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Model  ionospheres  a re  ca l cu la t ed  for  Sa tu rn ,  U r a n u s ,  a n d  N e p t u n e .  P r o t o n s  
are  t he  ma j  or ions  above  150 k m  a l t i t ude  m e a s u r e d  f rom a reference  l e v e l w h e r e  t h e  
h y d r o g e n  d e n s i t y  is 1 × 1016 molecules  cm-a ,  whi le  below 150 k m  qu ick  convers ion  
of  p r o t o n s  to  Ha + ions b y  a t h r e e - b o d y  assoc ia t ion  m e c h a n i s m  leads  to  a r ap id  
r e m o v a l  of  i on iza t ion  in  d i ssoc ia t ive  r e c o m b i n a t i o n  of  Ha +. E l e c t r o n  d e n s i t y  
m a x i m a  are  f o u n d  a t  a b o u t  260 k m  for  S a t u r n  a n d  U r a n u s  a n d  200 k m  for  N e p t u n e .  
P r e s e n t  knowledge  of  t h e  phys ica l  a n d  chemica l  processes  in  t h e  a t m o s p h e r e s  of  
t he se  p l ane t s  suggests  t h a t  t h e i r  ionospheres  p r o b a b l y  wil l  n o t  be  Jup i t e r - l i ke .  

INTRODUCTION 

The Pioneer l0 radio occultation experi- 
ment has provided the first direct measure- 
ment of the electron density profile in the 
ionosphere of Jupiter  (Kliore et al., 1974). 
The magnitude and location of the principal 
maximum in the electron density profile 
resemble closely the predictions made in 
the model ionospheres of Atreya et al. 
(1974). The maximum electron density is 
found to be nearly 5 × 105cm-3; nearly 
400km above the level of the ammonia 
cloud tops. This level occurs about 220km 
above an assumed reference level where the 
hydrogen density is 1 × 10i6molecules 
cm -3, if we assume a cloud top density of 
about (7-8) × 1019cm -3 (Giver et al., 1969), 
an average temperature of about 140- 
150K (Wallace et al., 1974) and abundance 
ratio of 0.3 for He to H 2. In another paper 
in preparation we at tempt to explain the 
discrepancies between the predictions and 
the measurements on the basis of Jovian 
dynamics and a peculiar electromagnetic 
interaction between Io and Jupiter  
(Goldreich and Lynden-Bell, 1969; 
Gurnett, 1972) which may result in 
relatively large concentrations of Io- 
related sodium ions (McElroy et al., 1974) 
in the lower ionosphere of Jupiter.  On 
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others of the outer planets, however, 
magnetic fields have not been conclusively 
detected (Sonett, 1973) and no Io-Jupiter  
like planet-satellite interaction is known; 
therefore ionospheric models in these 
planets will not necessarily be similar to 
those measured by Pioneer 10 at Jupiter.  
Therefore, in the present paper we con- 
struct photochemical equilibrium models 
of the ionospheres of Saturn, Uranus, and 
Neptune, the calculations being similar to 
those for Jupiter  (Atreya et al., 1974). The 
implications of a possible Saturnian mag- 
netic field and of the nature of the rings are 
discussed. 

MODELS 

The model atmospheres used are the 
same as given by McElroy (1973) in which 
H 2 and He are the major constituents with 
minor quantities o f N H  3 and CH 4. Ridgway 
(1974) has recently discovered other hydro- 
carbons: acetylene and ethane in the 
Jupiter 's  atmosphere, however their abun- 
dance is not large enough to play a direct 
role in determining the ionization. Photo- 
ionization of H 2, H, and He (pl,  p2, pS, 
and p7) are the principal ion-production 
processes. The relative importance of the 
production processes in Table I are 
illustrated by  McElroy (1973) in his Fig. 6. 
The chemical model listed in Table I is the 
same as for Jupiter  (Atreya et al., 1974); 
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TABLE I 

IMPORTANT REACTIONS I1,,1 THE IOI~OSPHERE OF THE OUTER PLANETS a 

3 5 9  

Reaction 
number  Reaction Rate constant Reference 

Ion production : 
p l  H 2 + h v  --~ H 2  + + e 
p2 --~ H+ + I-I + e 
p3 H 2 + e -+ H2 + + 2e  
p4 -~ H + + H + 2e  
p 5  H + h v  --~ H+ + e 
p6 H + e  -~ H+ + 2e 
p7 He + hv --~ He + + e 
p8 He + e -~ He + + 2e 

Ion exchange : 
e l  H2 + + H 2 --> Ha + + H 
e 2  H 2  + -{-- H --~ H 2 -I- H + 

e3 He + + H 2 --~ He + H2 + 
e4 -+ H e l l  + + H 
e5 --> He + H + H + 
e6 H + -[.- H 2 -{- H 2 ~ H a  + + H 2 
e7  Hel l  + -{- H 2 --~ H3 + -[- He 

Ion removal/Electron-ion 
recombination: 

r l  H3 + -'t- e ~ H 2  -¢- H 
r 2  H 2 + T e  --> H + H 

r3 Hett+ + e --> He + H 

r4 H + + e  ---~ H + hv 
r5 He + + e --~ He + hv 

2 x 10 -9 
~1 × 10 -1° 

20% 
sum 1 x 10 -13 
> 80% 
3.2 × 1 0  . 2 9  

1.85 x 10 .9 

3.8 x 10 -7 
< 1 x 10 -s 

~1 x 10 -s 

6.6 x 10 -12 
6 . 6  x 10  -12  

McElroy (1973) 

Theard and Huntress (1974) 
Hunten  (1969), Prasad and 

Gapone (1971) 

Johnsen and Biondi (1974) 
Miller et al. (1968) 
Theard and Huntress (1974) 

Leu et al. (1973) 
Hun ten  (1969), 

Prasad and Capone (1971) 
Hunten  (1969), 

Prasad and Capone (1971) 
Bates and Dalgarno (1962) 
Bates and Dalgarno (1962) 

a The rate constants are in units  of cm3sec -1 for two-body reactions, and cm6sec -1 for 
three-body reactions. 

some  r e a c t i o n  r a t e s  have ,  however ,  b e e n  
b r o u g h t  u p  to  d a t e  ( tha t  is t o  say,  t h e y  
h a v e  b e e n  measu red ) .  W e  emphas i ze  
t he  i m p o r t a n c e  of  t he  r e ac t i ons  (e6) a n d  
(e7) ( I )a lgarno ,  1971) neg l ec t ed  p r io r  to  
ou r  p a p e r  on  t he  J o v i a n  ionosphe re  
(A t reya  et a l . ,  1974). 

P r o t o n s  are  eff ic ient ly  r e m o v e d  v i a  t h e  
t h r e e - b o d y  assoc ia t ion  r e a c t i o n  (e6) be low 
a b o u t  1 5 0 k i n ;  a n d  b o t h  r eac t i ons  (e6) a n d  
(e7) r e s u l t  i n  a n  inc reased  a b u n d a n c e  of  
H3 + ions  wh ich  are  r e m o v e d  b y  t he  dis- 
soc ia t ive  r e c o m b i n a t i o n  r e a c t i o n  ( r l ) .  The  
r e c e n t l y  m e a s u r e d  v a l u e  of  the  r a t e  
c o n s t a n t  for  ( r l )  is n e a r l y  a fac to r  o f  40 
la rger  t h a n  u sed  in  t he  p r e v i o u s  s tud ies  a n d  

t he  r e s u l t  is a m u c h  lower  e l ec t ron  d e n s i t y  
i n  t he  lower  ionosphere  t h a n  wil l  be  f o u n d  
i n  ear l ie r  models .  The  e l ec t ron  d e n s i t y  
profile is f o u n d  to  be: q u i t e ' s e n s i t i v e  to  t h e  
b r a n c h i n g  r a t io  of  t h e  r e a c t i o n  ra tes  
]cs/k 3 + ]c a + ]c 5 ; a n d  i n  t he  p r e s e n t  s t u d y  
r e a c t i o n  k 5 is a s s u m e d  to  a c c o u n t  for a t  
leas t  80% of  t h e  t o t a l  r e a c t i o n  r a t e  
(]c 3 + k 4 + k 5) i n  acco rdance  w i t h  t he  r e c e n t  
m e a s u r e m e n t s  b y  J o h n s e n  a n d  B i o n d i  
(1974). 

Model  ionospheres  for S a t u r n ,  U r a n u s ,  
a n d  N e p t u n e  ca l cu l a t ed  on  t h e  bas i s  of  
p h o t o c h e m i c a l  e q u i l i b r i u m  are  s h o w n  i n  
Figs .  1, 2, a n d  3. These  mode ls  differ f rom 
ear l ie r  mode ls  i n  m a n y  respec t s :  (i) 
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Fro. 1. A model for Saturn's ionosphere with 
eddy diffusion coefficient, K = 2 x 106cm2sec -1, 
and He mixing ratio of 0.24. Maximum computed 
values of [Hell+l, [He+], and [Hz +] ions are 
smaller than can be drawn on the scale of this 
figure. The vertical scale gives the height above 
a reference levelwhere the H2 density is 1 x 1016 
c m  - 3  . 

Protons  are t h e  majo r ions only  a b o v e  
abou t  150km ra the r  t h a n  th roughou t  the 
ent ire  ionosphere,  (Ji) H3 + ions are domin- 
an t  below 150km, (iii) unlike earlier 
models, here  the  H e l l  + ion abundance  is 
negligible, (iv) below 260km on Sa turn  
and Uranus  and below 200kin on Neptune,  
the  e lec t ron densi ty  is as much  as a factor  
100 smaller t h a n  calculated in the  earlier 
models. The  ionospher ic  models con- 
s t ruc ted  in Figs. 1, 2, and 3 are wi th  
H e / H 2 = 0 . 3  and eddy  diffusion coef- 
ficient, K =  2 x 106cm2see,  ~ ; the  value of  
these parameters  has no t  ye t  been con- 
clusively determined.  The models are 
found to  be essentially independent  of  the 
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' F I G .  2. A model for Uranus' ionosphere, 
Notatioh as for Fig. 1. 
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FIG. 3. A model for Neptune's ionosphere. 
Notation as for Fig. 1. 

choice of  the H e / H  2 abundance  rat io  which 
was var ied between 0.1 and 1 in these 
calculations. Changing K to l0 s, however  
changes the m a x i m u m  electron densi ty  b y  
near ly  a factor  of  3. The range of  values 
selected for K is in accord wi th  the recent  
Lyman-a lpha  measurements  of  Pioneer  10 
(Judge and Carlson, 1974) and the  Copern- 
icus satellite (Jenkins et al., 1974) ; and the 
in te rpre ta t ion  of  the Lyman-a lpha  albedo 
da ta  of R o t t m a n  et al. (1973) b y  Wallace 
and H u n t e n  (1973). 

DISCUSSION 

There  are several obvious uncer ta int ies  
in the chemical model  on which these 
calculations are based. This is par t icular ly  
t rue  wi th  regard t o  the role p layed b y  
hydrocarbons  in the lower ionosphere. For  
example,  on Sa turn  where the value of  the 
mixing r a t i o  of CH 4 has been established 
i t  is possible to  es t imate  t h a t  its role m a y  be 
impor t an t  below ~125km.  H + and H3 + 
ions 'may react  rapidly,  possibly at  gas 
kinetic rates,  with CH 4 to  form C2H5 + and 
CH5 +. The la t ter  ions are then  v e r y  ef- 
ficiently neutral ized b y  dissociative re- 
combinat ion with electrons (Rebber t  et al., 
1973 ). However ,  since H + is a l ready a minor  
ion a t  these al t i tudes and H3 + recombines 
dissociatively ve ry  rapidly,  the  overall  
effect on the  electron densi ty  should b e  
small. We now discuss the possible influence 
of  the  rings o f -S a tu rn  on the p lane ta ry  
ionospheric profile. A consistent p ic ture  of 
the na tu re  of  the  rings is beg inn ing  t o  
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emerge from the interpretations by Pollack 
et al. (1973) of the radar backscatter 
observations of Goldstein and Morris 
(1973); radio the rma l  observations of 
Berge and Muhleman (1973) and Rather 
el al. (1974); by Briggs (1973 and 1974) of 
his radio interferometric observations; 
and by Morrison (1974) of his infrared 
radiometry observations--all made during 
the period of maximum tilt. The consensus 
is that  the rings are composed of particles 
of water ice or common Earth  silicates or 
perhaps frost coated substances, with an 
upper limit of 10cm on their size. Metallic 
particles are not believed to be present. 
Besides, lack of synchrotron radiation 
from Saturn (Sonett, 1973; Briggs, 1973) 
suggests the absence of a strong planetary 
magnetic field; therefore the electro- 
magnetic coupling between the rings and 
the planet may be weak. Thus, it is not 
indicated that  the rings will significantly 
affect the planetary ionospheric profiles. 
Clearly more sophisticated tests are 
desired before the presence of the planetary 
magnetic field and the metallic particles in 
the rings is entirely ruled out. I f  the 
magnetic field were present, however, and 
the rings had metallic particles, there is a 
possibility of these particles ending up in 
Saturn's lower ionosphere on their removal, 
perhaps by sputtering mechanism, and 
subsequent photoionization and sweeping 
by Saturn's magnetic field lines. The 
ionospheric profiles will then be sub- 
stantially altered due to the transport of 
these long lived metal ions under the 
cumulative influence of the magnetic field 
and the neutral winds (the zonal winds of 
Saturn may be up to a factor of 10 larger 
than on Jupiter:  Stone, 1973). Finally, we 
wish to point out that  the "hydrogen gas 
ring" around Saturn proposed by 
McDonough and Brice (1973) is not 
expected to have any influence on the 
ionospheric profiles since the predicted 
density of the torus is extremely low. 
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