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ABSTRA CT

Ast~um.tng that Saturn has trapped radiation belts similar to

those of Earth and Jupiter , it is shown that observations of the

radial dependence of the intensities, energy spectra, electron-to—

proton intensity ratio, and pitch angle distr ibut ions of energetic

charged particles trapped outside of Ri ig A can potentially pro-

vide information f4~on the existence o~’ Ring E, 4-bron the size

distribut: on of the particulate matter therein, and (e~~ on the

aa~~itude of the radial di ff usion coeff icient for energe tic

particles. A parametric study of these possibilities is specialized

to the characteristics of the University of Iowa detectors on

Pioneer U, which will make a close enc3unter with Saturn in

August-September 1979.
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INTRaIUCTION

During the 1966 edge-on presentation of the ring plane

of Saturn to Earth, Feibelznan (1967] obt ained photographic

evidence for a very faint ring external to the well known visible

rings. The evidence for this external ring (first called Ring D’

and now, by I.A.U. convention, Ring E) ~as been reex s~nined by

Smith et al. (1975) and Smith (1978]. Lased on the latter

reference, it appears that the normal optical opacity 11 of

Ring E lies in the range 0. 5 x l0 ’ to P.) x 1O~~, if full

credence :~s given to Feibelman ’s photog ’aph of 15 November 1966,

though there is no observational knowledge whatever on the size

distributi.on of the particulate matter therein. (Note that 1~

is of the order of unity for Rings A arid B . )

The question of the existence of a Saturnian magnetic

field and of the nature of a Saturnian magnetosphere has been dis-

cussed by Van Allen (1977] and Siscoe (1978a, b]. For the present

analysis we assume that Saturn has a ma3netosphere which, at

least near the planet , is similar to that of Jupiter; that is,

we assume a dipolar magnetic field configuration and a significant

population of trapped particles for which the source lies outside

the inner magnetosphere m d  for which the dominan t transport
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mechanism is radial diffusion violating the third adiabatic

invariant while the first and second are conserved. Such a picture

has enjoyed cons iderable success in providing an understanding of

the inner magnetosphere of Jupiter [Schulz , 1979].

The ring material within Saturn ’s magnetosphere is a sink

for trapped radiat ion, with the lifetime against absorption by the

ring being a function of charged particle species and energy as

well as a function of the ring properties. As discussed by

Van Allen (1977], Rings A and B are sufficiently opaque that the

lifetime against absorption by them is of the order of a latitudinal

bounce period, so that they may be treated as perfect barriers to

the inward diffusion of charged particles. Ring E, however, may

be sufficifnti.y transparent that a significant population of

charged particles is able to survive long enough to diffuse into

the outer edge of Ring A, at which complete absorption occurs.

In this paper we study parametrically the absorption of charged

particles by Ring E in order to investigate its effect on charged

particle intensities, spectra, and pitch angle distr ibutions,

all of which are potentially observable oy the energetic charged

particle instruments on Pioneer II. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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PROCEDURE

I
Our procedure is to assume that particles are injected with

a specified energy spectrum and pitch angle distr ibution at some

outer boundary, which for convenience we take to be at the dipole

L-value of 5. (All radial distances are given in units of

Saturn ’s equatorial radius, 60,000 km.) The particles are then

assumed to diffuse radially inward untii they are absorbed at the

outer edge of Ring A at L = 2. 27. The diffus ion coefficient

governing ih e radial motion is taken to be of the form D — D
0
L~.

In analogy to Jupiter’s magnetosphere, we adopt the v&lue n 3,

which is appropriate for diffus ion driven by ionospheric winds,

the driving mechanism which appears to dominate in Jupiter ’s inner

magnetos~*lere [Schulz, 1979]. AbsorptIon of charged particles

by Ring E material Is assumed to be the only loss process, wi th

lifetime

The differential unidirectional intensity at energy E,

equatorial pitch angle a, and dipole 1-value L is

j (E,cz,L) P5 t(i~,Ja, L) (i)

where p Ia the momentum of a particle with energy E, ~1(E,Ci,L) is

_ _  

-

~~~~~~
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the first adiabatic invariant, J2(E,a,L’
~ is the second adiabatic

invariant, and the phase space den sity f is the solution to the

radial diffusion equation

L3 ~~ [ D0L~~
a 

~4j ] = 
~~m 

(2)

with boundary conditions

f(L=2.27) = 0.0 (3m)

r (t — L
0 — 5) j 0(E 0,a0,L0)/p~ . (3b )

E
0, 

p0, and a0 are related to E, p, anda by conservation of the

first and second invarie.nts:

—

a0 — a0( 15, J3, L)

The boundary condition ~~b) is equivalent to specify ing the differen-

tial. unidirectional intensity at L = 5 s~s a function of and E0.

L~~~ 
_ _ _ _ _

_ _ _
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LIFETIMES AGAINST RING PARTiCLE ABSORPTION

For ring particle absorption , the quantities T
0 

and m

in equation (2) can be determined as functions of ~~, CX, the ring

particle radius r0, 
and the optical opa’~ity of the ring fl in the

following way.

The average thickness of a spherIcal ring particle with radius

r0 Is l4r~,/3. The quantities r~, and m depend on whether the range B

of the che~rged particle in the ring material (which we assume is

water ice ) is greater than or less than this average thickness.

R> 14rj 3

The average time for a charged particle to make a single

encounter with a ring particle is

TB cos a/2~ 
(le )

where TB is the latitudinal bounce period of the charged particle.

Since the average thickness of ring material traversed in a single

encounter is l1rj 3, the average thickne3s traversed per unit time

is 8flrj 3T B coaa .  If we define the lifetime against absorption as

S ,1

L~~~i~ r~~~~~ - 
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the time it takes a particle traversing ring material at this rate

to traverse a distance equal to its range, we have

)T
B~~~ 0 5 C X / 8~~rO . (5)

To find and m, we need to express TB and B as functions of ~
and L. For this purpose we write the purticle energy as

I pB0/L
3sin2a

E ‘
~L (~~0c~~B0/L3sin2a)~

where B0 is the equatorial surface fieli strength and m0c2 is the

rest energy of the particle. (In this and subsequent relations,

the upper expression is for non-relativistic particles, and the

lower one is for ultra-relativistic particles.)

sin2 a /2~ B0 )*
TB - 14R

8Lf(sina) x

1./c

(6)

a

_ _ _ _ _ _ _ _ _ _ _ _ _  -.— - - - - .. . - - ..  —-.,
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where f ( s i~ a) = 1.3802 - 0.3199 [sin a + /i in a ’] [Schulz and

Lanzerotti, 19714]. In addition , we can approximate the particle

range as a power law in energy (which is valid over fairly wide

ranges of energy), i.e.

B ~ A

(~ B /L3 S~~~2 CX )
a

~ A (~ 
(7)

c2 ~B /L3 sin2

Combining (6) and (7) we find

r 5/2 - 3a
m - ( (8)

I - 3a/2

and
J G(r011) 

g(cr) (~B0)
8’

0 
~~ H(r01~) h(cr) (~B0)a/2 (9)

where

G = 3AR (jm 0c3)*/2c r0 fl

H = 3~~5~~~~0c2) &/’~~2c r0 ii

g — cosa sin~~~m a f(sin Cz)

h = cosa 81~~m~ f ( s in CX )  

:~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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R

If the range of the charged particle is less than the average

thickness of a ring particle , then a single encounter will result

in complete absorption. The lifetime against loss is thus ¶ =

where T1 is given by equation (L i ) .  With TB as given by equation (6),

we find

15/2
m (10)

and

I (2R 5/c1~)(m0c
2
~~B0)

* cos CX sin Q f(sin a)

i =~~~ (11)
° 1~ (2R5/cTI) cos a f ( s i n C X )

I
p

- ~~~~~~~~~~~~~~~~~~~ 
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PARAMETERS WHICH GOVERN THE SOLUTION

The solution to equation (2)  is given by equation (8) in

Thomsen et. al. t1977]. As discussed in that pape r , the quantity

which governs the natur e of the solution is ~~~~~~ This is

I
because D — 1/(diff’usion time) so that D T  is roughly proportional

to the ratio of the loss time to the diffusion time. If is

very large , the particles suffer few losses; if D0T 0 is very small ,

the losses are severe . From the above expressions for r ED , we see

that the qu antity which governs the solutions for the ring sweep-up

problem i; D
0/r0T~ 

if R > 14r0/3 and is Jus t D0/11 if R < 14r0/3.

In Figure 1 we explore qualitative ly the dependence of’ the

solution )fl the ring particle radius , the r ing opacity , and for

the various species and energies of charged particles which are

observable by the University of Iow a detectors on Pioneer 11.

(For a description of the instrument, see Van Allen et ml., 1975.)

The curves plotted in Figure 1 show the value of D0/T~ 
which results

• in DT = D0~0Lm
~~ = 1 at L = 3.5 for each value of the ring particle

radius. Since the condition Dr = 3. means that the diffusion time

is of the same order as the lifetime against loss, the lines shown

in Figure 1 roughly separate the range of parameters for which

losses are severe from the range for which losses are negligible. 

- - .~~~-, ,. . 

— -~~~~~~~~~~~ .~~~~~~~~- ~~~~~~~- -~~~~~~~~~~ 
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Thus, f or example , if the r ing particle radius is 1 cm and

has the value l0 1, then we would expect protons with  an energy

of 0.61 MeV to suffer very few losses, wh ile electrons w ith an

energy of 0.56 MeV should te significantly depleted . In general,

par t icles whose curve in Figure 1 lies highest for a given value

of r
0 
will be the most strongly depleted. Thus below r ~ O.li cm

protons with an energy of 0.61 MeV are m ore strongly depleted

than electrons with an energy of 21 MeV, whereas above that energy

the reverse is true. Therefore, if Pioneer 11 observes that

21 MeV electrons are more strongly depleted than are 0.61 MeV

protons, we know that r is probably greater than 0.14 cm.

Examination of Figure 1 shows that the crossing points for the

various curves occur at different values of r0 so that by inter-

comparing observations made by the seve ral detectors, one may be

able to bracke t the value of r .

I

~ 
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SAMPLE RESU LTS

In Figures 2-14 we investigate the effect of’ ring particle

absorption on the integral intensities observable by Pioneer 11

detectors. To obtain these figures we have assumed that the uni-

4 directional differential intensity at L
0 

= 5 is isotropic and is

a power las: in energy: j0(E0, a0, L) 
= K E 2. We have then

followed the procedure described above to determine j(E, a, L)

over a range of energies at each value of L. The integral

intensity corresponding to each detector is found by integrating

j(E, a, L) over the energy range of the detector

Figure 2 shows the radial profiles of unidirectional integral

intensities that would be observable at a local pitch angle of 850

on the inbound pass of the Pioneer 11 Saturn encounter if the

Saturnian magnetic field were a dipole aligned with the rotation

axis of the planet. The three profiles shown for each detector

correspond to the loss-free case and to the two sets of the ring

particle parameters marked with an x in Figure 1. Note how the

extent of the deviation from the loss-free profile depends on how

far below the curves of Figure 1 the adopted parameter set lies.

Figure 3 illustrates the effect which ring absorption has on

the energy spectrum and proton/electron intensity ratio for the three

~~~~~~~~~~~~~~~~~
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cases illustrated fri Figure 2. Shown in Figure 3 are the ratios of

intensities that would be seen by three of our detectors to the

intensity that would be seen by the detector with an electron energy

threshold of 140 keV. As expected from F igure 1, the effect of the

ring absorption for the two cases shown is to deplete low-energy

electrons more than high-energy electrors or low-energy protons.

Figure 14 illustrates the effect vhich ring absorption has on

the pitch angle distribution of the particles, again for the three

cases illustrated in Figure 2. In this figure are shown the ratios

of the intensities at a local pitch angle of’ 8~° to those at a local

pitch angle of l&~°. It is evident that there is a strong pitch angle

dependence to the ring absorption losses, with large pitch angle

particles suffering more severe losses. The result is a strong

tendency for the pitch angle distributions to become more dumbbell

in nature (i.e., peaked near 00 and i8o~’) at smaller radial dis-

tances. This is opposite to the effect of loss-free radial

diffusion, which is for the distributions to become more pancake

in nature (i.e., peaked near 90°). This effect on the pitch

angle distributions is probably the best diagnostic for the

presence of ring particle sweep-up as a significant loss—process.

(Note, however, that the effect of a ti3.t between the dipole and

rotational axes is to increase the lifetime of particles mirroring

below the maximum magnetic latitude excursion of the ring [see, e.g.,

t.~ ed and Hess , 1973] and thereby reduce the strength of the effect

on the pitch angle distributions.)

S.
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SUMMARY AND CONCLUSION

To summarize the results of the above analysis:

(1) The presence of a tendency :‘or pitch angle distribu-

tions (especially of low energy electrons) to become more dumbbell

at smaller radial distances is probably the clearest potential

evidence that Ring E absorption losses are significant.

(2) Other effects of diagnostic value are the inward

radial dependence of the electron energy spectrum and the intensity

ratio of protons 0.6]. < E~ < 3.14]. 14eV to electrons Ee> 140 keV.

As shown :n the several figures , there is a significant possibility

for determining the approximate value of the mean radius r0 
of

ring particles.

(3) If r0 can be determined, the degree of the deviat ion

of the observed profiles from the loss-free case can be used to

infer an approximate value of D0/11. Since Tj is found observa-

tionally to lie in the range 0.5 x l0 ’ < 5fl < 2.3 x

(Smith, 1978], one may then be able to place limits on the value

o f D 0.

In conclusion, we have demonstrated that observations of

the radial dependence of the intensities, energy spectra , electron-

to-proton intensity ratio, and pitch angle distributions of

( 
__________LL . L~~~~. 
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________ 
— -

- -~~~~

i6

energetic c.hargeu particles trapped in a Saturnian magnetic field

outside of Ring A can potential ly provide information on the

ex istence cf Ring E , on the size distribution of the particulate

matter therein and on the magnitude of the radial diffusion

coefficient for energetic par t ic les .
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FIGURE CAPTIONS

Figure 1. Values of D~/ T~ for which the diffusion time (— l/D) is

roughly equal to the lifetime against ring-particle loss (r)

at 1~ = 3.5 for the various species and energies observable

by the Pioneer 11 University of Iowa detector complement .

For Be — o.~6 14eV neither the non-relativistic limit nor the

u.ltre-re].ativistic limit for the lifetime (eqs. 8-il ) is

appropriate, so the lifetime (and the value of D0/’fl plotted

herc ) has been calculated using both limits, and the area

between the two results has been shaded. If Dj 1~ lies m~ich

above the curve for particles of a given species and ener~ r,

thoLe particles will suffer very few losses from ring absorp-

tion. If Djn lies much below the curve, they will suffer

si~~ificant losses. Points marked by x correspond to param-

eter sets investigated in subsequent figure., and the shaded

region shows the predicted ranged of D0/11 obtained by combining

the estimated opacity of Ring E (Smith, 1978] and the radial

diffusion coefficient scaled from its range of values at

Jupiter (e.g., Thomsen et al., 19??] according to the scaling

relation described by Siscoe ( 1978a].
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Figure 2. Radial profiles of unidirectional (local pitch an&.e

— 8~°) integral intensities observable by University of Iowa

detectors as predicted for loss-free radial diffusion and for

radial diffusion with Ring E absorption for the two sets of

ring parameters marked by an x on Figure 1.

Figure 5. Ratios of unidirectional integral intensities observable

by various University of Iowa detectors as predicted for ring

absorption assuming two different sets of Ring E parameters .

Figure 14. Ratios of predicted observable unidirectional integral

intensities at pitch angles of 85’ and 1450 for two different

sete of Ring E parameters.
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