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due to solar radiation pressure,  respectively.  As described 
directly below, the parameter  y represents  the uniform 
rate at which the oblateness and the Lorentz  force to- 
gether would move  per icenter  in the absence of  radiation 
pressure. Note  that we could easily include the solar mo- 
tion in 3' as long as we continue to measure 6~ from the 
Sun's  position; the effects of  shadowing, however ,  are 
not considered since they are more difficult to represent 
analytically. Equation (4a) indicates that the orbit size 
does not change, which results from all the assumed forces 
being conservat ive ones. 

In order  to evaluate y, we recall that a planet 's  oblate- 
ness causes the longitude of  pericenter  to precess at the 
rate 

tOj2 ---- "~¢OkJ 2 = 5 1 . 4  deg/day;  (5) 

the middle term is the general expression for precession 
under  oblateness (Danby 1988) written in terms of  the 
Keplerian angular velocity to E ~ /xa -3, while the right- 
hand term evaluates this expression to give ~J2 for orbits 
about Saturn. The Loren tz  force,  which is experienced 
when an electrically charged grain moves through the 
assumed corotat ional  field, causes the pericenter  to pre- 
cess owing to the radial dependence  of the force 's  
strength. The precession rate for a low-eccentricity,  low- 
inclination orbit about Saturn is 

 Q 0(.q 
mc \ a /  

~-5 .1(9)3( l~) ( l t zml2deg/day ,  
\ rg / 

(6) 

where the central term gives the general expression (Hor- 
anyi and Burns 1991) and the right-hand term evaluates 
this expression,  with Q given in terms of  the surface poten- 
tial as described in Eq. (3) and B0 = - 0 . 2  G for the 
magnetic field strength at Saturn 's  surface (B 0 is negative 
since the field evaluated at the equator  is in the antispin 
direction). 

L By definition y ~ toj2 + tb. ,  and, since • is expected to 
be negative (see Fig. 1), the two precessions (5) and (6) 
compete  against one another: thus, compared to the un- 
charged case, the per icenter ' s  motion can be slowed down 
(with 7 remaining >0),  s topped (3' = 0), or even reversed 
(3' < 0). Which of  these situations occurs  will depend on 
the particle 's  size, charge, and its position in the magneto- 
sphere. 

Let  us start our  discussion of  the solution to Eq. (4) by 
considering the special case where the precession rates 
due to oblateness and electromagnetic forces nearly can- 

cel (7 ~ 0). To produce this state for a grain with nominal 
parameters  (rg = 1 p.m, p = 1 g cm -3, [3 = 0.2 year-~), 
must be ~ - 5  V; note that this is close to values actually 
expected throughout  the region of  interest for 6 M = 1.5 
(see Fig. 1). In connect ion with initial conditions, presum- 
ing the E ring particles originate on Enceladus,  we make 
three observations:  (i) the escape velocity from the satel- 
lite is probably less than 10 _2 times the satellite's orbital 
velocity;  (ii) electromagnetic perturbations alone do not 
introduce large orbital velocity changes (Schaffer and 
Burns 1987); and (iii) Enceladus '  orbit is nearly circular. 
Accordingly we assume that the grain is launched at 
3.95Rs onto an approximately circular Keplerian orbit. 
From such a starting condition (e - 0), Eq. (4c) shows 
that ~b will swiftly turn to 7r/2 and then will stay locked; 
simultaneously, by (4b), the eccentrici ty grows at the con- 
stant rate/3 (Horanyi  et al. 1990). Of course the eccentric- 
ity can only increase until the orbit intersects the outer  
edge of  the A ring at 2.27Rs where collisions with the 
opaque ring will eliminate the particle; written in terms of 
orbital eccentr ici ty,  this condition is eco, ~ 0.43. (Natu- 
rally, this applies only to particles staying in the equatorial 
plane whereas below we find that collisions with the main 
rings are less likely once the inclination is allowed to be 
nonzero).  According to (4b)'s solution, such an eccentric- 
ity will be achieved in a little more than 2 years. To 
summarize,  one-micrometer  particles injected at Encela- 
dus, with qb ~ - 5  V, will be rapidly dispersed owing to 
their eccentr ic  orbits and then will be lost by collisions 
with the ring. We must recall, however ,  that it is the fine 
balance between the perturbations due to oblateness and 
the Loren tz  force that anchors the pericenter  in this case 
and allows the solar radiation pressure to induce these 
large eccentricities. 

For  the general case, where 7 ~ 0, one can most readily 
solve (4b) and (4c) by transforming to the variables p -= 
e sin 6J and q -= e cos &, which are found to describe 
simple harmonic oscillations. In terms of  the original vari- 
ables, the solution is 

e = - -  sin t 
Y 

(7a) 

& = modulo t, 7r + 2 '  (7b) 

assuming the initial condition e (t = 0) = 0. The eccentric- 
ity changes periodically as the pericenter  moves at a con- 
stant rate from 7r/2 to 3~'/2 (for y > 0), at which point 6J 
jumps back to 7r/2 again (for a geometrical representat ion 
of  this solution, see Horanyi  and Burns 1991). The period 
of  the eccentrici ty variations is P = 2 ¢r/y and the maxi- 
mum eccentrici ty (within the approximation of small e) is 
ema  x = 2fl/y. 
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due to solar radiation pressure,  respectively.  As described 
directly below, the parameter  y represents  the uniform 
rate at which the oblateness and the Lorentz  force to- 
gether would move  per icenter  in the absence of  radiation 
pressure. Note  that we could easily include the solar mo- 
tion in 3' as long as we continue to measure 6~ from the 
Sun's  position; the effects of  shadowing, however ,  are 
not considered since they are more difficult to represent 
analytically. Equation (4a) indicates that the orbit size 
does not change, which results from all the assumed forces 
being conservat ive ones. 

In order  to evaluate y, we recall that a planet 's  oblate- 
ness causes the longitude of  pericenter  to precess at the 
rate 

tOj2 ---- "~¢OkJ 2 = 5 1 . 4  deg/day;  (5) 

the middle term is the general expression for precession 
under  oblateness (Danby 1988) written in terms of  the 
Keplerian angular velocity to E ~ /xa -3, while the right- 
hand term evaluates this expression to give ~J2 for orbits 
about Saturn. The Loren tz  force,  which is experienced 
when an electrically charged grain moves through the 
assumed corotat ional  field, causes the pericenter  to pre- 
cess owing to the radial dependence  of the force 's  
strength. The precession rate for a low-eccentricity,  low- 
inclination orbit about Saturn is 

 Q 0(.q 
mc \ a /  

~-5 .1(9)3( l~) ( l t zml2deg/day ,  
\ rg / 

(6) 

where the central term gives the general expression (Hor- 
anyi and Burns 1991) and the right-hand term evaluates 
this expression,  with Q given in terms of  the surface poten- 
tial as described in Eq. (3) and B0 = - 0 . 2  G for the 
magnetic field strength at Saturn 's  surface (B 0 is negative 
since the field evaluated at the equator  is in the antispin 
direction). 

L By definition y ~ toj2 + tb. ,  and, since • is expected to 
be negative (see Fig. 1), the two precessions (5) and (6) 
compete  against one another: thus, compared to the un- 
charged case, the per icenter ' s  motion can be slowed down 
(with 7 remaining >0),  s topped (3' = 0), or even reversed 
(3' < 0). Which of  these situations occurs  will depend on 
the particle 's  size, charge, and its position in the magneto- 
sphere. 

Let  us start our  discussion of  the solution to Eq. (4) by 
considering the special case where the precession rates 
due to oblateness and electromagnetic forces nearly can- 

cel (7 ~ 0). To produce this state for a grain with nominal 
parameters  (rg = 1 p.m, p = 1 g cm -3, [3 = 0.2 year-~), 
must be ~ - 5  V; note that this is close to values actually 
expected throughout  the region of  interest for 6 M = 1.5 
(see Fig. 1). In connect ion with initial conditions, presum- 
ing the E ring particles originate on Enceladus,  we make 
three observations:  (i) the escape velocity from the satel- 
lite is probably less than 10 _2 times the satellite's orbital 
velocity;  (ii) electromagnetic perturbations alone do not 
introduce large orbital velocity changes (Schaffer and 
Burns 1987); and (iii) Enceladus '  orbit is nearly circular. 
Accordingly we assume that the grain is launched at 
3.95Rs onto an approximately circular Keplerian orbit. 
From such a starting condition (e - 0), Eq. (4c) shows 
that ~b will swiftly turn to 7r/2 and then will stay locked; 
simultaneously, by (4b), the eccentrici ty grows at the con- 
stant rate/3 (Horanyi  et al. 1990). Of course the eccentric- 
ity can only increase until the orbit intersects the outer  
edge of  the A ring at 2.27Rs where collisions with the 
opaque ring will eliminate the particle; written in terms of 
orbital eccentr ici ty,  this condition is eco, ~ 0.43. (Natu- 
rally, this applies only to particles staying in the equatorial 
plane whereas below we find that collisions with the main 
rings are less likely once the inclination is allowed to be 
nonzero).  According to (4b)'s solution, such an eccentric- 
ity will be achieved in a little more than 2 years. To 
summarize,  one-micrometer  particles injected at Encela- 
dus, with qb ~ - 5  V, will be rapidly dispersed owing to 
their eccentr ic  orbits and then will be lost by collisions 
with the ring. We must recall, however ,  that it is the fine 
balance between the perturbations due to oblateness and 
the Loren tz  force that anchors the pericenter  in this case 
and allows the solar radiation pressure to induce these 
large eccentricities. 

For  the general case, where 7 ~ 0, one can most readily 
solve (4b) and (4c) by transforming to the variables p -= 
e sin 6J and q -= e cos &, which are found to describe 
simple harmonic oscillations. In terms of  the original vari- 
ables, the solution is 

e = - -  sin t 
Y 

(7a) 

& = modulo t, 7r + 2 '  (7b) 

assuming the initial condition e (t = 0) = 0. The eccentric- 
ity changes periodically as the pericenter  moves at a con- 
stant rate from 7r/2 to 3~'/2 (for y > 0), at which point 6J 
jumps back to 7r/2 again (for a geometrical representat ion 
of  this solution, see Horanyi  and Burns 1991). The period 
of  the eccentrici ty variations is P = 2 ¢r/y and the maxi- 
mum eccentrici ty (within the approximation of small e) is 
ema  x = 2fl/y. 

Horányi et al., 1992

ice grain from Enceladus
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due to solar radiation pressure,  respectively.  As described 
directly below, the parameter  y represents  the uniform 
rate at which the oblateness and the Lorentz  force to- 
gether would move  per icenter  in the absence of  radiation 
pressure. Note  that we could easily include the solar mo- 
tion in 3' as long as we continue to measure 6~ from the 
Sun's  position; the effects of  shadowing, however ,  are 
not considered since they are more difficult to represent 
analytically. Equation (4a) indicates that the orbit size 
does not change, which results from all the assumed forces 
being conservat ive ones. 

In order  to evaluate y, we recall that a planet 's  oblate- 
ness causes the longitude of  pericenter  to precess at the 
rate 

tOj2 ---- "~¢OkJ 2 = 5 1 . 4  deg/day;  (5) 

the middle term is the general expression for precession 
under  oblateness (Danby 1988) written in terms of  the 
Keplerian angular velocity to E ~ /xa -3, while the right- 
hand term evaluates this expression to give ~J2 for orbits 
about Saturn. The Loren tz  force,  which is experienced 
when an electrically charged grain moves through the 
assumed corotat ional  field, causes the pericenter  to pre- 
cess owing to the radial dependence  of the force 's  
strength. The precession rate for a low-eccentricity,  low- 
inclination orbit about Saturn is 

 Q 0(.q 
mc \ a /  

~-5 .1(9)3( l~) ( l t zml2deg/day ,  
\ rg / 

(6) 

where the central term gives the general expression (Hor- 
anyi and Burns 1991) and the right-hand term evaluates 
this expression,  with Q given in terms of  the surface poten- 
tial as described in Eq. (3) and B0 = - 0 . 2  G for the 
magnetic field strength at Saturn 's  surface (B 0 is negative 
since the field evaluated at the equator  is in the antispin 
direction). 

L By definition y ~ toj2 + tb. ,  and, since • is expected to 
be negative (see Fig. 1), the two precessions (5) and (6) 
compete  against one another: thus, compared to the un- 
charged case, the per icenter ' s  motion can be slowed down 
(with 7 remaining >0),  s topped (3' = 0), or even reversed 
(3' < 0). Which of  these situations occurs  will depend on 
the particle 's  size, charge, and its position in the magneto- 
sphere. 

Let  us start our  discussion of  the solution to Eq. (4) by 
considering the special case where the precession rates 
due to oblateness and electromagnetic forces nearly can- 

cel (7 ~ 0). To produce this state for a grain with nominal 
parameters  (rg = 1 p.m, p = 1 g cm -3, [3 = 0.2 year-~), 
must be ~ - 5  V; note that this is close to values actually 
expected throughout  the region of  interest for 6 M = 1.5 
(see Fig. 1). In connect ion with initial conditions, presum- 
ing the E ring particles originate on Enceladus,  we make 
three observations:  (i) the escape velocity from the satel- 
lite is probably less than 10 _2 times the satellite's orbital 
velocity;  (ii) electromagnetic perturbations alone do not 
introduce large orbital velocity changes (Schaffer and 
Burns 1987); and (iii) Enceladus '  orbit is nearly circular. 
Accordingly we assume that the grain is launched at 
3.95Rs onto an approximately circular Keplerian orbit. 
From such a starting condition (e - 0), Eq. (4c) shows 
that ~b will swiftly turn to 7r/2 and then will stay locked; 
simultaneously, by (4b), the eccentrici ty grows at the con- 
stant rate/3 (Horanyi  et al. 1990). Of course the eccentric- 
ity can only increase until the orbit intersects the outer  
edge of  the A ring at 2.27Rs where collisions with the 
opaque ring will eliminate the particle; written in terms of 
orbital eccentr ici ty,  this condition is eco, ~ 0.43. (Natu- 
rally, this applies only to particles staying in the equatorial 
plane whereas below we find that collisions with the main 
rings are less likely once the inclination is allowed to be 
nonzero).  According to (4b)'s solution, such an eccentric- 
ity will be achieved in a little more than 2 years. To 
summarize,  one-micrometer  particles injected at Encela- 
dus, with qb ~ - 5  V, will be rapidly dispersed owing to 
their eccentr ic  orbits and then will be lost by collisions 
with the ring. We must recall, however ,  that it is the fine 
balance between the perturbations due to oblateness and 
the Loren tz  force that anchors the pericenter  in this case 
and allows the solar radiation pressure to induce these 
large eccentricities. 

For  the general case, where 7 ~ 0, one can most readily 
solve (4b) and (4c) by transforming to the variables p -= 
e sin 6J and q -= e cos &, which are found to describe 
simple harmonic oscillations. In terms of  the original vari- 
ables, the solution is 

e = - -  sin t 
Y 

(7a) 

& = modulo t, 7r + 2 '  (7b) 

assuming the initial condition e (t = 0) = 0. The eccentric- 
ity changes periodically as the pericenter  moves at a con- 
stant rate from 7r/2 to 3~'/2 (for y > 0), at which point 6J 
jumps back to 7r/2 again (for a geometrical representat ion 
of  this solution, see Horanyi  and Burns 1991). The period 
of  the eccentrici ty variations is P = 2 ¢r/y and the maxi- 
mum eccentrici ty (within the approximation of small e) is 
ema  x = 2fl/y. 

D Y N A M I C S  O F  S A T U R N ' S  E R I N G  251 

due to solar radiation pressure,  respectively.  As described 
directly below, the parameter  y represents  the uniform 
rate at which the oblateness and the Lorentz  force to- 
gether would move  per icenter  in the absence of  radiation 
pressure. Note  that we could easily include the solar mo- 
tion in 3' as long as we continue to measure 6~ from the 
Sun's  position; the effects of  shadowing, however ,  are 
not considered since they are more difficult to represent 
analytically. Equation (4a) indicates that the orbit size 
does not change, which results from all the assumed forces 
being conservat ive ones. 

In order  to evaluate y, we recall that a planet 's  oblate- 
ness causes the longitude of  pericenter  to precess at the 
rate 

tOj2 ---- "~¢OkJ 2 = 5 1 . 4  deg/day;  (5) 

the middle term is the general expression for precession 
under  oblateness (Danby 1988) written in terms of  the 
Keplerian angular velocity to E ~ /xa -3, while the right- 
hand term evaluates this expression to give ~J2 for orbits 
about Saturn. The Loren tz  force,  which is experienced 
when an electrically charged grain moves through the 
assumed corotat ional  field, causes the pericenter  to pre- 
cess owing to the radial dependence  of the force 's  
strength. The precession rate for a low-eccentricity,  low- 
inclination orbit about Saturn is 

 Q 0(.q 
mc \ a /  

~-5 .1(9)3( l~) ( l t zml2deg/day ,  
\ rg / 

(6) 

where the central term gives the general expression (Hor- 
anyi and Burns 1991) and the right-hand term evaluates 
this expression,  with Q given in terms of  the surface poten- 
tial as described in Eq. (3) and B0 = - 0 . 2  G for the 
magnetic field strength at Saturn 's  surface (B 0 is negative 
since the field evaluated at the equator  is in the antispin 
direction). 

L By definition y ~ toj2 + tb. ,  and, since • is expected to 
be negative (see Fig. 1), the two precessions (5) and (6) 
compete  against one another: thus, compared to the un- 
charged case, the per icenter ' s  motion can be slowed down 
(with 7 remaining >0),  s topped (3' = 0), or even reversed 
(3' < 0). Which of  these situations occurs  will depend on 
the particle 's  size, charge, and its position in the magneto- 
sphere. 

Let  us start our  discussion of  the solution to Eq. (4) by 
considering the special case where the precession rates 
due to oblateness and electromagnetic forces nearly can- 

cel (7 ~ 0). To produce this state for a grain with nominal 
parameters  (rg = 1 p.m, p = 1 g cm -3, [3 = 0.2 year-~), 
must be ~ - 5  V; note that this is close to values actually 
expected throughout  the region of  interest for 6 M = 1.5 
(see Fig. 1). In connect ion with initial conditions, presum- 
ing the E ring particles originate on Enceladus,  we make 
three observations:  (i) the escape velocity from the satel- 
lite is probably less than 10 _2 times the satellite's orbital 
velocity;  (ii) electromagnetic perturbations alone do not 
introduce large orbital velocity changes (Schaffer and 
Burns 1987); and (iii) Enceladus '  orbit is nearly circular. 
Accordingly we assume that the grain is launched at 
3.95Rs onto an approximately circular Keplerian orbit. 
From such a starting condition (e - 0), Eq. (4c) shows 
that ~b will swiftly turn to 7r/2 and then will stay locked; 
simultaneously, by (4b), the eccentrici ty grows at the con- 
stant rate/3 (Horanyi  et al. 1990). Of course the eccentric- 
ity can only increase until the orbit intersects the outer  
edge of  the A ring at 2.27Rs where collisions with the 
opaque ring will eliminate the particle; written in terms of 
orbital eccentr ici ty,  this condition is eco, ~ 0.43. (Natu- 
rally, this applies only to particles staying in the equatorial 
plane whereas below we find that collisions with the main 
rings are less likely once the inclination is allowed to be 
nonzero).  According to (4b)'s solution, such an eccentric- 
ity will be achieved in a little more than 2 years. To 
summarize,  one-micrometer  particles injected at Encela- 
dus, with qb ~ - 5  V, will be rapidly dispersed owing to 
their eccentr ic  orbits and then will be lost by collisions 
with the ring. We must recall, however ,  that it is the fine 
balance between the perturbations due to oblateness and 
the Loren tz  force that anchors the pericenter  in this case 
and allows the solar radiation pressure to induce these 
large eccentricities. 

For  the general case, where 7 ~ 0, one can most readily 
solve (4b) and (4c) by transforming to the variables p -= 
e sin 6J and q -= e cos &, which are found to describe 
simple harmonic oscillations. In terms of  the original vari- 
ables, the solution is 

e = - -  sin t 
Y 

(7a) 

& = modulo t, 7r + 2 '  (7b) 

assuming the initial condition e (t = 0) = 0. The eccentric- 
ity changes periodically as the pericenter  moves at a con- 
stant rate from 7r/2 to 3~'/2 (for y > 0), at which point 6J 
jumps back to 7r/2 again (for a geometrical representat ion 
of  this solution, see Horanyi  and Burns 1991). The period 
of  the eccentrici ty variations is P = 2 ¢r/y and the maxi- 
mum eccentrici ty (within the approximation of small e) is 
ema  x = 2fl/y. 
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due to solar radiation pressure,  respectively.  As described 
directly below, the parameter  y represents  the uniform 
rate at which the oblateness and the Lorentz  force to- 
gether would move  per icenter  in the absence of  radiation 
pressure. Note  that we could easily include the solar mo- 
tion in 3' as long as we continue to measure 6~ from the 
Sun's  position; the effects of  shadowing, however ,  are 
not considered since they are more difficult to represent 
analytically. Equation (4a) indicates that the orbit size 
does not change, which results from all the assumed forces 
being conservat ive ones. 

In order  to evaluate y, we recall that a planet 's  oblate- 
ness causes the longitude of  pericenter  to precess at the 
rate 

tOj2 ---- "~¢OkJ 2 = 5 1 . 4  deg/day;  (5) 

the middle term is the general expression for precession 
under  oblateness (Danby 1988) written in terms of  the 
Keplerian angular velocity to E ~ /xa -3, while the right- 
hand term evaluates this expression to give ~J2 for orbits 
about Saturn. The Loren tz  force,  which is experienced 
when an electrically charged grain moves through the 
assumed corotat ional  field, causes the pericenter  to pre- 
cess owing to the radial dependence  of the force 's  
strength. The precession rate for a low-eccentricity,  low- 
inclination orbit about Saturn is 

 Q 0(.q 
mc \ a /  

~-5 .1(9)3( l~) ( l t zml2deg/day ,  
\ rg / 

(6) 

where the central term gives the general expression (Hor- 
anyi and Burns 1991) and the right-hand term evaluates 
this expression,  with Q given in terms of  the surface poten- 
tial as described in Eq. (3) and B0 = - 0 . 2  G for the 
magnetic field strength at Saturn 's  surface (B 0 is negative 
since the field evaluated at the equator  is in the antispin 
direction). 

L By definition y ~ toj2 + tb. ,  and, since • is expected to 
be negative (see Fig. 1), the two precessions (5) and (6) 
compete  against one another: thus, compared to the un- 
charged case, the per icenter ' s  motion can be slowed down 
(with 7 remaining >0),  s topped (3' = 0), or even reversed 
(3' < 0). Which of  these situations occurs  will depend on 
the particle 's  size, charge, and its position in the magneto- 
sphere. 

Let  us start our  discussion of  the solution to Eq. (4) by 
considering the special case where the precession rates 
due to oblateness and electromagnetic forces nearly can- 

cel (7 ~ 0). To produce this state for a grain with nominal 
parameters  (rg = 1 p.m, p = 1 g cm -3, [3 = 0.2 year-~), 
must be ~ - 5  V; note that this is close to values actually 
expected throughout  the region of  interest for 6 M = 1.5 
(see Fig. 1). In connect ion with initial conditions, presum- 
ing the E ring particles originate on Enceladus,  we make 
three observations:  (i) the escape velocity from the satel- 
lite is probably less than 10 _2 times the satellite's orbital 
velocity;  (ii) electromagnetic perturbations alone do not 
introduce large orbital velocity changes (Schaffer and 
Burns 1987); and (iii) Enceladus '  orbit is nearly circular. 
Accordingly we assume that the grain is launched at 
3.95Rs onto an approximately circular Keplerian orbit. 
From such a starting condition (e - 0), Eq. (4c) shows 
that ~b will swiftly turn to 7r/2 and then will stay locked; 
simultaneously, by (4b), the eccentrici ty grows at the con- 
stant rate/3 (Horanyi  et al. 1990). Of course the eccentric- 
ity can only increase until the orbit intersects the outer  
edge of  the A ring at 2.27Rs where collisions with the 
opaque ring will eliminate the particle; written in terms of 
orbital eccentr ici ty,  this condition is eco, ~ 0.43. (Natu- 
rally, this applies only to particles staying in the equatorial 
plane whereas below we find that collisions with the main 
rings are less likely once the inclination is allowed to be 
nonzero).  According to (4b)'s solution, such an eccentric- 
ity will be achieved in a little more than 2 years. To 
summarize,  one-micrometer  particles injected at Encela- 
dus, with qb ~ - 5  V, will be rapidly dispersed owing to 
their eccentr ic  orbits and then will be lost by collisions 
with the ring. We must recall, however ,  that it is the fine 
balance between the perturbations due to oblateness and 
the Loren tz  force that anchors the pericenter  in this case 
and allows the solar radiation pressure to induce these 
large eccentricities. 

For  the general case, where 7 ~ 0, one can most readily 
solve (4b) and (4c) by transforming to the variables p -= 
e sin 6J and q -= e cos &, which are found to describe 
simple harmonic oscillations. In terms of  the original vari- 
ables, the solution is 

e = - -  sin t 
Y 

(7a) 

& = modulo t, 7r + 2 '  (7b) 

assuming the initial condition e (t = 0) = 0. The eccentric- 
ity changes periodically as the pericenter  moves at a con- 
stant rate from 7r/2 to 3~'/2 (for y > 0), at which point 6J 
jumps back to 7r/2 again (for a geometrical representat ion 
of  this solution, see Horanyi  and Burns 1991). The period 
of  the eccentrici ty variations is P = 2 ¢r/y and the maxi- 
mum eccentrici ty (within the approximation of small e) is 
ema  x = 2fl/y. 
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due to solar radiation pressure,  respectively.  As described 
directly below, the parameter  y represents  the uniform 
rate at which the oblateness and the Lorentz  force to- 
gether would move  per icenter  in the absence of  radiation 
pressure. Note  that we could easily include the solar mo- 
tion in 3' as long as we continue to measure 6~ from the 
Sun's  position; the effects of  shadowing, however ,  are 
not considered since they are more difficult to represent 
analytically. Equation (4a) indicates that the orbit size 
does not change, which results from all the assumed forces 
being conservat ive ones. 

In order  to evaluate y, we recall that a planet 's  oblate- 
ness causes the longitude of  pericenter  to precess at the 
rate 

tOj2 ---- "~¢OkJ 2 = 5 1 . 4  deg/day;  (5) 

the middle term is the general expression for precession 
under  oblateness (Danby 1988) written in terms of  the 
Keplerian angular velocity to E ~ /xa -3, while the right- 
hand term evaluates this expression to give ~J2 for orbits 
about Saturn. The Loren tz  force,  which is experienced 
when an electrically charged grain moves through the 
assumed corotat ional  field, causes the pericenter  to pre- 
cess owing to the radial dependence  of the force 's  
strength. The precession rate for a low-eccentricity,  low- 
inclination orbit about Saturn is 
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where the central term gives the general expression (Hor- 
anyi and Burns 1991) and the right-hand term evaluates 
this expression,  with Q given in terms of  the surface poten- 
tial as described in Eq. (3) and B0 = - 0 . 2  G for the 
magnetic field strength at Saturn 's  surface (B 0 is negative 
since the field evaluated at the equator  is in the antispin 
direction). 

L By definition y ~ toj2 + tb. ,  and, since • is expected to 
be negative (see Fig. 1), the two precessions (5) and (6) 
compete  against one another: thus, compared to the un- 
charged case, the per icenter ' s  motion can be slowed down 
(with 7 remaining >0),  s topped (3' = 0), or even reversed 
(3' < 0). Which of  these situations occurs  will depend on 
the particle 's  size, charge, and its position in the magneto- 
sphere. 

Let  us start our  discussion of  the solution to Eq. (4) by 
considering the special case where the precession rates 
due to oblateness and electromagnetic forces nearly can- 

cel (7 ~ 0). To produce this state for a grain with nominal 
parameters  (rg = 1 p.m, p = 1 g cm -3, [3 = 0.2 year-~), 
must be ~ - 5  V; note that this is close to values actually 
expected throughout  the region of  interest for 6 M = 1.5 
(see Fig. 1). In connect ion with initial conditions, presum- 
ing the E ring particles originate on Enceladus,  we make 
three observations:  (i) the escape velocity from the satel- 
lite is probably less than 10 _2 times the satellite's orbital 
velocity;  (ii) electromagnetic perturbations alone do not 
introduce large orbital velocity changes (Schaffer and 
Burns 1987); and (iii) Enceladus '  orbit is nearly circular. 
Accordingly we assume that the grain is launched at 
3.95Rs onto an approximately circular Keplerian orbit. 
From such a starting condition (e - 0), Eq. (4c) shows 
that ~b will swiftly turn to 7r/2 and then will stay locked; 
simultaneously, by (4b), the eccentrici ty grows at the con- 
stant rate/3 (Horanyi  et al. 1990). Of course the eccentric- 
ity can only increase until the orbit intersects the outer  
edge of  the A ring at 2.27Rs where collisions with the 
opaque ring will eliminate the particle; written in terms of 
orbital eccentr ici ty,  this condition is eco, ~ 0.43. (Natu- 
rally, this applies only to particles staying in the equatorial 
plane whereas below we find that collisions with the main 
rings are less likely once the inclination is allowed to be 
nonzero).  According to (4b)'s solution, such an eccentric- 
ity will be achieved in a little more than 2 years. To 
summarize,  one-micrometer  particles injected at Encela- 
dus, with qb ~ - 5  V, will be rapidly dispersed owing to 
their eccentr ic  orbits and then will be lost by collisions 
with the ring. We must recall, however ,  that it is the fine 
balance between the perturbations due to oblateness and 
the Loren tz  force that anchors the pericenter  in this case 
and allows the solar radiation pressure to induce these 
large eccentricities. 

For  the general case, where 7 ~ 0, one can most readily 
solve (4b) and (4c) by transforming to the variables p -= 
e sin 6J and q -= e cos &, which are found to describe 
simple harmonic oscillations. In terms of  the original vari- 
ables, the solution is 

e = - -  sin t 
Y 

(7a) 

& = modulo t, 7r + 2 '  (7b) 

assuming the initial condition e (t = 0) = 0. The eccentric- 
ity changes periodically as the pericenter  moves at a con- 
stant rate from 7r/2 to 3~'/2 (for y > 0), at which point 6J 
jumps back to 7r/2 again (for a geometrical representat ion 
of  this solution, see Horanyi  and Burns 1991). The period 
of  the eccentrici ty variations is P = 2 ¢r/y and the maxi- 
mum eccentrici ty (within the approximation of small e) is 
ema  x = 2fl/y. 
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due to solar radiation pressure,  respectively.  As described 
directly below, the parameter  y represents  the uniform 
rate at which the oblateness and the Lorentz  force to- 
gether would move  per icenter  in the absence of  radiation 
pressure. Note  that we could easily include the solar mo- 
tion in 3' as long as we continue to measure 6~ from the 
Sun's  position; the effects of  shadowing, however ,  are 
not considered since they are more difficult to represent 
analytically. Equation (4a) indicates that the orbit size 
does not change, which results from all the assumed forces 
being conservat ive ones. 

In order  to evaluate y, we recall that a planet 's  oblate- 
ness causes the longitude of  pericenter  to precess at the 
rate 

tOj2 ---- "~¢OkJ 2 = 5 1 . 4  deg/day;  (5) 

the middle term is the general expression for precession 
under  oblateness (Danby 1988) written in terms of  the 
Keplerian angular velocity to E ~ /xa -3, while the right- 
hand term evaluates this expression to give ~J2 for orbits 
about Saturn. The Loren tz  force,  which is experienced 
when an electrically charged grain moves through the 
assumed corotat ional  field, causes the pericenter  to pre- 
cess owing to the radial dependence  of the force 's  
strength. The precession rate for a low-eccentricity,  low- 
inclination orbit about Saturn is 
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~-5 .1(9)3( l~) ( l t zml2deg/day ,  
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where the central term gives the general expression (Hor- 
anyi and Burns 1991) and the right-hand term evaluates 
this expression,  with Q given in terms of  the surface poten- 
tial as described in Eq. (3) and B0 = - 0 . 2  G for the 
magnetic field strength at Saturn 's  surface (B 0 is negative 
since the field evaluated at the equator  is in the antispin 
direction). 

L By definition y ~ toj2 + tb. ,  and, since • is expected to 
be negative (see Fig. 1), the two precessions (5) and (6) 
compete  against one another: thus, compared to the un- 
charged case, the per icenter ' s  motion can be slowed down 
(with 7 remaining >0),  s topped (3' = 0), or even reversed 
(3' < 0). Which of  these situations occurs  will depend on 
the particle 's  size, charge, and its position in the magneto- 
sphere. 

Let  us start our  discussion of  the solution to Eq. (4) by 
considering the special case where the precession rates 
due to oblateness and electromagnetic forces nearly can- 

cel (7 ~ 0). To produce this state for a grain with nominal 
parameters  (rg = 1 p.m, p = 1 g cm -3, [3 = 0.2 year-~), 
must be ~ - 5  V; note that this is close to values actually 
expected throughout  the region of  interest for 6 M = 1.5 
(see Fig. 1). In connect ion with initial conditions, presum- 
ing the E ring particles originate on Enceladus,  we make 
three observations:  (i) the escape velocity from the satel- 
lite is probably less than 10 _2 times the satellite's orbital 
velocity;  (ii) electromagnetic perturbations alone do not 
introduce large orbital velocity changes (Schaffer and 
Burns 1987); and (iii) Enceladus '  orbit is nearly circular. 
Accordingly we assume that the grain is launched at 
3.95Rs onto an approximately circular Keplerian orbit. 
From such a starting condition (e - 0), Eq. (4c) shows 
that ~b will swiftly turn to 7r/2 and then will stay locked; 
simultaneously, by (4b), the eccentrici ty grows at the con- 
stant rate/3 (Horanyi  et al. 1990). Of course the eccentric- 
ity can only increase until the orbit intersects the outer  
edge of  the A ring at 2.27Rs where collisions with the 
opaque ring will eliminate the particle; written in terms of 
orbital eccentr ici ty,  this condition is eco, ~ 0.43. (Natu- 
rally, this applies only to particles staying in the equatorial 
plane whereas below we find that collisions with the main 
rings are less likely once the inclination is allowed to be 
nonzero).  According to (4b)'s solution, such an eccentric- 
ity will be achieved in a little more than 2 years. To 
summarize,  one-micrometer  particles injected at Encela- 
dus, with qb ~ - 5  V, will be rapidly dispersed owing to 
their eccentr ic  orbits and then will be lost by collisions 
with the ring. We must recall, however ,  that it is the fine 
balance between the perturbations due to oblateness and 
the Loren tz  force that anchors the pericenter  in this case 
and allows the solar radiation pressure to induce these 
large eccentricities. 

For  the general case, where 7 ~ 0, one can most readily 
solve (4b) and (4c) by transforming to the variables p -= 
e sin 6J and q -= e cos &, which are found to describe 
simple harmonic oscillations. In terms of  the original vari- 
ables, the solution is 

e = - -  sin t 
Y 

(7a) 

& = modulo t, 7r + 2 '  (7b) 

assuming the initial condition e (t = 0) = 0. The eccentric- 
ity changes periodically as the pericenter  moves at a con- 
stant rate from 7r/2 to 3~'/2 (for y > 0), at which point 6J 
jumps back to 7r/2 again (for a geometrical representat ion 
of  this solution, see Horanyi  and Burns 1991). The period 
of  the eccentrici ty variations is P = 2 ¢r/y and the maxi- 
mum eccentrici ty (within the approximation of small e) is 
ema  x = 2fl/y. 
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due to solar radiation pressure,  respectively.  As described 
directly below, the parameter  y represents  the uniform 
rate at which the oblateness and the Lorentz  force to- 
gether would move  per icenter  in the absence of  radiation 
pressure. Note  that we could easily include the solar mo- 
tion in 3' as long as we continue to measure 6~ from the 
Sun's  position; the effects of  shadowing, however ,  are 
not considered since they are more difficult to represent 
analytically. Equation (4a) indicates that the orbit size 
does not change, which results from all the assumed forces 
being conservat ive ones. 

In order  to evaluate y, we recall that a planet 's  oblate- 
ness causes the longitude of  pericenter  to precess at the 
rate 

tOj2 ---- "~¢OkJ 2 = 5 1 . 4  deg/day;  (5) 

the middle term is the general expression for precession 
under  oblateness (Danby 1988) written in terms of  the 
Keplerian angular velocity to E ~ /xa -3, while the right- 
hand term evaluates this expression to give ~J2 for orbits 
about Saturn. The Loren tz  force,  which is experienced 
when an electrically charged grain moves through the 
assumed corotat ional  field, causes the pericenter  to pre- 
cess owing to the radial dependence  of the force 's  
strength. The precession rate for a low-eccentricity,  low- 
inclination orbit about Saturn is 
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where the central term gives the general expression (Hor- 
anyi and Burns 1991) and the right-hand term evaluates 
this expression,  with Q given in terms of  the surface poten- 
tial as described in Eq. (3) and B0 = - 0 . 2  G for the 
magnetic field strength at Saturn 's  surface (B 0 is negative 
since the field evaluated at the equator  is in the antispin 
direction). 

L By definition y ~ toj2 + tb. ,  and, since • is expected to 
be negative (see Fig. 1), the two precessions (5) and (6) 
compete  against one another: thus, compared to the un- 
charged case, the per icenter ' s  motion can be slowed down 
(with 7 remaining >0),  s topped (3' = 0), or even reversed 
(3' < 0). Which of  these situations occurs  will depend on 
the particle 's  size, charge, and its position in the magneto- 
sphere. 

Let  us start our  discussion of  the solution to Eq. (4) by 
considering the special case where the precession rates 
due to oblateness and electromagnetic forces nearly can- 

cel (7 ~ 0). To produce this state for a grain with nominal 
parameters  (rg = 1 p.m, p = 1 g cm -3, [3 = 0.2 year-~), 
must be ~ - 5  V; note that this is close to values actually 
expected throughout  the region of  interest for 6 M = 1.5 
(see Fig. 1). In connect ion with initial conditions, presum- 
ing the E ring particles originate on Enceladus,  we make 
three observations:  (i) the escape velocity from the satel- 
lite is probably less than 10 _2 times the satellite's orbital 
velocity;  (ii) electromagnetic perturbations alone do not 
introduce large orbital velocity changes (Schaffer and 
Burns 1987); and (iii) Enceladus '  orbit is nearly circular. 
Accordingly we assume that the grain is launched at 
3.95Rs onto an approximately circular Keplerian orbit. 
From such a starting condition (e - 0), Eq. (4c) shows 
that ~b will swiftly turn to 7r/2 and then will stay locked; 
simultaneously, by (4b), the eccentrici ty grows at the con- 
stant rate/3 (Horanyi  et al. 1990). Of course the eccentric- 
ity can only increase until the orbit intersects the outer  
edge of  the A ring at 2.27Rs where collisions with the 
opaque ring will eliminate the particle; written in terms of 
orbital eccentr ici ty,  this condition is eco, ~ 0.43. (Natu- 
rally, this applies only to particles staying in the equatorial 
plane whereas below we find that collisions with the main 
rings are less likely once the inclination is allowed to be 
nonzero).  According to (4b)'s solution, such an eccentric- 
ity will be achieved in a little more than 2 years. To 
summarize,  one-micrometer  particles injected at Encela- 
dus, with qb ~ - 5  V, will be rapidly dispersed owing to 
their eccentr ic  orbits and then will be lost by collisions 
with the ring. We must recall, however ,  that it is the fine 
balance between the perturbations due to oblateness and 
the Loren tz  force that anchors the pericenter  in this case 
and allows the solar radiation pressure to induce these 
large eccentricities. 

For  the general case, where 7 ~ 0, one can most readily 
solve (4b) and (4c) by transforming to the variables p -= 
e sin 6J and q -= e cos &, which are found to describe 
simple harmonic oscillations. In terms of  the original vari- 
ables, the solution is 

e = - -  sin t 
Y 

(7a) 

& = modulo t, 7r + 2 '  (7b) 

assuming the initial condition e (t = 0) = 0. The eccentric- 
ity changes periodically as the pericenter  moves at a con- 
stant rate from 7r/2 to 3~'/2 (for y > 0), at which point 6J 
jumps back to 7r/2 again (for a geometrical representat ion 
of  this solution, see Horanyi  and Burns 1991). The period 
of  the eccentrici ty variations is P = 2 ¢r/y and the maxi- 
mum eccentrici ty (within the approximation of small e) is 
ema  x = 2fl/y. 
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due to solar radiation pressure,  respectively.  As described 
directly below, the parameter  y represents  the uniform 
rate at which the oblateness and the Lorentz  force to- 
gether would move  per icenter  in the absence of  radiation 
pressure. Note  that we could easily include the solar mo- 
tion in 3' as long as we continue to measure 6~ from the 
Sun's  position; the effects of  shadowing, however ,  are 
not considered since they are more difficult to represent 
analytically. Equation (4a) indicates that the orbit size 
does not change, which results from all the assumed forces 
being conservat ive ones. 

In order  to evaluate y, we recall that a planet 's  oblate- 
ness causes the longitude of  pericenter  to precess at the 
rate 

tOj2 ---- "~¢OkJ 2 = 5 1 . 4  deg/day;  (5) 

the middle term is the general expression for precession 
under  oblateness (Danby 1988) written in terms of  the 
Keplerian angular velocity to E ~ /xa -3, while the right- 
hand term evaluates this expression to give ~J2 for orbits 
about Saturn. The Loren tz  force,  which is experienced 
when an electrically charged grain moves through the 
assumed corotat ional  field, causes the pericenter  to pre- 
cess owing to the radial dependence  of the force 's  
strength. The precession rate for a low-eccentricity,  low- 
inclination orbit about Saturn is 
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where the central term gives the general expression (Hor- 
anyi and Burns 1991) and the right-hand term evaluates 
this expression,  with Q given in terms of  the surface poten- 
tial as described in Eq. (3) and B0 = - 0 . 2  G for the 
magnetic field strength at Saturn 's  surface (B 0 is negative 
since the field evaluated at the equator  is in the antispin 
direction). 

L By definition y ~ toj2 + tb. ,  and, since • is expected to 
be negative (see Fig. 1), the two precessions (5) and (6) 
compete  against one another: thus, compared to the un- 
charged case, the per icenter ' s  motion can be slowed down 
(with 7 remaining >0),  s topped (3' = 0), or even reversed 
(3' < 0). Which of  these situations occurs  will depend on 
the particle 's  size, charge, and its position in the magneto- 
sphere. 

Let  us start our  discussion of  the solution to Eq. (4) by 
considering the special case where the precession rates 
due to oblateness and electromagnetic forces nearly can- 

cel (7 ~ 0). To produce this state for a grain with nominal 
parameters  (rg = 1 p.m, p = 1 g cm -3, [3 = 0.2 year-~), 
must be ~ - 5  V; note that this is close to values actually 
expected throughout  the region of  interest for 6 M = 1.5 
(see Fig. 1). In connect ion with initial conditions, presum- 
ing the E ring particles originate on Enceladus,  we make 
three observations:  (i) the escape velocity from the satel- 
lite is probably less than 10 _2 times the satellite's orbital 
velocity;  (ii) electromagnetic perturbations alone do not 
introduce large orbital velocity changes (Schaffer and 
Burns 1987); and (iii) Enceladus '  orbit is nearly circular. 
Accordingly we assume that the grain is launched at 
3.95Rs onto an approximately circular Keplerian orbit. 
From such a starting condition (e - 0), Eq. (4c) shows 
that ~b will swiftly turn to 7r/2 and then will stay locked; 
simultaneously, by (4b), the eccentrici ty grows at the con- 
stant rate/3 (Horanyi  et al. 1990). Of course the eccentric- 
ity can only increase until the orbit intersects the outer  
edge of  the A ring at 2.27Rs where collisions with the 
opaque ring will eliminate the particle; written in terms of 
orbital eccentr ici ty,  this condition is eco, ~ 0.43. (Natu- 
rally, this applies only to particles staying in the equatorial 
plane whereas below we find that collisions with the main 
rings are less likely once the inclination is allowed to be 
nonzero).  According to (4b)'s solution, such an eccentric- 
ity will be achieved in a little more than 2 years. To 
summarize,  one-micrometer  particles injected at Encela- 
dus, with qb ~ - 5  V, will be rapidly dispersed owing to 
their eccentr ic  orbits and then will be lost by collisions 
with the ring. We must recall, however ,  that it is the fine 
balance between the perturbations due to oblateness and 
the Loren tz  force that anchors the pericenter  in this case 
and allows the solar radiation pressure to induce these 
large eccentricities. 

For  the general case, where 7 ~ 0, one can most readily 
solve (4b) and (4c) by transforming to the variables p -= 
e sin 6J and q -= e cos &, which are found to describe 
simple harmonic oscillations. In terms of  the original vari- 
ables, the solution is 

e = - -  sin t 
Y 

(7a) 

& = modulo t, 7r + 2 '  (7b) 

assuming the initial condition e (t = 0) = 0. The eccentric- 
ity changes periodically as the pericenter  moves at a con- 
stant rate from 7r/2 to 3~'/2 (for y > 0), at which point 6J 
jumps back to 7r/2 again (for a geometrical representat ion 
of  this solution, see Horanyi  and Burns 1991). The period 
of  the eccentrici ty variations is P = 2 ¢r/y and the maxi- 
mum eccentrici ty (within the approximation of small e) is 
ema  x = 2fl/y. 
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due to solar radiation pressure,  respectively.  As described 
directly below, the parameter  y represents  the uniform 
rate at which the oblateness and the Lorentz  force to- 
gether would move  per icenter  in the absence of  radiation 
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tion in 3' as long as we continue to measure 6~ from the 
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rate 

tOj2 ---- "~¢OkJ 2 = 5 1 . 4  deg/day;  (5) 

the middle term is the general expression for precession 
under  oblateness (Danby 1988) written in terms of  the 
Keplerian angular velocity to E ~ /xa -3, while the right- 
hand term evaluates this expression to give ~J2 for orbits 
about Saturn. The Loren tz  force,  which is experienced 
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assumed corotat ional  field, causes the pericenter  to pre- 
cess owing to the radial dependence  of the force 's  
strength. The precession rate for a low-eccentricity,  low- 
inclination orbit about Saturn is 

 Q 0(.q 
mc \ a /  

~-5 .1(9)3( l~) ( l t zml2deg/day ,  
\ rg / 

(6) 

where the central term gives the general expression (Hor- 
anyi and Burns 1991) and the right-hand term evaluates 
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since the field evaluated at the equator  is in the antispin 
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rally, this applies only to particles staying in the equatorial 
plane whereas below we find that collisions with the main 
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summarize,  one-micrometer  particles injected at Encela- 
dus, with qb ~ - 5  V, will be rapidly dispersed owing to 
their eccentr ic  orbits and then will be lost by collisions 
with the ring. We must recall, however ,  that it is the fine 
balance between the perturbations due to oblateness and 
the Loren tz  force that anchors the pericenter  in this case 
and allows the solar radiation pressure to induce these 
large eccentricities. 

For  the general case, where 7 ~ 0, one can most readily 
solve (4b) and (4c) by transforming to the variables p -= 
e sin 6J and q -= e cos &, which are found to describe 
simple harmonic oscillations. In terms of  the original vari- 
ables, the solution is 

e = - -  sin t 
Y 

(7a) 

& = modulo t, 7r + 2 '  (7b) 

assuming the initial condition e (t = 0) = 0. The eccentric- 
ity changes periodically as the pericenter  moves at a con- 
stant rate from 7r/2 to 3~'/2 (for y > 0), at which point 6J 
jumps back to 7r/2 again (for a geometrical representat ion 
of  this solution, see Horanyi  and Burns 1991). The period 
of  the eccentrici ty variations is P = 2 ¢r/y and the maxi- 
mum eccentrici ty (within the approximation of small e) is 
ema  x = 2fl/y. 
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Equation of Motion

Gravitational Forces  
from the Sun & Uranus (J2 included)

Electromagnetic Force"
assuming constant dust charge

Radiation Pressure"
adopted β = 0.57

Poynting-Robertson Drag"
decrease of particle’s semi-major axis 
(0.23 km/yr for a µ ring particle  
 [Sfair & Giuliatti Winter, 2009])

Gas Drag"
from Uranus’ exosphere  

[Broadfoot et al., 1986] 

Not considered

md · ad = FG,Uranus,J2 + FEM + FRP + FPR + FGD
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Orbital Evolution
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Radial Profile

planet than anyone had expected to find rings.
However, as with our HST images, one can sub-
stantially increase sensitivity by combining mul-
tiple Voyager images. We have examined a
sequence of 95 outbound images, 26936.34 to
26973.54, with a 0 146- (4). After coadding all
of the pixels, both rings come into clear view
(Fig. 6) and have profiles that almost perfectly
match the HST data. A similar analysis of 18
approach (low-phase) images, 26791.25 to
26794.19, did not achieve sufficient sensitivity
to detect either ring.

The rings are brighter in absolute terms in the
high-phase Voyager data. This clearly indicates
that micrometer-sized dust is a major component
of each ring. By assuming that macroscopic
bodies dominate the rings’ backscatter, we can
obtain one estimate of the normal optical depth
of large particles, tbig: I/F 0 ptbig. If we assume
that p is the same as for the nearby moons, then
tbig È 10j5 for R1 and R2 (Table 2). These
values fall well within the range of other known
faint, dusty rings.

The peak of R1 aligns very closely with the
orbit of Mab. Other small moons in the solar
system are paired with rings, including the four
innermost jovian moons, Pan at Saturn and
Galatea at Neptune. These are tiny moons from
which the dust most likely escapes because of
meteoroid impacts or perhaps recollisions from
other ring grains (10, 11). The optimal size for
ring-producing moons is È10 km, because
larger moons retain most of their ejecta via
self-gravity, whereas smaller moons simply

have less surface area. Mab falls quite close to
the optimal size, which may help to explain its
prominent ring. Nonetheless, the other compa-
rable uranian moons Perdita and Cupid do not
produce rings that we know of, possibly
because Belinda limits the lifetimes of nearby
dust. Bianca may be of the appropriate size to
produce a ring, but our observations are not
sensitive to faint rings so close to the planet.

In contrast to R1, R2 has no known em-
bedded source bodies. Several mechanisms
remove or destroy dust grains within planetary
rings on short time scales (10). Estimates of dust
lifetimes in other faint rings range from days to
no more than centuries. Thus, a population of
unseen parent bodies must be present in the
core of this ring. The fact that R2 is relatively
more backscattering than R1 supports this
inference, because the latter is populated by
Mab and probably lacks a population of
macroscopic bodies. Saturn’s G ring is perhaps
the best analog; it also has no visible source
bodies, but charged particle absorption data in-
dicate that a population of meter- to kilometer-
sized bodies must be present (12), which
probably maintains the visible dust population
in steady state (13).

Both R1 and R2 share another trait with the
G ring: a distinctly triangular profile (12, 14).
This may suggest similar dynamics, in which
dust ejected from the source bodies achieves a
distribution of orbital eccentricities, perhaps be-
cause of perturbations by electromagnetic forces
or solar radiation pressure. However, it is clear
that none of these rings are dominated by drag
forces, because such rings would extend primarily
inward or outward from their source, depending
on the direction of the drag. Jupiter’s gossamer
rings, bounded by Amalthea and Thebe, are
prime examples of drag-dominated rings. Appar-
ently, Uranus’s hot, extended exosphere (15)
does not affect these rings substantially. Asym-
metries in the triangular profiles may indicate
the direction of any small drag forces that do
play a role.

Three of the four ring boundaries coincide
with known moons: Portia and Rosalind sur-
round R2, and Puck orbits near the inner edge of
R1. These moons could sweep up any material
that wanders too far from the source region. The
leading/trailing asymmetry of Puckmay indicate
that ring material preferentially strikes its
leading face and darkens it (either by depositing
intrinsically darker grains or by uncovering
brighter interior material). However, the rings
gradually peter out rather than terminating
abruptly at the orbits of the moons, so much of
the dust within R1 and R2 is probably removed
by permanent loss mechanisms. The obvious
sinks for the ring dust are the source bodies
themselves; because the grains remain in the
general vicinity of their origins, the likelihood of
reimpacting a source body can be large.

How did the source population for R2 come
to exist? It remains possible that a single moon
will eventually be found in the region. However,
our detection threshold isÈ5 km, already rather
small for a single moon to produce such a
prominent ring. Alternatively, a large number of
small but macroscopic bodies may inhabit the
region between Portia and Rosalind, giving rise
to the telltale dust. These bodies could be the
result of a disrupted moon that once orbited at
this location. Because R2 falls near the Roche
limit, it might never reaccrete; alternatively, the
reaccretion is in progress and the ring is
therefore transient. The disruption might have
been the result of a large external impactor; it is
widely believed that other moons of Uranus
have been disrupted one or more times in their
history (1, 16, 17). The most tantalizing possi-
bility is that this band of debris is the direct result
of the short-term instability of the inner uranian
moons. With stability time scales of 106 to 108

years (3), it stands to reason that one or more lost
satellites would still have remnants within the
system, provided that some collisions between
smallmoons are disruptive rather than accretional.

We note that R2 shows some evidence for
variations with longitude. In Fig. 1C, it is mea-
surably brighter on the right ansa. In Fig. 2, R2
is visible in all three panels, but not at all

Table 2. Summary of ring properties. See the text and tables S2 and S3 for details.

Ring
Peak radius

(km)
Inner limit

(km)
Outer limit

(km)
HST

I/F (10j6)
Voyager
I/F (10j6)

Peak t
(10j6)

R1 (R/2003 U 1) 97,700 86,000 103,000 0.88 4.5 8.5
R2 (R/2003 U 2) 67,300 66,100 69,900 0.39 1.1 5.6
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Fig. 5. Year-by-year variations in the orbit of
Mab. The origin of the plot represents the best-
fit mean longitude l at epoch and mean motion
n for all data from 1986 to 2005. The same
quantities based on fits to the data from each
individual year are shown for comparison; error
bars are T1s. For the Voyager data of 1986,
uncertainties in n are large, so only the offset
in l and its uncertainty (gray band) are plotted.
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Mab as a source of the μ ring?
• Sfair and Giuliatti Winter 2012

‣ μ ring particle dynamics simulation, no EM force 
⇒ long particle lifetime ~ 103 year


‣ Mμ ring ~ 6x106 kg (power-law, 1-10 μm, slope of -3.5) 
M+

Mab ~ 2.7x10-3 kg/s 
⇒ ~80 years to produce μ ring from Mab via impactor-ejecta process


• This work

‣ μ ring dust particles with a certain q/m are dynamically unstable

‣ Lifetime ≲ 20 year


• We need:

‣ IDP flux measurements from New Horizon at Uranus orbit

‣ Dust charging condition in the μ ring region





Key 
• The four giant planets are scaled to a common radius. 

• The Pluto-Charon separation is scaled to the same radius. 
• Major rings are shown in grayscale. 
• Moon orbits with dust rings are shown in red; otherwise yellow. 
• Moon radii are are shown in proportion to log(physical radius).
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FIG. S. The history of the orbital elements of a l-/~m grain started from Enceladus on a circular orbit of radius a = 3.95Rs. The top panel shows 
r, the radial distance, which oscillates between the apocenter and pericenter distances a( I + e) and a(l - e). The third panel displays the inclination 
i, ~l is the longitude of the ascending node and co is the argument of pericenter where co + ~ ~ &; as seen in the figure, 1~ and co become poorly 
constrained when i = 0 and e = 0, respectively. The bottom panel shows the history of the surface potential ~ which depends, in part, on the 
secondary yield parameters chosen (E M = 500 eV and 6M = 1.5, see Fig. I). 

and descending nodes lie along the latus rectum of the 
elliptical orbit. For locked orbits, therefore,  the distance 
from Saturn to the orbital nodes is equal to the semilatus 
rectum which is given by a(l  - e2). Collisions with the 

classical inner rings can only take place at one of these 
nodes since these rings are exceedingly thin (Cuzzi et  al. 
1979, Sicardy et  al. 1982). Fur thermore,  since all other 
values of w cause one of the nodes to fall radially closer 


