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Calculated Dose Rates in Jupiter’s Van Allen Belts

J. W. HarrnEr*
Space Division, North American Rockwell Corporation, Downey, Calif.

A series of particle flux and dose rate calculations have been carried out based upon the
assumption that the decimetric rf noise emanating from the vicinity of Jupiter is synchro-
tron radiation from electrons trapped in a dipole magnetic field. Based upon plasma sta-
bility considerations and observations in the Earth’s Van Allen belts, a relationship be-
tween the surface equatorial magnetic field strength (H,), the spatial electron density (V) and
the effective inner radius (a) of the belts was obtained. Three self-consistent belt models were
considered (H, = 2, 5, and 15 oe) and the point tissue dose rates behind 0.1-10 g/cm? alumi-
num were calculated. Based upon these assumptions, these dose rates were approximately
constant (& a factor of 3) out to ~15 Jupiter radii, whether the Jovian belts consisted of a large
number of low-energy particles (small H;) or a smaller number of higher-energy particles

(large H,).

Nomenclature

a = effective inner radius of Van Allen belt

B = magnetic flux density

C = flux-tissue dose conversion function

c = free space velocity of light

DR = dose rate

dv = volume element

E = particle energy

E, = characteristic particle energy for exponential spectra

E” = shield cutoff energy

F = 1f frequency differential power spectrum

H = magnetic field strength

H, = magnetic field strength component perpendicular to
particle motion

H, = magnetic field strength at planetary equator

L = Mecllwain parameter (~planetary radius at magnetic
equator)

Mg = electron rest mass

N = particle density relative to plasma stability limit

n = constant from KB = §E» fit to range-energy relation

P, = total rf radiated power per electron

Pioisn = total rf radiated power from Van Allen belts

R = particle range in matter

Rz = equatorial radius of the Harth

Ry = equatorial radius of the planet Jupiter

7 = radius (polar coordinate)

X = sghield thickness

Z = atomic number of shield material

a = pitch angle for Van Allen belt particles

¥ = ratio of moving to rest electron masses

5 = constant from B = 3E~ fit to range-energy relation

8 = angle (polar coordinate)

v = rf frequency

va = cyclotron resonance frequency

ve = characteristic synchrotron frequency

v = plasma resonance frequency

p = particle density

Pe = electron density

@ = particle flux

I. Introduction

HE planet Jupiter is one of the most interesting within
our solar system. Based upon the current development
trends in boosters and spacecraft, it is probable that some-
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time in the next decade an unmanned spacecraft will be
launched toward Jupiter. In order to design and fabricate
such a spacecraft it is necessary to know as much as possible
about the nuclear radiation environment in the vieinity of
Jupiter.

It is currently believed that Jupiter is surrounded by en-
ergetic particles trapped in the magnetic field of that planet
(Van Allen belts).1—3

The evidence for the existence of such belts consists of
two types of nonthermal radio frequency noise received from
the vieinity of Jupiter. The decametric noise (» ~ 10-60
MHz) consists of sporadic bursts*~* whose occurrence has
been definitely correlated with the orbital motion of the
Jovian moon lo (orbit radius ~ 5.9 Jupiter radii).!1—13
The measurements also show a possible correlation with the
satellite Europa (orbit radius ~ 13R;) as well.** These
decametric noise bursts usually only last for a few seconds,
but exhibit energy fluxes up to 1072 w/m? at the Earth
(inferior conjunction).’®¥* The decimetric noise (r ~
300-5000 MHz) consists of a quasi-steady-state emission®-1
largely emanating from a region having approximately the
same polar dimension but three times the axial dimension as
the planet.1*2 This decimeter noise energy flux as measured
at inferior conjunction with Earth is shown in Fig. 1.

The source(s) of these nonthermal radio noises has been the
object of considerable study. Although the origin of the
decametric radio bursts is far from settled,* ~24 there is rea-
sonable general agreement that the decimetric radiations are
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due to synchrotron emission from relativistic electrons
trapped in the Jovian magnetic field. =% The magnetic
field strength requirements are less for this mechanism than
for any reasonable proposed alternative (e.g., cyclotron
radiation)?-2% and similar rf noise was observed emanating
from the high-energy electrons injected into the Earth’s Van
Allen belt by the Starfish high-altitude nuclear detonation
of 19623 Polarization measurements are consistent with
this explanation also.3! There is less agreement concerning
the source of the decametric rf bursts. Polarization measure-
ments32:3% provide clues but no favored explanation. These
rf bursts provide one of the incentives for sending a space-
craft to the vicinity of Jupiter, as well as one of the environ-
ments that must be taken into account in the design of the
spacecraft communications systems.

The object of this study was to calculate the particle fluxes
and dose rates expected in the Jupiter Van Allen belts, based
upon the most probable available information. The as-
sumptions incorporated include: 1) Jupiter has a dipole
magnetic field; 2) the decimetric radio noise received from
Jupiter is due to synchrotron emission from electrons trapped
in that dipole magnetic field; and 3) the trapped particle
characteristics (limiting fluxes, energy spectra, etc.) at any
point in Jupiter’s magnetic field are the same as those ob-
served in the Earth’s Van Allen belts at the same field
strength.

In the following sections the calculations of the Jovian
Van Allen belt characteristics are presented, based upon
these assumptions.

I1. Calculation of Jupiter’s Magnetic
Field Strength

The characteristics of the Jovian Van Allen belts all de-
pend upon the strength of Jupiter’s magnetic dipole. It is
possible to calculate the minimum field strength at the mag-
netic equator (H,) by considering the plasma stability limits
for magnetically trapped particles. The logic is that the
stronger the magnetic field, the smaller the number of par-
ticles required to account for the observed intensity of the
decimetric (assumed to be synchrotron) radiation. Con-
versely, as the value of Hy is reduced while the required num-
ber of trapped particles increases, the number which can be
stably contained decreases. For some value of Hy, these two
particle populations are equal, i.e., the magnetic field can
barely hold all the particles (electrons) necessary to account
for the observed decimetric radiation intensity. Although
there is no assurance that the particle populations in Jupiter’s
Van Allen belts approach this stability limit, the calculation
of the minimum value of Hy on the assumption that they do,
provides a convenient starting point.

According to Kennel and Petschek?* the limiting fluxes at
the Earth above a nominal energy (40 kev) are approxi-
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mately
¢(>40 kev) = (7 X 10%%/L4electrons/cm? — sec (1)

where L (Mecllwain parameter) is in Earth radii. The
limiting flux is a function of local time, but this effect (small
for L < 3) is neglected here. It will be noted that while the
Earth’s electron fluxes have been observed to approach this
limit, the time-averaged observations as tabulated by Vette
are approximately an order of magnitude lower.

The field strength (H,) at the surface of the Earth at the
geomagnetic equator is ~0.3 oe (By ~ 0.3 gauss). Since the
field strength of a dipole varies inversely with the cube of the
distance, it is possible to generalize Eq. (1) by writing

¢(>40 kev) = (3.5 X 1011H,¥3/L4) electrons/em? (2)

It will be noted that this expression retains the same limit-
ing flux for the same magnetic field strength at any L value,
and 1t reverts to Eq. (1) for Hy = 0.3 oe.

The energy spectrum for electrons trapped in the Earth’s
Van Allen belt may be fitted by an expression of the form

O(>E) = oo™ B/E0 ®3)

where E and E, are energies (Mev). Based upon fits to the
data as tabulated by Vette, the quantity Ey may be repre-
sented by (see Fig. 2) -

Ey = (3/L'¥)Mev “)
As before, it 1s possible to generalize this expression by writing
Ey = (5.25H-4%/L1-3%)Mev 5)

It will be noted that Eq. (5) has the correct dependence on
Hy and reverts to Eq. (4) for Hy = 0.3 oe.

By combining Egs. (2) and (5) the flux for any L value in
a dipole magnetic field whose strength at the surface of the
planet is Hy may be written

3.5 X 101 H, Y3 o5/ 5o electrons
L* cm? — sec

o(>E) = (6)

where
Ey = 5.25H*%5/[1.% Mev

This expression yields essentially identical fluxes for E =
40 kev (0.04 Mev) and £ = 0. Any error so introduced
will be small, since synchrotron radiation is due to relativistic
electrons (£ = 0.5 Mev) and the fit to the energy spectra
[Eq. (3)] is most accurate for E > 0.5 Mev. The fact that
the electrons of interest are relativistic facilitates the valid
approximation
¢(>E) electrons . )

¢

y PE) =

o(>E) ~ em? ¢

2,23 057
L2 64

-exp (0.19L1%F/H f.5) mel%t_ml\%

)
where ¢ is the velocity of light.

It will be noted that due to the generalization of the equa-
tions obtained from fits to the characteristics of the Earth’s
Van Allen belts, they have become applicable to any planet
with a dipole magnetic field. It is only necessary to insert
the equatorial (magnetic) field strength and the L value in
planetary radii to obtain the limiting electron flux or density.

The frequency spectrum of synchrotron radiation emitted
by a single relativistic electron integrated over all angles®
is shown in Fig. 8. This spectrum may be approximated by
the expression

F(p,H) = 412 X 10722(p/p,)%2 ¢~ /7w /Hz (8) .
where
ve = 1.58 X 107H ; E*Hz
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In these expressions H is in oe and E is the electron energy
in Mev. Integrating this expression over all frequencies
yields as the total power radiated by a single relativistic
electron

P, = 586 X 10=22(H | - E)? (9)

The subscript 3 on H refers to the fact that it is only the
component of the magnetic field normal to the electron tra-
jectory which is effective in producing synchrotron radiation.
The difference between H and H is small at the magnetic
equator and vanishes at the mirror points. The first in-
variant of a magnetically trapped particle’s motion requires
that

H/ sin’a = const 10)

Equatorial pitch angle distributions measured in the Earth’s
Van Allen belts are sharply peaked around 90°, and there
are reasons to believe Jupiter's may be even more so. Ac-
cording to Gledhill,® Piddington,® and others, if the Jovian
magnetosphere corotates with the planet, the centrifugal
force will tend to flatten Jupiter’s Van Allen belts consider-
ably. The spatial dimensions of the decimetric radiation
sources (~1 planetary diameter in the polar direction, ~3
or more planetary diameters in the equatorial direction) tend
to confirm this expectation. Since any flattening of the
Jovian Van Allen belts must be accompanied by a sharply
limited equatorial pitch angle distribution, it may be assumed
that the normal component of the magnetic field and the
total field are essentially the same.

The total decimetric radiation emitted by the maximum
possible number of trapped electrons in the Jovian magnetic
field is

Pioat = Jf Po(H,E)-p(E,L)AE dV w 11)

where P. is given by Eq. (9), p. by Eq. (7), and the integral
is to. be evaluated over all energies and over the volume of
the Jovian Van Allen belts.  First, it is necessary to rewrite
P, as

P, = 586 X 10722[(H,/L* E]* w/electron (12)

Next, it is necessary to estimate the spatial extent of the
Jovian Van Allen belt. The magnetic flux lines from a dipole
obey the relationship

r = L cos?d (13)

where r and 8 are polar coordinates. Thus, the spatial ex-
tent of the Farth’s Van Allen belts in an Earth-centered
polar coordinate system is approximately

r=ator = R cos?d

where a = effective inner radius = 1.2R. (Earth radii) and
R = effective outer radius = 10 + 2R, (sunward). For
Jupiter, the assumed corresponding spatial extent is

r=qtor = R cos"d

where B = 21H,!/3 planetary radii and @ is in planetary radii
also. This value of R was based upon an extrapolated solar
wind energy density of 2.5 X 10=* Mev/cm?® at Jupiter’s
mean orbital radius (5.2 a.u.).

Two other assumptions must be mentioned. The integral
shown in Eq. (11) assumes that the planet is transparent,
which it is not. However, after-the-fact calculations show
that this effect is small. Even if the effective location of the
radiating electrons is at 1.25 planetary radii, the planet
screens only 149, of the radiation. The second assumption
is that the synchrotron radiation from the assembly of elec-
trons is simply the sum of that due to each individual elec-
tron. According to Ramaty,®® this is not true unless the
cyclotron frequency vy is at least comparable to the plasma
frequency »,. These quantities may be calculated using the
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equations
ve = (eB/2wmc)Hz, v, = e(p/mm)V?Hz (14)

where ¢ is the electron charge, m the electron mass, and p the
electron density. The ratio of these quantities may be
written

vo/ve = 2c(mmoyyp)t't/B (15)
where mg = m/y = the electron rest mass. Since
p ~ 11.7B%3 electrons/cm3
vo/ve ~ 6.5 X 10~2y1/2/B1/3

Thus, for reasonable values of v(<10% and B(10), it is
seen that v,/vpis < 1. For this situation the self-attenuation
of synchrotron radiation by the plasma producing it may be
neglected. This low plasma density also precludes appre-
ciable spatial distortion of the magnetic field due to the
“frozen-in’’ effect.
The total decimetric radiation emitted by the Jovian Van
Allen belts may now be written
2
P = [ 586 x 1072 (%E) :

(16)

2.23H 0 81— E/Eo

e dEdv (I7)

Integrating over F from 0 to « yields
Piotar = 3.78 X 1072 f (Hy424/L122)dp w (18)

The theorem of Pappus is used to evaluate the integral over
the volume of Jupiter’s Van Allen belts. This theorem states
that the integral of any analytical function over a volume of
revolution is the produet of the integral over the cross section
of the volume and the distance the centroid of this cross-
sectional area travels in sweeping out the volume. Em-
ploying this theorem and replacing L by r (a fairly good
approximation for small L values where the radiation source
density is largest, as 6 cannot exceed 1~ rad) yields

1) R ng
Piotar = 3.78 X 107 19H 424 fo maxj; cos %

4.24
rdr d()z 3.6 % 10_20H0 w

rl2.72 al%.72 em

(19)

This represents the synchrotron energy radiated from a
cross section of Jupiter's Van Allen belts (fmex ~ 1 rad).
Since the centroid of this cross section is ~1.1a, the total
radiated power is

H04,24

ARE]

Pyptar = 2.5 X 10718 w (20}

There is a basic inconsistency in units here. The electron
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Fig. 4 <Calculated relation-
ship between Hy, N, and a for
Jupiter’s Van Allen electron
belt where H is the equatorial
magnetic field strength at
surface of planet, N is the
electron population relative
to that at calculated plasma
stability limit, and a is the
effective inner radius of Van
L Allen electron belt in plane-
i tary radii.
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densities used were in e¢m™3, but the spatial dimensions
of the Van Allen belts were in units of planetary radii. For
Jupiter, the radius is ~7.2 X 10° em, so the coefficient of the
preceding equation must be multiplied by the cube of this
number. The resultis

Ptotal =93 X 10+10 HO

ad12

w (21)

The decimetric rf noise observed at inferior conjunction with
the BEarth (separation distance 4.1 a.u.) may be represented
by the expression (see Fig. 1)

Py) = 2.3 X 107%.\18

w (22)
m? — Hz

Integrating thisy = O(A = «) tor = 1.2 X 100 (A = 2.5
em) yields 5.6 X 1073 w/m? at Earth. Assuming isotropy
over a sphere of radius 4.1 a.u. to obtain the total synchrotron
power radiated from Jupiter, the result is 2.67 X 10% watts.
Equating this to the result of the integration just carried out
[Eq. (12)]leads to .

a® 7 /Hy** 4 < 35 or Hy > 0.440%2° 0e (23)

= 7.15 X 10728.p /8

This is the calculated requirement for the minimum equa-
torial magnetic field strength for the planet Jupiter. It
presumes that the belts are 1009, populated. If the
relative electron population is N(N < 1), the required mini-
mum field is increased. Speecifically, the total radiated
power becomes, assuming that the electron population is
decreased uniformly at all energies and at all positions,

Piotar = 9.3 X 100N Ho*%/a%2)w
Proceeding as before leads to the generalized relationship

Hy > (0.%42.23/N0.236) o (24)

This function is shown in Fig. 4. As expected, the minimum
equatorial field increases rapidly as the effective inner radius
of the Jovian Van Allen belts increases. A reasonable
minimum value of @ is ~1.2R;, analogous to the effective
inner radius of the Earth’s Van Allen belts. A probable
upper limit for @ is ~2R;.  Although it was thought at one
time that Jupiter’s magnetic field was highly eccentric,#
it is difficult to imagine such a rapidly spinning body having
its heavy materials (including those responsible for the mag-
netic field) appreciably off center. The center of mass of the
planet lies essentially at its geometric center. Therefore,
values of @ between 1.2 By and 1.5 B are most probable.
The probable value of N (the relative electron population)
is much more uncertain. The sources of the particles
trapped in the Earth’s Van Allen beit are by no means well
understood. The sources of the particles trapped in Jupiter’s
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Van Allen belts are, therefore, speculative. If albedo neu-
trons resulting from galactic (cosmic) particles are an im-
portant source, the Jovian belts may be fairly well populated
in spite of the low mass of the atoms making up Jupiter’s
atmosphere. If particles from the sun are important sources
of Van Allen particles, the fact that Jupiter is at ~5.2 a.u.
will act to limit N. In any event, the intensity of the deca-
metric radio noise suggests that appreciable numbers of
particles are violently disturbed by Jupiter’s natural satellites.
Thus, it is probable that N is less than 0.1, possibly an order
of magnitude or more less. Knowledge of the magneto-
spheric limit for Jupiter would remove most of this uncer-
tainty.

A simple consistency check is in order here. Having
deduced that the equatorial magnetic field at the surface of
Jupiter is on the order of a few oersteds, the electron energy
at 1.2 — 1.5 Ry must be (based upon the peak of the syn-
chrotron radiation funetion)

E.(Mev) = 4.66 X 10~ (v/H ;)12

where v is in hertz and H is in oersteds. For the Jovian
belts, v ~ 10° & a factor of 3. Thus, F, will be on the order
of 10 Mev. The Jovian belt electron energy distribution was
assumed to be of the form (based upon the measured spectra
in the Earth’s Van Allen belts)

¢(>E;r) = ¢o/L* exp — (L1-%E/3)electrons/
(em? — sec) ~ exp —0.41F at r ~ 1.2R;

where E is in Mev.

The flux of electrons whose energies are >10 Mev is thus
1.669, of that >0 Mev at this radius. However, this calcula-
tion was based upon the peak of the synchrotron radiation
function, and the electron emits over half of its energy at
frequencies >4 times the peak frequency. The electron
energy requirements thus are more like 5 Mev, and ~139, of
the electrons have energies >5 Mev at 1.2 R; according to
our model. Thus, the model used for these calculations not
only accounts for the rf power received, but also yields rf
frequencies in agreement with those observed.

For the purpose of these calculations, the following values
of Hy were considered:

Ho = 2 0e(N = 001, a = 1.2 R))
Ho = 50e (N = 0.001,a = 1L4R,)
- Hy = 150e (N = 0.0001, ¢ = 1.8 R))

Flux and dose rate calculations for these three cases are
carried out in the next section.

ITI. Calculations of Dose Rates in Jupiter’s
Van Allen Belts

The equation for the electron flux as a function of Hg
(magnetic field strength at the visible surface of the planet)
has already been presented (Eq. 6). Incorporating the de-
pendence on N (the relative particle population) is straight-
forward. The result is

3.5 X 101N Hy*3 o~ E/Eu electrons

¢(>E) = L# em? — see

(25)
where
E, = (5.25H," %5/ L -3%)Mev

At the magnetic equator L = r. By limiting the calculations
to the dose rates in the plane of the Jovian magnetic equator
the situation is simplified. From this point on r is substi-
tuted for L.

Tt is interesting, in passing, to compare the measured elec-
tron fluxes in the Barth’s Van Allen belt with those obtained
from Eq. (25). The time-averaged flux data, as compiled
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by Vette,® is shown in Fig. 5 along with the fluxes calculated
using N = 0.1 and Hy = 0.3. It is apparent that whereas
the agreement if fairly good for r > 5R. and fair for r < 1.5
R, at the lower energies, it is poor for 1.5 R, < r < 5R.. Ob-
viously, N, the particle population related to saturation, is a
function of L, with N varying between ~10-* and ~10-2,
Therefore, these values of N may be considered as reasonable
for calculating dose rates in Jupiter’s Van Allen belts.

Fortunately, the electron flux to dose conversion function
is quite flat, having the approximate value ¢ = 3 X 108
rad-cm?/electron.#? This is within +209% of the Halpern
and Hall calculationsfor E = 0.5 Mev to E = 10 Mev. There-
fore, to calculate the point (meatball) dese due to electrons in
the Jovian Van Allen belts, it is only necessary to multiply
the integral flux above the shield cutoff energy (E’") by the
flux to dose conversion funetion (C) to obtain

3.8 10N Ho*/% ~ £'/E, rads

D =
R(X,r) r - (26)
For the shield thickness X (g/cm?) it is possible to write
0.940.15 log X
pr= 2BATIEIET ey @7)

702

where Z is the atomic number of the shield material. The
dose rates for 0.1, 1.0, and 10 g/em? aluminum (B’ = 0.29,
1.7, and 19 Mev, respectively) have been calculated. It is
seen that for close-in points, large values of N (and their
correspondingly small values of Hg) produce the larger
dose rates. This is due to the fact that N varies much more
rapidly than He*?, and thus its effect is overshadowing. At
appreciable distances from Jupiter, large values of H (and
the correspondingly small values of N) produce the larger
dose rates. Beyond the magnetospheric limit (~21-Hgl/3
planetary radii), of course, the Van Allen fluxes and dose
rates drop to zero.

The calculated dose rates do not vary nearly as much as
the choice of input parameters (H,N,a) would suggest.
In Fig. 6 the envelopes of the calculated electron dose rates
in the plane of Jupiter’s magnetic equator are shown. Con-
sidering that the equatorial magnetic field strength has a
probable uncertainty approaching an order of magnitude,
the dose rate caleculations yield remarkably consistent re-
sults. Thus, whether Jupiter’s electron belts are composed
of a large number of particles having a relative soft energy
spectrum (Ho ~ 2 oe) or a smaller number of particles having
a hard energy spectrum (Hy, ~ 15 oe) the dose rates out to
~ 15 R, are approximately the same.

The estimation of the proton fluxes and dose rates is not
quite straightforward. According to Kennel and Petschek?4
the limiting proton and electron fluxes are equal and the
limiting differential spectrum is flat if the plasma frequency
is appreciably less than the cyclotron frequency. Measure-
ments in the Earth’s Van Allen belts do not confirm these
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conclusions. Therefore, while the plasma stability limits are
apparently valid for estimating the electron flux above 40
kev, direct measurements of the earth’s Van Allen belts are
preferable for estimating proton fluxes. The time-averaged
proton energy spectra in the Earth’s Van Allen belt have
been fit by Mellwain and Pizzella (31-43: Mev)* and by
Imhof and Smith (59-148 Mev)* with expressions of the form

protons
em? — seec — Mev

&(E) ~ const e~ E/Bo (28)
where Ey ~ 400 L5,

Since E, varies inversely with the fifth power.of L and the
magnetie field strength varies (at the equator) inversely with
the cube of L, it is possible to generalize this equation to

Eq = (3000 He/3/L5) Mev (29)

where Hy is the equatorial magnetic field at the planetary
surface in oersteds.

Based upon a theoretical L—* dependence and the time-
averaged proton fluxes as compiled by Vette,® the integral
energy spectra in the Earth’s Van Allen belts are approxi-
mately

2.5 X 107~ &/B protons
L* cm? — sec

o(>E) = (30

This expression yields fluxes approximately an order of
magnitude higher than those observed at E > 30 Mev, con-
sistent with the time-averaged electron fluxes, which are at
~109% their stability limit. Below ~5 Mev the expression
yields fluxes lower than those measured. However, the fits
to the energy spectra were made at high energies (31-148
Mev) and the important dose-rate-producing protons (1-10
g/cm? shielding) lie in this energy region. Generalizing
Eq. (30) as before, to make it applicable to a planet with an
arbitrary surface equatorial magnetic field strength H,, the
result is

1.25 X 10°NHy*3%¢—#/Es protons
L* em? — gee

where Ey = (3000 H®/3/L5Mev. ;

The insertion of N (the relative particle population, with
N = 1 representing saturation) is to be noted. From this
point on, Eq. (31) is considered to be the companion of Eq.
(25), the limiting electron flux, and N is assumed to have the
same value in both equations.

The comparison of the proton fluxes calculated using Eq.
(31) with the time-averaged measurements as compiled by
Vette is shown in Fig. 7. The situation is similar to that
for electrons—reasonable agreement for the input values
chosen (Hy = 0.3, N = 0.1) for larger values of r(>2.5R.)
and poor agreement for smaller values of r. Again, this is

d(>E) =

@31
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attributed to physical mechanisms which limit N for small
values of r. :

The calculation of the proton dose rates from the proton
fluxes is less straightforward than was the case for electrons.
While the electron flux to dose conversion function was ap-
proximately a constant, the proton conversion function
C(E) may be represented by (£ < 1 Bev)#

_ —emm—0.g Tad — em?
C(E) = 4 X 10°E ———«proton (32)
The situation is complicated by the fact that the incident
proton energy (E) and the energy (E’) the proton has after
transversing a thickness (X) of shielding are related by an
expression of the form

E' = (En — X/§)tn (33)

where F and E’ are in Mev, X is in g/em? and »n and & are
constant for any given shield material. For power-law
spectra of the form

¢(>E) ~ AE = protons/(cm? — sec)

the proton dose rate (DR) may be approximately caleulated
by the expression

DR ~ 2C(E")A (E")~= rads/hr (34)

where E” is the shield cutoff energy (Mev) for protons.#
This approach works because most of the dose is produced
by protons whose energies are just above E”. Lower-energy
protons cannot penetrate the shield, and protons much
above E” are less numerous and less effective at producing
dose (on a per-particle basis) than those slightly above E”.
The success of the approximation for power law spectra
suggests that it may be possible to write for exponential

Fig. 8 Envelope of
the calculated pro-
ton dose rates in the
plane of Jupiter’s
magnetic - equator

B (Xin g/em?).
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spectra,
DR ~ 2C(E")-Ae—¥"/Bo rads/hr (35)

where E” = 39X057/70.3% and C(E") is given by Eq. (32).
Substituting vields

107N - ce—E"/Eo [/ 1 \o08 “
DR ~ 3.6-10"-N-Hy-e (_L) (ra,da) (36)

L E" “hr

The major justification for using this equation is that it has
the theoretically expected dependence on the parameters in-
volved, and that it yields dose rates per unit proton flux
approximately in agreement with those more precisely
calculated for the Earth’s Van Allen belts (N ~ 0.1, Hy =~
0.3, Ey =~ 400).2.%

Proton point dose rates behind aluminum shields in
Jupiter’s Van Allen belts were calculated using Eq. (36).
Equatorial dose points (I = r) were chosen for the three
cases previously considered for electrons;

Hy = 2(N = 001, a = 1.2R))
Hy = 5(N = 0.001, a = 1.4R)
Hy = 15(N = 0.0001, ¢ = 18R,)

Ag for the electron dose rate calculations, the proton dose
rates vary surprisingly little. The envelopes of the proton
dose rate caleulations are shown in Fig. 8.

IV. Conclusions

The calculated equatorial electron and proton dose rates
for r < 15 R; are seen to be relatively insensitive to the
parameters selected for Jupiter's Van Allen belts. Beyond
~ 15R;, the extent of the uncertainties associated with these
dose rates increases. As the Jovian magnetopause is ap-
proached the uncertainties exceed an order of magnitude.
In fact, knowledge of the sunward radius of Jupiter’s mag-
netosphere would reduce these flux and dose rate uncertain-
ties considerably.

The assumptions involved in carrying out these caleula-
tions must be kept in mind. Although all the fluxes and dose
rates are consistent with the characteristics of the decimetric
(assumed to be synchrotron) radiation received from Jupiter,
there is no guarantee that the radiation is not partially (or
totally) generated by some other mechanism. The fact
that an explanation is considered to be the most probable one
is neither a necessary nor a sufficient condition for its validity.

Nevertheless, it is desirable to estimate as much as possible
about an unknown environment before designing, building,
and operating instrument-carrying vehicles to probe it.
These calculations show that the particle fluxes and dose
rates in the outer portions (r > 15R;) of Jupiter’s magneto-
sphere should not constitute an unduly severe nuclear radi-
ation environment. However, the inner portions (r < 15R ;)
are most probably populated by electrons and protons whose
large fluxes and dose rates should be considered in the design
of any Jupiter probe.
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