriate

geometrical factor (g = 0.49 cm® sr),
J = 2.82 x 10* (em® s)™?

for 0.54 < EP < 1.85 MeV at the maximum point of the proton

intensity curve.

Trainor et al. [1974] give

J = 1.1 x 10® (cm® s)-?
for the overlapping energy range 1.2 < EP < 2.15 MeV. If one fits
a power law differential spectrum dJ/dE = k E-7 to these two
independent values (a somewhat risky procedure), y = 5.0. There
seem to be no published values of spectral indices for protons
in this segment of Pioneer 10 data, though general remarks in
the literature [McDonald and Trainor, 1976] suggest a value of
7 ~ 4, Nor have any intensities for Ep < 0.54 MeV been reported.
T have, therefore, undertaken to reproduce the calculations of

Walker et al. for the four cases ¥y = 2, 3, U4, and 5. The results




are as following, using J = 2.82 x 10* (cm® s)~* for 0.54< E,< 1.85

MeV as the only tie point to observation.

For ¥ = 2

aJ

dE

dn
dE

FOI"7=3

= o5 salioki =S

= 1.553 x 10°°® g~2*S

¥ =05

= 4,98 x 107(E")

~1+5
= 1.035 x 10 (E")

= 1.798 x 10* £*°

= 1,299 x 10™* p*9*5

= 1.387 x 10 (E*)_l

=2¢b
5.196 x 1076 (E )

«E
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For ¥y = 4
Gl g iq
i - 1.%66 x 10° E
dn -6 4.5
F - 9.87 x 105" E
= SR
£ = 6. NI (E)
= x =35
n = 2,82 %10"° (B )
For y = 5
g - 3 -b
T - 9.66 x 10° E
fhall -6 =56
E - 6.98 x 107 E
-3+5
e = 3.194% x 1072 (&)
* -4 5
n = 1.551 x 10~ (E’)

Tn the upper part of Figure 10 is shown the value of B for
¥*
protons as a function of E and in the upper part of Figure 1l is

x
shown the value of n as a function of E .
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V. GYRORADII OF ELECTRONS AND PROTONS

For later reference, tables of magnetic rigidity for electrons

and protons are included here in convenient units.

Electrons Protons

Ee B Ep B p

0.05 0.01082 ¥ - R, 0.1 MeV 0.640 7 « R,
0.10 0.01565 0.5 1.432

0.50 0.04077 1,50 2.025

1.0 0.06645 10.0 6.420

5.0 0.256k4
10.0 0.4907
20.0 0.9584

For example, the gyroradius p of a 1 MeV proton in a S5

field with v perpendicular to B is 0.k4 Ry

POSSIBILITY OF HEAVY IONS

According to Trainor et al. [1974], the intensity ratio of
helium ions to protons at equal values of energy per nucleon in
1 the vicinity of 4 MeV/nucleon is ~ 2 x 10™® at about 50 R;. There
E is no observational knowledge of the intensity of energetic ilons
of greater mass. A singly charged Na ion having a specific kinetic
F energy of 0.1 MeV/nucleon or a total kinetic energy of 2.3 MeV

' has a magnetic rigidity of 14.7 7 . R, or a gyroradius of 3 Ry




in a 5y field. Hence it appears quite unlikely that such ions
would be confined to the plasma sheet; but there is no evident
basis for excluding the possibility of heavy ions of substantially
lesser energy, much below the level of present observational

knowledge.

VII. ANGUIAR DISTRIBUTION OF ELECTRONS

We have made a detailed study of the pitch angle distribu-
tions of electrons E_ > 0.060, 0.55, and 5 MeV within the plasma sheet

of 6-7 December with a time resolution of seven minutes. The

typical coverage of pitch angle o is from 20° to 160°. At no
time during the plasma sheet encounter is there a significant
departure from isotropy. The best statistical accuracy is
obtained for Ee > 0.060 MeV (detector G); in this case near the
center of the plasma sheet a 10% anisctropy would be detected

clearly.
VIII. ANGULAR DISTRIBUTION OF PROTONS
There appear to be no published data on the angular distribu-

tion of protons for the case under study but such data may be

available in either the GSFC or the University of Chicago files.
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IX. DISCUSSION

A. Energy Densities

By Figure 10, it is seen that 8 = 0.05 for the observed part
of the electron spectrum and g = 0.05 for the observed part of the
proton spectrum. These values are reliable lower limits. The value
of B for electrons is relatively insensitive to E* and can, therefore,
be es%imated by extrapolation to energies somewhat below E = 0.060
MeV (the lower end of the observed range) with only moderate
anxiety. A much greater uncertainty attaches to the extrapolation
of the B vs E* lines for protons. Because of the lack of observa-
tional data on protons Ep < 0.54 MeV, I have made these extrapola-
tions as shown and find for B = 1, E = 0.0069, 0.081, 0.162, and
0.220 MeV for y = 2, 3, 4, and 5, respectively. The Walker et al.
value of 0.080 MeV for the "characteristic proton energy" (E* for
B = 1) is the same as my E* for y = 5. If %% diminishes toward
zero by ~ 0.2 MeV rather than increasing to lower energies as E“a,
the value of B might well go no higher than ~ 0.15, a significantly
high value nonetheless.

B. Number Densities

By Figure 11, the number densities of observed electrons and

protons are 2.8 x 10® cm™2 and 2.5 x 107° em™2, respectively.
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*
For protons with ¥y = 3 and E = 0.081 MeV, the extrapolated
number density is 2.8 x 10”2 cm™®., In order to have charge
neutrality, assuming the absence of any cool plasma, the extrapolated

*
value of E must be 0.0012 MeV for electrons.

C. Position and Structure of
the Plasma Sheet

The horizontal dashed lines in Figure 7 mark the time widths
and hence the spatial widths of the plasma sheet corresponding to
the 1/2 and 1/10 values of the maximum value of AB®/8m as approximated
by a smoothed sketch of the peak in the lower panel of Figure k.

It appears that the spacecraft entered the plasma sheet from
the north, just reached or slightly passed its central plane, and
then passed out of the sheet back toward the north. Figures 4 and 7,
taken together, provide a detailed example of our earlier reports
[Van Allen et al., 1974][Goertz, 1976] that the central plane of
the dawnside current sheet is accurately in the magnetic equatorial
Plane and is not warped appreciably (by centrifugal force) toward
the mechanical equatorial plane. This fact alone provides a
theoretical foundation [Goertz, 1976] for the belief in very hot
plasma as the dominant constituent of the plasma sheet. Goertz'
recent review [1978)] of models of the magnetodisc suggests a
characteristic particle energy of tens of kiloelectron volts and

a number density of ~ 1072 cm™® at 50 R., independently of

J’
the work of Walker et al.
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One of the striking facts from Figures 4, 5, and 6 is that the
structures of the AB?/8m profile and of those for protons 0.54 < Ep
< 1.81 MeV and for electrons Ee > 0.060 MeV are similar in detail. For
the proton case Walker et al. remark that the "similarity of the
particle flux change to the magnetic pressure change implies that
the observed protons are closely related to those responsible for
the field depression.” This qualitative remark appears to be
supported by quentitative considerations, at least for protons.

The apparent spatial scale of detailed structure of the
proton profile (Figure 5) is € 0.2 Ry even near the apparent center
of the plasma sheet where the gyroradius of a 1 MeV proton is of the
order of 1 RJ. Detailed structure of this scale is physically
impossible for a time-stationary sheet. It appears that the most
plausible interpretation is that the plasma sheet is wavering
in Zby ~ 1 RJ on a time scale of a few minutes.

At first sight it is puzzling that the proton profile
(Figure 5) is much narrower than the electron Ee > 5 MeV profile
(Figure 6) despite the fact that the gyroradius of a 5 MeV electron
is only one-third as large as that of a 1 MeV proton. A partial
and perhaps full explanation lies in the fact that the spectrum of
protons falls off much more rapidly with increasing energy than

does the spectrum of electrons; hence the effective proton energy

is closer to its detector threshold.

R A U e
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The respective profiles in Figure 6 give a detailed
example of the earlier report [Baker and Van Allen, 1976] that
the electron spectrum in the plasma sheet is softer near its

central plane than near its boundaries.

X. CONCLUSIONS

On the whole, it appears reasonable to accept the conclusion
of Walker et al. that very hot plasma (characteristic particle
energy of ~ 0.1 MeV) is an important and probably dominant con-
tributor to the pressure of the plasma confined by the magnetic
field in Jupiter's dawn magnetodisc. The pressure of energetic |
protons is greater than that of energetic electrons by a factor
of the order of ten. It is plausible that charge neutrality
exists for the energetic particles at a number density
n~3x 102 em™, The additional presence of cool plasma is s

not excluded by present knowledge but an upper limit on its

density can be placed on the basis of the relative un-importance

of centrifugal pressure.

|
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