JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 99, NO. E8, PAGES 17,075-17,094, AUGUST 25, 1994

Auroral Lyman o and H; bands from the giant planets:
1. Excitation by proton precipitation in the Jovian
atmosphere

Daniel Rego and Renée Prangél
Institut d'Astrophysique Spatiale, Université Paris X1, Orsay, France

Jean-Claude Gérard
Institut d'Astrophysique de Litge, Ligge, Belgium

Abstract. This paper is part of a work aimed at modeling the ratio of the observed Jovian auroral
intensity at H Lyman o and in the H, Lyman and Werner bands and interpreting them as diagnostic
of the incident magnetospheric particle species and energy. The work is planned in three steps: (1)
modeling of the volume excitation rate, (2) modeling of the radiative transfer at Lyman o, (3) appli-
cation to existing observational data and new data obtained from the Hubble Space Telescope. The
present paper deals with the first step. Models of the volume excitation rate have previously been
developed for low energy electrons and oxygen ions. However, the energy range of the study has to
be extended towards higher energy in view of recent results on the penetration depth of the primary
particles. Protons have not been modeled so far. We have used an existing electron code of degrada-
tion of energy [Gérard and Singh, 1982] which has been improved, updated and adapted to the case of
precipitating protons. The issues of nonequilibrium beam H/H* fractions and of getting reliable cross
sections over a wide energy range have been considered with particular care. The altitude distribution
of the volume excitation rate is compared for electrons and protouns, for various initial energies in the

range 10-50 keV and 50 keV to 1 MeV, respectively.

1. Introduction

Intense Jovian auroral emissions have been recorded almost
simultaneously by the Ultraviolet Spectrometer (UVS) instrument
onboard the Voyager spacecraft [Broadfoot et al., 1979] and IUE
[Clarke et al., 1980]. They were observed in the far ultraviolet, in
the H Lyman o line and H, Werner and Lyman bands. The
excitation of the atmospheric species (dominated by molecular and
atomic hydrogen) was attributed to collisions with energetic
charged particles precipitating from the Jovian magnetosphere. In
the absence of reliable information on the extent of the auroral
region, the estimates of the brightness were rather uncertain,
ranging from 60 kR of Lyman o and 80 kR of H, bands, assuming
a 6000-km-wide auroral oval [Sandel et al., 1979] and 42 kR of
Lyman a [Clarke et al., 1980] to a few kR of Lyman a when the
emission is assumed to fill the IUE apertures [Clarke et al., 1980].
Very recent novel observations obtained with the Faint Object
Camera (FOC) onboard the Hubble Space Telescope (HST) have
provided the first insights on the actual geometry of the aurorae.
Preliminary results from the north aurora reveal brighter auroral
emissions (= 180 kR at Lyman o, and = 450 kR in the H, bands),
confined to more restricted areas (oval width = 100-3500 km)
according to Dols et al, [1992] and Gérard et al. [1993]. All these

1 Also at Institut d'Astrophysique de Paris, Paris, France.
Copyright 1994 by the American Geophysical Union.

Paper number 93JE03432.
0148-0227/94/931E-03432$05.00

results, however, lead to a converging estimate of the total energy
radiated by the aurorae, in the range of a few times 10'> W. The
energy input into the atmosphere, derived from the radiated UV
flux, ranges from a few times 10'3 to a few times 10'* W, depen-
ding on the assumptions [Yung er al., 1982; Thorne, 1983;
Livengood et al., 1992; Gérard et al., 1993]. This considerable
amount of energy gives rise to very important consequences in
terms of heating, and changes in the composition and dynamics of
the atmosphere. It also proves that the auroral atmosphere is a
significant sink for energetic magnetospheric particles, in
relation to the global dynamics of the Jovian magnetosphere.
Considering the very small body of direct in situ observations (the
Pioneer 10 and 11, Voyager 1 and 2, and Ulysses encounters),
identification of the nature, energy, and origin of the auroral
precipitating particles would be a major step in the understanding
of the magnetospheric processes.

In the Jovian magnetosphere, populations of suprathermal and
energetic electrons, protons, and heavy ions (especially iogenic
sulfur and oxygen) have been detected in significant amounts
[Krimigis et al., 1979; Belcher et al., 1981; Amstrong et al.,
1981; Geiss et al., 1992; Lanzerotii et al., 1992; Simpson et al.,
1992]. The radial distribution of the phase space densities of ener-
getic heavy ions and electrons exhibits the characteristics of
inward radial diffusion beyond a limit where a dramatic decrease is
observed. The steep gradient, at about 5.2-5.5 R, for electrons
[Lanzerotti et al., 1981] and between 6 and 12 R, for ions depen-
ding on the authors [Thomsen et al., 1977, Krimigis et al., 1979;
Cheng et al., 1983; Gehrels and Stone, 1983; Thorne, 1983;
Paonessa, 1985; Summers et al., 1989] has been interpreted as
evidence of particle losses by wave-particle scattering and
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precipitation into the atmosphere, an interpretation which was
consistent with the observed approximate latitude of the aurorae.

In the early studies, only electron precipitation was considered
(probably under the influence of the terrestrial example) [e.g.,
Waite et al., 1983]. But it rapidly appeared that the energy avai-
lable in the electron population was insufficient, and resonant
pitch-angle scattering of protons was first proposed as an alterna-
tive [Goertz, 1980]. Thorne [1981] suggested that heavy ions
could be the major component of the precipitated population, and
from the analysis of the electromagnetic waves recorded by
Voyager, Thorne [1983] and Thorne and Scarf [1984] gave evi-
dence that resonant scattering of ions by ion-cyclotron waves was
much more efficient than scattering of electrons (either by the
observed electrostatic or electromagnetic waves) in providing
large precipitating energy fluxes. However, even the estimate of
the energy input available from the precipitation of ions fell short
in accounting for the auroral energy input, suggesting that combi-
ned (even though independent) precipitation of all kinds of
energetic charged particles could possibly occur.

If the Jovian aurorae are diffuse, this conclusion is supported
by the comparison of the longitudinal variation of the observed
auroral emission with the variation of the precipitating flux of
magnetospheric particles in the asymmetric Jovian magnetic field
[Prangé and Elkhamsi, 1991; Prangé, 1991]. In addition to being
both electrons and ions (or protons), the particles should be injec-
ted on different L shells (5 < L < 7 for the electrons, 7 < L for the
ions) to fit the observations.

The observation of X ray emissions by the Einstein satellite
was first considered as evidence for heavy ioms precipitation
[Metzger et al., 1983], but it now seems that electrons can also be
efficient in producing X rays [Barbosa, 1990). Nevertheless, the
signature of recombination lines of sulfur and oxygen ions has
again been identified in soft X ray spectra from the Rontgen satel-
lite (ROSAT) [Waite and Boice, 1992). Even the most recent in
situ observations from the Ulysses flyby of Jupiter do not provide
a simple answer. The background contribution to the hard X ray
signal was too large to allow for the detection of a Jovian contri-
bution, and the 3 ¢ limit does not rule out electron precipitation.

In addition, an in situ signature of wave particle interactions
has been recorded by the plasma wave instrument onboard Ulysses
in the inner magnetosphere near L = 7 [Lin et al., 1993] and L = 12
[Blake et al., 1992], whereas strong field-aligned currents and
parallel electron beams have been observed on high-latitude field
lines [Balogh et al., 1992; Lanzerotti et al., 1992]. The latter
could be related to the strong high-latitude Jovian decametric
(DAM), hectometric (HOM) and broad kilometric (b KOM) radio
source, and to impulsive electrostatic emission at radial distances
between 10 and 30 R, identified by Barbosa et al. [1981] and
attributed to an inverted-V-type precipitation process (involving
electrons and ions).

As for the energy, again a wide range of possibilities is propo-
sed, involving electrons as well as protons or ions in various
energy bands from a few keV to several MeV, insofar as wave
interaction is concerned [Thorne, 1983; Gehrels and Stone, 1983].
The existence of precipitating electrons in the 1-10 keV range is
anticipated from the observation of auroral radio emission if it is
generated through the cyclotron maser instability as generally
assumed [Wu et al., 1982; Le Quéau et al., 1984; Louarn et al.,
1990], whereas the ion lines in the X ray range suggest that the
precipitating ion energy could exceed 700 keV/nucl. [Waite and
Boice, 1992].

Finally, another approach used by several authors consists of
trying to characterize the particles impinging on the Jovian
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atmosphere through the aeronomic consequences of the precipita-
tions: the ionization, dissociation, and heating of the atmosphe-
ric species have been computed for electron and ion precipita-
tions, as well as the excitation of the optical emissions [Gérard
and Singh, 1982; Waite et al., 1983; Horanyi et al., 1988; Waite
et al., 1988]. Their predictions can, in principle, be compared to
observations of the atmospheric and ionospheric composition and
temperature, and of the auroral emissions. However, remote
sensing data of the atmosphere and ionosphere are very rare and
partial. In particular, occultation data are bardly available for the
auroral regions. The excitation of the species in the upper atmos-
phere can give rise to emission in the FUV, at Lyman @, and in the
H, Lyman and Werner bands for the hydrogen. The presence of the
UV lines of neutral and ionized oxygen and sulfur can also be
anticipated if such heavy ions are precipitating. In addition to the
Voyager observations, remote sensing of these emissions has
been regularly made by the IUE since their discovery 12 years ago,
and the Hubble Space Telescope, which just performed its first UV
auroral observations [Dols et al.,1992; Gérard et al., 1993;
Trafton, 1992], will pursue this survey. The altitude distribution of
the volume excitation rate at Lyman o, and in the H, Lyman and
Werner bands were derived by Gérard and Singh [1982] in the
energy range 0.1-10 keV in the case of electron aurorae. The
altitude distribution of the volume excitation rate in the H, Lyman
bands and column integrated efficiency of the various energy
deposition processes (in particular at Lyman a, and in the H,
Lyman and Werner bands) were derived by Waite et al. [1983] for
electrons of 1 keV and 10 keV, and by Horanyi et al. [1988] for an
oxygen ion distribution of mean energy = 100 keV. Waite et al.
[1983] and Horanyi et al. [1988] concluded that electrons and ions
give rise to similar effects, but only within about a factor of 2.
They also emphasize the significant uncertainty due to the ion
cross section estimates, extrapolated at high energy.

Waite et al. [1988] have derived the intensity expected from
the sulfur and oxygen lines excitation. The predicted emissions
could not be detected with IUE. However, the energy of the inci-
dent particles assumed in the model was significantly smaller than
the value derived later by Waire and Boice [1992], and this can
explain the non detection. On the other hand, following Yung et
al. [1982], Gladstone and Skinner [1989] and Livengood and
Moos [1990] have analyzed the effect of the wavelength dependent
atmospheric extinction (due to the hydrocarbons near or below the
homopause) on the observed H, spectrum. The comparison of the
Lyman to Werner band intensity can provide an estimate of the
hydrocarbon optical depth above the emitting layer, and given an
atmospheric model, the penetration depth of the primary particles.
Assuming these particles are electrons, protons, or ions, their
energy can be derived (about 10-100 keV, 250 keV-3 MeV, and
100 keV/nucl. - 6 MeV/nucl., respectively). But this method
cannot determine the nature of the particles.

An attempt to get simultaneous information on the nature and
energy of the precipitating particles is to study simultaneously the
ratio of the observed intensity of the H, Lyman to Werner bands
(only dependent on the energy) and of the H Lyman o line to H,
bands, which depends on the energy and on the primary species.
This has not been systematically studied so far, probably due to
the very complex problem of the multiple scattering of the Lyman
d photons.

The final goal of this work is to provide the theoretical tool
for such a study. The first step of the study, which is presented in
this paper, is to get the altitude distribution of the volume
excitation rate for the H Lyman o and the H, bands for protons and
electrons in the energy range which has been suggested by the
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spectroscopic results of Gladstone and Skinner [1989] and
Livengood and Moos [1990]: the decay of a proton beam in the
Jovian atmosphere has never been specifically studied, and the
energy range for electrons has to be extended up to the 10-100 keV
range suggested by the latter studies. The ions will not be
considered in this first step, although Waite et al. [1988] only
considered energies well below the Gladstone and Skinner [1989],
Livengood and Moos [1990] and Waite and Boice [1992]
determinations (= 500 keV to several Mev/nucleon), because, as
stated by the authors, extrapolating the laboratory data to sill
higher energy would not be meaningful. The next step, already in
progress, is to develop a radiative transfer code adapted to the
transport of the auroral Lyman « photons, in order to model the
observed Lyman o/ H, bands intensity ratio.

In section 2, we establish theoretical expressions for the
calculation of the excitation rate, including excitation by the
primary beam (protons and/or fast neutral hydrogen from charge
transfer) and secondary electrons. The composition of the H/H*
beam as a function of altitude is studied in section 3, including a
discussion of the equilibrium fraction assumption as a function of
initial energy. The cross sections used for the various excitation
channels and their extrapolation to the convenient energy range
when necessary are detailed in section 4. The altitude distribution
of the volume excitaton rate for H Lyman o and for the H, bands is
presented in section 5, discussed as a function of the energy, and
compared to the case of electron primaries.

2. Modeling Excitation by Proton Precipitation

2.1. Atmospheric Model

Following Gérard and Singh [1982], the total density level
5x10"® cm™ is defined as reference zero altitude (corresponding to a
pressure of about 1 pbar). The precipitating particles are followed
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from 2000 km, considered as the top of the atmosphere, down to
the level of total energy degradation, which occurs, depending on
the initial energy of the particles, between 100 km. Below the
altitude 1000 km, the Jovian neutral atmosphere is represented by
a recent photochemical model based on the analysis of the
Voyager data and modeling of the photochemical reactions and
transport of the species [J. McConnell, private communication,
1992]. In the model, the input flux of atomic hydrogen has been
set to 10° cm'? 5°!, the eddy diffusion coefficient K, = 10° cm? 57!
(constant with altitude), and an exospheric temperature of 1400 K
is adopted (Figure 1). This model is consistent with the Voyager
observations and is not representative of an auroral atmosphere
(except the exospheric temperature, which has been slightly
increased with respect to the value generally used at low latitude,
=1000 K). Earlier attempts have been made to account for some of
the anticipated effects of energetic particle precipitation on the
atmosphere itself, such as the use of an increased eddy diffusion
coefficient raising the hydrocarbon layers to higher altitude
("polar model" in Livengood and Moos [1990]) or the iterative
computation of the atomic hydrogen distribution due to ion-
neutral reactions above the homopause ("converged model" under
electron bombardment of Waite et al. [1983]). However, additional
effects can be anticipated, such as heating (especially deep in the
atmosphere), ion-neutral chemistry under particle bombardment
involving the hydrocarbons [Kostiuk et al., 1987, Halthore et al.,
1988; Gladstone and Skinner, 1989], which bave not been
consistently modeled so far. More recently, Kim et al. [1992] bave
introduced some temperature increase in the upper atmosphere, and
consistently modeled the hydrogen ion-neutral chemistry under
10-keV electron bombardment, but the effect on the hydrocarbons
is still neglected.

We thus adopt a classical photochemical atmospheric model
with increased exospheric temperature and increased atomic
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Figure 1. Atmospheric model used. The n» =5 x 10'3 cm™? level has been taken as the origin of altitude as in
Gérard and Singh [1982]. For clarity, the pressure scale is also plotted on the right. Temperature distribution is
derived from the Voyager IRIS and UVS observations, except for an increased exospheric temperature assigned to
auroral heating. Concerning the altitude distribution of H and H, (J. McConnell, private communication, 1992),
this model is a photochemical model, normally appropriate to low-latitude regions, except for the increased
exospheric temperature. The structure of the H distribution in layers between a few pbar and 0.1 pbar is due to
three-body destructive reaction of H with hydrocarbon constituents which are strongly confined in thin layers,
and only the average profile will actually be significant for the purpose of our study.
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hydrogen input flux as a first approach to construct our excitation
rate model (Figure 1). In addition, such a model allows compari-
son of our results for proton excitation with other previous studies
of excitation by electron precipitation made with the same kind of
atmospheric model. Above 1000 km, the McConnell atmospheric
profile is extrapolated upwards by the Gérard and Singh [1982]
model, based on the Festou et al. [1981] analysis of the Voyager
occultation data, and using a high 1400 K exospheric temperature
to account for auroral heating. Note that the Gérard and Singh
[1982] model only takes into account the diffusive equilibrium of
the hydrogen species, and does not introduce the three-body
photochemical reactions which control the atomic hydrogen
distribution below the homopause. Therefore, it is not suited to
study the deep penetration of very energetic particles such as those
which are expected in the Jovian aurora [Gladstone and Skinner,
1989; Livengood and Moos, 1990].

2.2. Excitation and Ionization by the Primary
Particles

The method adopted in this model is based upon the continuous
slow down approximation (CSDA). It has been already developped
by several authors [Edgar et al., 1973; Heaps et al., 1975; Edgar et
al., 1975); Gérard and Singh , 1982] and will not be detailed here.
This approximation assumes that the loss of energy can be repre-
sented by a continuous rather than a discrete loss function. This
assumption is reasonable for the high-energy particles which are
essentially considered in this study.

The total volume excitation rate is computed in three steps.
First, we determine the volume ionization rate of H and H, due to
the interaction of the primary beam with the atmosphere. We then
derive the volume excitation rate for any given line, directly due to
these primary particles, and finally, we estimate the contribution
of the secondary electrons, produced by ionization of the atmos-
pheric constituents, to the total volume excitation rate.

The number of electron-ion pairs created in a gas s at altitude z
per unit time and per unit volume is given by

V=g | 0B, [[-22] f(oran )
£ 0 Q s

where AE  is the average energy expanded in creating an electron-
ion pair (= 37¢V) in H,, ®(E,) is the initial differential flux of pro-
tons (protons.cm™ s eV-1), A8) is the angular distribution of the
protons injected at the top of the atmosphere, 8 is the angle bet-
ween the velocity vector of the protons and the local vertical, and
[dE/dx], is the stopping power of the beam in gas s (eV cm™).

We assume that 0 is constant throughout the process of energy
degradation. In particular, we neglect the angular scattering during
the collisions, which is an acceptable assumption for energetic
particles, any variation of the particle direction due to the effect of
the varying magnetic field strength (we have checked that the
conservation of the first adiabatic invariant generally does not
significantly modify the angular distribution of a beam over the
=2000 km altitude range if 8 < 85°), as well as the effect of the
many charge-exchange collisions with the ambient hydrogen
which makes the proton spend part of its time as a fast neutral
atom and results in a broadening of the beam (the neutral atoms do
not follow the field lines) and a corresponding attenuation of the
precipitating flux @,. As derived from section 3, the fraction of H
remains negligible in the beam for energy greater than 100 keV
(less than 15%). The spreading of the beam can therefore be
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confidently neglected. At lower energy, H may dominate the
composition of the beam. We have made a crude estimation of the
spreading of the beam by calculating the path traveled by a neutral
atom before its first collision. We found that the spreading is
approximately 1500 km. A better estimation requires more accu-
rate calculations, but this is not the purpose of this paper.

The stopping power of the beam in the gas s can be expressed

by
[_d_E] -
dz |, -

where L (E) is the loss function of the beam in the gas s and n(2) is
the density of the gas s.

Equation (2) is then integrated and inverted in order to obtain
E, (8,h), which is the local energy, i.e., the beam energy at the
altitude A and for the angle 8 (see appendix).We choose for the
initial differential flux of protons a Maxwellian distribution, i.e.

_n(
cos (8) L,(E) @

D(Ey)=D, %e""""’ protons.cm™ s eV*! (&)

where o determines the hardness of the spectrum. The mean energy
of the beam is 2a.

In addition, and in contrast to previous studies, we introduce an
adjustable angular distribution, in order to simulate the possible
range of actual distributions of high-latitude precipitating parti-
cles. Approximating the high-latitude magnetic field lines by the
local vertical, we use the pitch angle (relative to the field direc-
tion) instead of 8. Prangé and Elkhamsi [1991] represented a wide
variety of possible equatorial pitch angle distributions by the
simple function f{8)=A,, sin*(8), f(8) being the differential angular
distribution and n a parameter representative of the anisotropy
(n=0 is an isotropic equatorial distribution). The normalization
parameter A, is given by

_2 (2m)Y
%" 7 2n-1)
(2n+1)11 @

In this paper, we have generally used the isotropic distribution
in the equatorial plane (n=0) with qualitative estimates of the
effect of different distributions. The effect of anisotropic distribu-
tions on the excitation rates profiles is detailed by R. Prangé et al.
(Auroral Lyman o and H, bands from the giant planets, 2, Effects
of the anisotropy of the precipitating particles on the interpre-
tation of the 'color ratio', submitted to Journal of Geophysical
Research, 1994).

We can now estimate the volume ionization rate combining (1)
with (2), i.e.,

P nl2
V(0= 222D (g, dE, [ L, (Be)f@)an(0)8  (5)
0 0

The volume excitation rate of the state i at the altitude z due to
the interaction of the beam with the gas s is

dJ,
V(@ =2m0,(2) | [ S (Bu) O(Ey) L (B} (8)tan(8)d8 B,
Eo 8 (6)
where J(E, ) is the ‘iaopulation of the state i of the specie s. Due to
charge exchange collisions with the atmosphere, the protons in
the incident beam are rapidly replaced by a mixture of protons and
fast H atoms (H). If Fj(E) and F’(E) are the energy dependent
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fractions of H and protons of a beam penetrating in the gas s
(evaluated in section 3) respectively, J(E,, ) can be expressed as
the sum of the Hfand proton contributions:

Ji(Eie) =35 (B )+ T p (B ) )
By
where Jin(Ep)= J‘%;(E)dz (8a)
E‘ (4
J; (E )=delg (8b)
PR A L@

where ©,, and O, , are the energy dependent excitation cross
sections of the state i due to H,and proton impact respectively.
E™ is the energy threshold of the reaction. Combining equations
(8.2) and (8.b) with equation (6), we obtain

Y, @=28, @ [ [[F (B0 (Buc+ F; (B )01 (Bu)] %
a B(Ey)f(6)tan(6)d0 dE, (9)

The total volume excitation rate of the state i due to the
interaction of the beam with the Jovian atmosphere is the sum of
the volume excitation rate for H and H, if both produce the excited
state i. This is the case for the H(2p) state which produces H
Lyman a.

2.3. Excitation by the Secondary Electrons

Secondary electrons are produced by ionization of H and H, by
the H*/H, beam. They can interact with the atmospheric consti-
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tuents and excite them. We will not consider the effect of tertiary
electrons produced by ionization of H and H, by secondary
electrons, since the volume ionization rate due to the secondary
electrons is several orders of magnitude smaller than the volume
ionization rate due to the beam (Figures 2a and 2b). We have
checked this result for several initial energies.

According to the expression given by Gérard and Singh [1982]
for the secondary electron production rate n(E,,,.z), we have for
the gas s,

2
n, (Elec’z) = %l¢(Eo )dEo X

(10)
[ LB @063, (B B8
]
where E,_ is the ejected electron energy and S,(E, .E,) is the
"shape parameter”. This quantity is defined by
Ojon (Eger Ey)
S(E, E,)=—lop-—=c2 07 11
l( scC 0) O'io,, ( Eo) ( )
where o, (E,,.E;) is the differential cross section for the pro-

duction of an electron with energy E,  through ionization of s by a
proton of energy E, and ¢, (E,) is the total ionization cross sec-
tion of s by proton impact. In the case of primary electron precipi-
tation and according to the results of Opal et al. [1971], the "shape
parameter” is independent of the primary energy above 300 eV. By
contrast, in the case of H*/H, precipitation, the "shape parameter"
depends on the primary energy. From the work of Rudd [1979], we
deduce the following expression for the "shape parameter” of
protons in H, :

Sw, (Em,Eo)=7"7T-e*E-"’ﬁ (12)

b) a=700keV and n=0
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Figure 2. Altitude distribution of the volume ionization rate due to the particles in the precipitating beam
(protons, H*, and fast neutral hydrogen H)), and the secondary electrons for initial energies of the beam of 100
and 700 keV. The angular distribution used corresponds to n = O (see text). The ionization from the secondary
electrons is several orders of magnitude smaller than that from the beam particles (for the two energies

considered), so that tertiary electrons can be neglected.
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where @ = 1.28 (dimensionless constant for H,), J = 15.4 eV, and
T = E/1836.

A similar calculation is made for the production rate of the
secondary electrons from H, assuming a similar "shape parame-
ter". Then, according to the expression given by Rees et al.
[1969], the differential flux of secondary electrons at the altitude z
for the energy E__ is

Eyec Egec
[T B 2dE+ [ a0 a2
In, Ig

[CdEIds]_, +[-dE1dd],_pl-dEi @],

o, (E..2)=

where [-dE/dx]_, and [-dE/dx]_,, are the stopping power of elec-
trons in H, and H’ respectively [Cravens et al., 1975; Gérard and
Singh, 1982]. For the stopping power of electrons with thermal
electrons, we use the expression of Swartz et al. [1971], i.e.,

(14)

[ dE] _337x10"%[n )]
dx ]H T (B

where n,(2) is the altitude dependent electronic density.

Assuming that the secondary electrons are degraded locally,
the expression for the volume ionization rate due to the secondary
electrons is

Ve (2)=1,(2) J' O (Ever )0, (En,VE,, 15)
=

where O, . is the differential ionization cross section of the gas s
by electron impact. Values calculated by Green and Sawada [1972]
for the ionization of H, are adopted. For electron impact on H, the
cross section of Janev et al. [1987] is used.

For the volume excitation rate of the state i of s due to

secondary electrons at altitude z, we have

Y@=, [ @ (B 010, (Ene YE, @s)
E*

where ©, ,is the excitation cross section of the state i by electron
impact on s. For the production of excited H(n) with n=2-6 by
electron impact on H, cross sections of Olivero et al. [1973] are
adopted. In H,, data of Ajello et al. [1991] for H Ly o production
cross section and analytical expression of Garvey et al. [1977] for
the H, bands (Lyman and Werner bands) production are adopted.
The total volume excitation rate of this state due to the secondary
electron is the sum of equation (16) for H and H, if both produce
the excited state of interest.

Finally, the total volume excitation rate of the state i is the
sum of equation (6) and equation (16) for all the atmospheric
constituents which produce the excited state i.

3. Effect of Charge-Exchange on the Precipitating
Beam Composition

As previously mentioned, part of the collisions of the protons
with the atmosphere takes place in the form of charge transfer
interaction, without any momentum transfer. This results in the
creation of fast neutral atomic hydrogen through reversible
reactions.

The precipitating H, in the beam also contributes in the H,
bands and H Ly o excitation. Consequently, the fractions of H,and
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protons in the beam must first be determined in order to estimate
their contributions to the excitation.

3.1. Determination of Beam Equilibrium Fraction:
Altitude Dependence

The formalism of charge-exchange has been reviewed by
Allison [1958] and only the results will be reported here. Provided
the atmospheric column density along the particle path is
sufficient, the beam can reach its equilibrium composition. This is
the assumption which is usually made.

The equilibrium fractions of H, and protons, noted by Fy and
F', respectively, for a pure proton beam penetrating in a gas s,
are given by

= Oio F'= oy
On + 010 On + 0o

an

where 0,, and G, are the energy dependent electron capture and
ionization stripping cross sections for the gas s (according to
Allison [1958], we neglect the presence of H-, since its equili-
brium fraction in H, is smaller than 2% for all energies of the
beam). In H,, analytical expressions of Green and McNeal [1971]
for 6,, and G, have been adopted and in H, the analytical form of
Janev et al. [1987] for ©,, is used. For 0, in H, the data of Gealy
and Van Zyl [1987a,b] are used for a beam energy between 100 eV
and 20 keV, and for higher energies, results by McClure [1968] are
adopted. Equation (17) shows that the equilibrium fractions are
energy-dependent. Moreover, during the decay of the H*/H, beam,
its energy changes and is a function of altitude and pitch angle.
Thus the equilibrium fractions F; and F’ are altitude and pitch
angle dependent.

In fact, equation (17) is given for a single gas, whereas the
Jovian upper atmosphere is primarily a mixture of H and H,, with
respective fractional abundance fy(z) and f,,2 (z). Consequently,
the effective equilibrium fractions at a given altitude z are given by
the following expressions:

R(E,2)= fy(QF (E)+ f, (DF;* (E) (18a)

E(E.2)= [y (Q)F¥ (E)+ fu, (R™ (E) (18b)

The proton and H,equilibrium fractions in the beam are related by

E(Ey)=1-F(E,,) (19

Once E, (z) is determined (appendix), we can estimate

% (Eype)» which gives the altitude dependence of the equilibrium
fraction of H, in the gas s.

The contributions from H and H, to the effective proton
equilibrium fraction (right-hand terms in equation (18b)) are
plotted in Figure 3 versus altitude for several values of the incident
proton energy. Due to the fact that the local energy depends on the
pitch angle, we have to specify this latter value. For
demonstration purposes, we have only considered the limiting
case of field-aligned precipitating protons. The effect can be
qualitatively derived for other pitch angles. We first plot the equi-
librium fraction of H* in H and H,. It is roughly constant over a lar-
ge range of altitudes, down to a given level (=500 km for 10-keV
incident protons, decreasing with increasing initial energy), due
to the fact that the energy loss of the particle is small, and the
local energy almost constant and equal to the initial energy. The
fraction of H* increases with incident energy, both in H and in H,
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(£20% at 10 keV, =45% at 50 kev, and =100% at 300 keV), and it
is always smaller in H than in H, for energies larger than 30 keV,
although the difference is decreasing with increasing initial
energy and vanishes for E, = 300 keV (where it reaches 100% in
both cases). Below this particular level where the local energy
starts to be significantly smaller than the incident energy, the H*
fraction decreases to a very low value in all cases. The beam tends
toward almost pure H,just above the level of total energy
degradation. We also plot the effective H* equilibrium fraction in
the actual atmosphere, derived from equation (18b). We note that
the major constituent controls the value of the equilibrium fraction
which is no longer constant with altitude. At the top of the
atmosphere, the equilibrium fraction is that of an approximatively
pure H atmosphere, and as the altitude decreases, F (E,, ) decrea-
ses so as to merge the pure H, atmosphere curve when H, domina-
tes the atmospheric composition. At 300 keV and at any higher
energy, the presence of atomic hydrogen in the atmosphere does
not play any significant role in the calculation of the equilibrium
fractions, since the values of the fractions in H and H, are very
close, but for lower energies, the composition of the beam does
not only depend on the initial enmergy, but also on the
composition of the model atmosphere used.

For different angular distributions, the particle path length to a
given altitude is increased as (cos 8)!. Consequently, the local
energy decreases faster, and the equilibrium is displaced toward H,
at higher altitude.

3.2 Equilibration of the Beam: Nonequilibrium
Fractions

The usual assumption that the beam's composition is
everywhere at equilibrium value is implicitly based on the
assumption that the atmosphere is sufficiently dense to equilibrate
the beam locally. In fact, the precipitating particles penetrate the
atmosphere from the top downwards, and the gas is very tenuous at
the beginning. One can therefore question the validity of the
assumption of 'instantaneous' equilibrium.

In order to check this assumption, we consider the expressions
for Fy(E,,.) in the nonequilibrium case [Allison, 1958] :

Fy=F,. {1-e*‘("°‘*"'°)} (20)

F,=1-F,

where F_ is the equilibrium fraction of H, (see equation (17)), 6,
and ©,, are the energy-dependent electron capture and ionization
stripping cross sections in cm?, and 7 is the column density in
cm2,

Expressions similar to equation (18) can be written for the case
of a mixture of gases.

As the beam penetrates into the atmosphere, F,, approaches the
equilibrium fraction F_, but the equilibrium fraction of protons is
always an underestimate of the actual proton fraction. The diffe-
rence depends on the value of the exponential term, and one can
see that the column density needed to make it negligible varies as
the inverse of the cross sections. These cross sections maximize
in the range 1-30 keV. Consequently, the altitude where equili-
brium is reached decreases with the incident energy from 10 keV to
300 keV (Figure 4). However, in the case of 300 keV (and in fact
above 200 keV), the equilibrium fraction (=100% H*) is identical
to the initial composition of the beam, i.e., for initial energies
greater than 200 keV, the beam is already equilibrated at the top of
the atmosphere (it would be quite different in the case of a beam of
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incident peutrals). This gives evidence that at low energy (less
than 10 keV) and at high energy (2200 keV), the beam composi-
tion is always equilibrated in the altitude range of the peak
excitation rate, although for different physical reasons. However,
for intermediate energies, the beam equilibrium composition is
reached in a region where the excitation rate is within 1 order of
magnitude of its peak value (Figure 5). Considering the fact that
emission excited at the peak of excitation contributes less to the
observed emission than emission excited above, due to the effect
of atmospheric extinction, the problem of equilibration of the
beam must be considered carefully in this intermediate energy
range, 50 £ E < 200 keV. The change in composition of the beam
at the bottom of the atmosphere is not affected by this problem,
since the atmosphere there is dense enough to insure instanta-
neous equilibration. We have also investigated the effect of the
pitch angle on the equilibration of the beam. When the pitch angle
increases (increasing the path of the particles), the point where
the equilibrium is reached is displaced upward. At this point, the
excitation rate is still important in comparison to the value at the
peak. For pitch angles greater than 80°, the path length is
sufficiently large that it allows the equilibration of the beam in the
very upper atmosphere. Then the entire region contributing signi-
ficantly to the excitation rate is traversed through an equilibrated
beam.

Finally, as mentioned above, the volume excitation rates
present a peak which corresponds to the region where the local
energy E,  rapidly decreases. In this region, only a few hundred
kilometers thick, it is important to know which precipitating
particles will be dominating the excitation process. We plot in
Figure 5, the contribution of protons and fast hydrogens to the
excitation rate of the H, Lyman bands for three different incident
energies, and show that three different kinds of situations must be
distinguished. In the altitude range of the peak, the excitation
process will be controled by H, impact (E < 2-10 keV), by a mixtu-
re of Heand protons (2-10 keV < E < 200 keV) or by proton impact
(E > 200 keV). The energy ranges are, of course, approximate esti-
mates of the limits of the different situations.

Based on these results, it is clear that there are two relatively
simple situations: low-energy precipitating proton beams (a few
keV) and high-energy precipitating proton beams (> 200 keV),
where the equilibrium composition is always reached, and where
the excitation process is dominated by a single specie (H, and H*,
respectively). The intermediate situation is more complicated,
with a mixture of H,and H* on the whole range of altitude, and for
which we must take into account the nonequilibration of the beam.

The specific goal of this first paper is the analysis of the
Jovian auroral emissions. As detailed in the introduction, several
independent studies have suggested that the precipitating parti-
cules should be rather energetic. Livengood and Moos [1990] have
deduced the penetration depth of the particles from hydrocarbon
absorption signatures. They conclude that protons of energy
between 250 keV and 1.6 MeV could have such a range in an H,
atmosphere. The use of a precomputed penetration range table
entails the assumption of normal penetration in the atmosphere,
i.e., rougly field-aligned distributions. Any other angular distribu-
tion would imply larger incident energy. This energy range is also
consistent with the determination of =700 keV/nucleon for
precipitating O and S ions analyzed by Waite and Boice [1992].
Consequently, in the following, we will focus on the high-energy
case. It is clear that for applications to the other giant planets, the
more complex case of intermediate energy protons should be
developed also. Therefore, we have also studied the case of 50 keV
primary protons for comparison purposes.
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Figure §. Contribution of the protons and of the fast hydrogen atoms to the volume excitation rate of the
Lyman bands for various incident proton energy in the altitude range of the peak. The process is dominated by
fast hydrogen for low incident energy, and by protons for high incident energy. At 50 keV, the beam consists of
a mixture of H* and H, where one or the other dominates alternately.

4. Excitation Processes and Cross Sections

4.1. Reactions and Cross-Section Data

In order to evaluate the volume excitation fate of H Ly o from
the atmospheric constituents H and H,, we a:ve considered the
various processes of production for this emission. They are all
presented in the Table 1 with the respective source of data we have
used for our code. When no experimental dath are available, the
cross sections have been extrapolated.

Due to the lack of laboratory measurements for the excitation
of H, bands by proton and atomic hydrogen impact, we have used
scaling laws [Miller and Green, 1973] for proton impact. These
laws allow the determination of the excitation cross section by
proton impact knowing the corresponding cross section due to
electron impact. The electron impact excitation cross section used
for the Lyman and Werner bands is the analytical form given by
Garvey et al. [1977]. Concerning the excitation of the H, bands
by fast hydrogen impact, we have assumed the same ratio between
the H Lyman « and H, band cross sections for protons and fast H

/

on H, (the cross section for production of Lyman « by HconH, is
measured; see the references in Table 1).

4.2. Results

Figure 6 shows the volume ionization rates of the two
atmospheric constituents (H and H,) and the contribution of the
secondary electrons (e”,) which leads to the formation of tertiary
electrons. This latter contribution is several orders of magnitude
lower than the beam contribution. However, by comparison with
Figure 2, it appears that the contribution of the secondary
electrons is slightly increasing with energy (from =0.4% to 2.1%
of the total pumber of jonizations from 100 keV to 700 keV). One
can also observe that the altitude of the peak ionization rate
decreases from =130 km to =-12 km. In any case, for energetic
precipitating protons, ions are preferentially produced by the
beam impact on the Jovian atmosphere, and we expect that the
contribution of the tertiary electrons to the volume ionization rate
is mnegligible.
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Table 1. Cross Sections for H Lyman o Production

Reactions Energy Range  References
p+Hy—-Llya 160eV-1keV Van Zyl et al. [1989]
1keV-40keV Birely and McNeal
[1972]
40keV-100keV  Hughes et al. [1972]
>100keV extrapolated
H+H;->Lya 50eV- 3keV Van Zyl et al. [1989]
3keV-20keV Birely and McNeal
[1972]
>20keV extrapolated
p+H—-p+H(@2p) All energies Janev et al. [1987]
p+H—=p+H@2s) 10.2eV-80keV Janev et al. [1987]
>80keV extrapolated
p+H—-H(2p)+p 10.2eV-60keV  Janev et al. [1987]
>60keV extrapolated
p+H—-H2s)+p 1keV-100keV  Morgan et al. [1980]
>100keV extrapolated
H+H—->H+H@Qp) 1keV-100keV  Shingal et al. [1987]
>100keV extrapolated
H+H—>H+H(2s) 1keV-100keV  Shingal et al. [1987]
>100keV extrapolated
H+H—-H(2p)+H 1lkeV-40keV scaling law
>40keV extrapolated
H+H—->H2s)+H 1keV-100keV  Mayo et al. [1988]

>100keV

extrapolated

Figure 7 represents the differential energy spectrum of the
secondary electrons, given by equation (14), at various altitude
levels between the top of the atmosphere and the level where the
incident particles have lost all their energy (=0 km). We see its
deformation as the altitude decreases. The fact that this flux is
greater for the low energies is due to the reactions of the secondary
electrons with the atmospheric species (ionization or excitation)
which all have thresholds near or above 10 eV. This effect
increases as the atmosphere becomes denser at lower altitudes,
enhancing the low-energy part of the spectrum with respect to the
bigh-energy tail. In addition, thermalization reactions (for
example, loss by vibrational excitation of H,) also redistribute the
energy of the secondary electrons toward very low energies. This
appears in the relative increase of the spectrum below =1-3 eV,
increasing with decreasing altitude, and maximum at the lower
level reached by the beam (0 km, here).

In Figure 8a, we plot the volume excitation rate of H Lyman a,
which is the sum of the excitation coming from the two
atmospheric species (H and H,) which both produce this line. The
contributions of the two components of the beam, H* and H, and
of the secondary electrons are separated in order to estimate their
relative importance. We note that the main source of excitation
comes from e, impact : =68% of the total excitation rate at the top
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of the atmosphere, and 55% at the peak level (45 km). At the peak,
excitation by H, impact is 2.5 times smaller than the excitation by
protons, and approximately 13% of the total. As altitude increa-
ses, the role of the fast H to the excitation decreases to a negligi-
ble level. However, even with a small fraction of fast H in the
beam, its contribution at the peak is not negligible. So, with
smaller initial energies, we would expect the fast H contribution to
increase (Figure 8b).

Figure 9 shows the volume excitation rate of the Lyman and
the Wemner bands of H,. Fast H, proton, and secondary electron
contributions have been separated. As for H Lyman o, secondary
electrons are the main contributor to the excitation of the H, bands
(=71% at the peak and 68% at the top of the atmosphere for the
Lyman bands, and 71% and 68%, respectively, for the Werner
bands). Fast H contributes approximatively 5% of the total
excitation rate at the peak. Fast H is more efficient for the
excitation of H Lyman o than for the H, bands for o = 300 keV.

5. Comparison Between Electron and Proton
Precipitations

5.1, The Electron Code

A code for modeling electron precipitation has also been
developed. The method adopted in this model is still the CSDA.
We will only present here the main results. From Gérard and Singh
[1982]), the number of ion pairs created in a gas s per unit time and
per unit volume is similar to equation (1) except that the stopping
power is that for electrons in H,. We use the expression of the loss
function L(E) of electrons in H, given by Gérard and Singh [1982].
The volume ionization rate expression due to electron impact on
the atmospheric gas s is the same as equation (6) after replacing
the correct loss function L (E).

A major simplification arises from the disappearance of the
charge exchange process when the incident beam comprises only
electrons, and the expressions for the volume excitation rates are
somewhat different. We will not explicitly outline the various
steps leading to these expressions, for they are similar to the
proton case. So, the volume excitation rate of the state i at the
altitude z due to the interaction of the electrons with the gas s is

W,.(Z)=2M.(Z)Ijoi,(Em) D(E,)f(8)tan(9) dBdE, (21)
E,0

For the secondary electrons contributions, the production rate
expression is similar to equation (10) except for the "shape
parameter”. It is given by Opal et al. [1971] and has the following
form:

2

oL+ (B, 1)’ | e

Sy, (Epe. E,)=

where b = 8.3 eV for H, and E, is the primary electron energy. We
note that the "shape parameter” is independent of the primary
energy above 300 eV.

The differential flux of secondary electrons at the altitude z for
the energy E,__ is given by equation (13), where the secondary
electron production rates are calculated with the new "shape para-
meter”. Assuming a local degradation of the secondary electron
energy, the volume ionization and excitation rates due to the
secondary electrons are given by equation (15) and equation (16),
respectively.
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Figure 6. Contribution of the beam particles (H* and H)) and of the secondary electrons to the ionization rate
of (a) H, and (b) H after determination of the altitude-dependent equilibrium fraction.

As for the proton case, total volume rates are the sum of the  the energy of 300 keV incident protons would be totally degraded,
primary and the secondary contributions. and using the electron code, we have determined the beam initial

In order to compare the effect of the species in the incident energy that allows electrons to reach the same altitude. The
beam (electrons or protons), one must cancel any effect due to the  corresponding electron initial energy is 10 keV, computed with
initial energy. We have therefore first computed the altitude where  field-aligned beams in both cases.

(a=300keV and n=0)

1000 km
1500 km

-
[~
+

2000 km

Diff. =mec. flux (cm_z.a_’.cl'_’)

1 10 100 1000
Secondary eleciron energy (eV)

Figure 7. Differential energy spectra of the secondary electrons created by a 300-keV proton incident beam at
various altitude levels. One can see that the increased thermalization of the electrons enhances the low-energy
population at the expense of the high-energy tail. The maximum overall production is near 100 km ( = joniza-
tion peak in Figure 6), and minimizes at O km, which is close to the total energy degradation level for 300 keV at
the top of the atmosphere.
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Figure 8. Altitude distribution of the total excitation rate of H Lyman « and of the individual coatributions
from fast hydrogen H, from the protons (H*) and from the secondary electrons e,” for (a) a 300-keV proton
incident beam and (b) a 50-keV proton incident beam. The volume excitation rate is dominated by the effect of
the secondary electrons for large incident energies (greater than 200 keV) and by the effect of the fast H for small

energies (less than 100 keV).

5.2. Comparison of the Ionization and the
Excitation Rates due to Proton and Electron Impact

We compare in this section the volume jonization and
excitation rates induced by electron and proton precipitation.

Figure 10 shows the altitude distribution of the volume ioniza-
tion rate of H,. The 10-keV electrons and the 300-keV protons
produce extremely similar effects. In addition to a similar penetra-

a) Werner bands
a=300keV,n=0)

2000
-5
1500}
-
£ 1000} 5
j. L1074 &
j §
E sool- - ’0-3 «
[ L oor &
[ 0.1
or 0
880
_5”- i ad. ad ol -l ol - -
10~° 10~ 10° 10%

Volume Excitation rate (cm-"..")

tion depth (imposed by the choice of the energies), we can note
that in both cases, the secondary electron contributions are quite
similar (=1% of the total contribution), and are negligible for the
ionization of the atmosphere. In addition, the absolute value of
the volume ionization rate is about the same all over the altitude
range, except for a relatively small excess of the primary electron
ionization with respect to the H*/H, beam at the top of the
atmosphere (=1.4 times larger).

5) L an bands
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Figure 9. Plots for the (a) Werner bands and (b) the Lyman bands of H,. Again, the excitation rate is

dominated by the effect of the secondary electrons.
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b) PROTONS: (a=300keV,n=0)
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Figure 10. Comparison of the altitude distributions of the volume ionization rate due to the primary and
secondary particles in the case of (a) a 10-keV electron incident beam and (b) a 300-keV proton incident beam.

Figure 11 compares the epergy spectra of the secondary
electrons created at three different levels in the atmosphere (near
the top of the atmospbere at 2000 km, at 1000 km, and near the
level of total degradation at 200 km) by an incident electron beam
of initial energy 10 keV and by an incident proton beam of initial
energy 300 keV. At all altitudes, the spectra exhibits a rather
similar shape up to about 100 eV, with the absolute values of the
differential flux larger in the case of proton primaries by a factor
of about 1.3 than in the case of electron primaries. Above 100 eV,
the secondary spectra decrease abruptly in the first case, whereas
they exhibit a significantly high energy tail (up to more than 1
keV) when created by electron primaries.

By contrast, the volume excitation rates depend upon the
nature of the precipitating particles. In Figure 12, we plot the con-
tributions to the total excitation of H Lyman o (from atmospheric
H and H,) from the particles in the beam and from the secondary
electrons. They differ by the relative secondary electron contribu-
tion. In the case of a proton aurora, the secondary electrons are the
main contributor to the total excitation. And for an electron
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aurora, these secondary electrons represent about 58% of the total
excitation rate (compared to 55% for the proton aurora).

Figure 13 shows the contributions of the primary and
secondary particles to the volume excitation of the Lyman bands
(results for the Werner bands are very close). They are more similar
than in the case of H Lyman o. In both cases, the ratio of
contributions from the beam and from the secondary electrons is
roughly independent of altitude. These contributions are very
close for the case of an incident electron beam (42.2% from the
beam, 57.8% from the secondary electrons), whereas secondary
electrons contribute slightly more for a proton beam (29.6% from
the beam, 70.4% from the secondary electrons).

Finally, Figure 14 compares for incident electrons and protons
the overall excitation rate of H Lyman o and of the H, bands,
respectively. It appears that, although the volume excitation rate
of H Lyman o and of the H, bands are quite similar at the top of the
atmosphere in both cases, the ratio of volume excitation rates of H
Lyman « to H, bands becomes smaller (by a factor 1.3) for the
proton beam than for the electron beam in the region of the peak.
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Figure 11. Energy spectra of the secondary electrons created at various altitudes in the atmosphere by (a) a
10-keV electron incident beam and (b) a 300-keV proton incident beam.
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Figure 12. Same as Figure 10 for the excitation rate of H Lyman a.

§.3. Comparison of the Efficiency of a Proton and an
Electron Aurora

In order to calculate the efficiencies (Table 2), we integrate the
production rates over altitude for the principal processes in the
case of a proton and an electron aurora. The contributions of the
precipitating particles and of the secondary electrons are separated
in both cases. The total energy input is 1 erg cm2 5!, The fraction
of the total energy deposited in the atmosphere via a given
process (which represents the efficiency of this process) has also
been calculated. Since we bave only calculated the volume
excitation rates, the column production rates represent the total
number of quanta produced along the path by the precipitating
particles. Cascading effects have been neglected for the estimation
of the production of Lyman o coming from atmospheric H, but for
the contribution coming from H,, they have been taken into
account in the experimental emission cross sections used. In the
case of ionization, the column production rate is the number of
ionizations produced by the particles during their degradation.
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For the 300-keV proton aurora, the contribution of the
secondary electrons to the Lyman and the Werner excitation is
about 3 times the contribution of the protons of the beam, fast H
contributing for less than 10% to the total. The fraction of the
total energy input spent for the production of the H, bands is
24.5% versus 15.7% in the 10-keV electron aurora. For Lyman o
(after addition of the contributions from H and H,), the secondary
electrons are responsible of about 56% of the total excitation. The
fast H contribution is still of the order of 10%. For this range of
initial energies, the excitation processes are essentially control-
led by the secondary electrons. Ionization is the most important
process, accounting for 27.1% of the total energy input. In this
case, the secondary electrons do not play any significant role.
Their contribution represents about 1% of the total. The ioniza-
tion of the Jovian atmosphere is principally controlled by the
precipitating beam.

We also compute the column production rates for the 10-keV
electron aurora. For the Lyman and Werner band excitation, the
contributions of the primary and secondary electrons are about
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Figure 13. Same as Figure 10 for the excitation rate of the Lyman bands of H,.
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Figure 14. Comparison of the altitude distribution of the total excitation rate of H Lyman o and of the Lyman
and Werner bands of H, by (a) a 10-keV electron incident beam and (b) a 300-keV proton incident beam.

60% and 40%, respectively. The contribution of the secondary
electrons for the Lyman o excitation is about 1.3 times more than
the primary contribution, as in the case of the 300-keV proton
aurora where the secondary contribution is dominant. For
ionization, the contribution of the secondary is negligible (less
than 1% of the total), as for the proton aurora. But the 10-keV
electron aurora is more efficient in ionizing the atmosphere
(35.1% of the total energy input is spent for the ionization
process) than the 300-keV proton aurora (only 27.1%). If we
compare the overall fraction of the total energy spent in the
ionization and excitation of the atmospheric constituents, we find
that the 10-keV electrons are less efficient (52.8%) than the 300-
keV proton aurora (55.3%).

A very rough estimate of the emergent intensities can be done.
For a given line, the column production rate is proportional to the
emergent intensity only if the atmosphere is strictly transparent
for this line. Neglecting all the possible absorptions of the pho-
tons produced, which is, of course, not realistic, we find then that
for 1 erg cm2 5! and in the case of a 300-keV proton aurora, the
emergent intensity in the H, bands (Lyman and Werner) would be
12.1 kR and 1.6 kR in the Lyman « line. In the case of the 10-keV
electron aurora, the intensity in the H, bands would be 7.7 kR and
0.83 kR in the Lyman ¢ line.

Gérard et al. [1993] deduced from recent observations of the
Jovian FUV emissions with HST a value of 2.4 for the ratio R
between the emergent intensity in the H, bands and at Lyman a
(these data have not been obtained during the same observation
and temporal variability of the auroral emissions can affect the
value of R). Our model predicts a value of 7.6 for the 300-keV
proton aurora and 9.3 for the 10-keV electron aurora. Our values
are not realistic because the atmospheric extinction differs from
line to line. However, they are not that far off the observed ratio.
From the works of Waite et al. [1983], Horanyi et al. [1988] and
Shingal et al. [1992], we can evaluate the ratio for different
precipitating particles. We deduced from these papers the
following values of R: 3.6 (10-keV electrons), 4.5 (ions S and O
in the 100 keV range) and 7.8 (10-keV electrons), respectively.
The particular high value of Shingal et al. [1992] is due to the low
value of the excitation cross section of Lyman o by electron
impact on H,. This ratio R is, of course, energy dependent and its
behavior is specific to the nature of the particles (Figure 15).

6. Effect of the Use of an Atmospheric Model

In order to investigate the effect of the atmospheric model
adopted, we use the Jovian neutral atmosphere model of Kim et al.
[1992] representative of an auroral zone. In such auroral models,
the ionization of the atmospheric constituents (H and H,) by
precipitating particles produces molecular hydrogen ions which,
through dissociation, create thermal neutral H. This is why in the
Kim et al. model, the neutral H density is larger than in the
McConnell model. In the Kim et al. model, we note also an
increase of the molecular hydrogen density above the homopause
in the altitude range of energy degradation due to the use of higher
temperature. With an increase in the neutral densities, the volume
excitation rates will also increase. In Figure 16, we plot the
volume excitation rates of the H, bands (Lyman and Werner) and of
Lyman o for precipitations of 10-keV electrons and 300-keV
protons. The magnitude at the peak, which is less sharp, is of the
same order as in the case of an equatorial model, and the
precipitating particles produce more excitations and ionizations
in the high-altitude region of the atmosphere because the densities
have been increased. So the contribution of this region to the
emergent intensity will increase, but only the application of a
radiative transfer code would allow a precise determination of this
coatribution.

Using the model of Kim et al., we have calculated the ratio R
defined in section 5.3. We have obtained a value for R of 5.6 for
the 300-keV proton aurora and 5.9 for the 10-keV electron aurora.
The influence of the neutral model is significant.

7. Conclusion

We have developed a code of energy degradation of protons
applied to the Jovian aurorae. The method adopted is the continous
slow down approximation. It is accurate enough for our study
because we only consider beams of precipitating protons with
high energies in comparison to the excitation and ionization
threshold energies. This model allows the calculation of volume
ionization and excitation rates of the H, bands (Lyman and
Wemer) and Lyman o. We have taken into account the charge
exchange effects to evaluate these quantities.



REGO ET AL.: AURORAL EMISSION FROM GIANT PLANETS, PROTON IMPACT

Table 2. Comparison of the Efficiencies Between a 300-keV
Proton and a 10-keV Electron Aurora
]

300-keV Proton Aurora
Process Column Production Rate Efficiency

H, Protons e;
I'12 9.3(9) 1.0(8) 27.1
ionization
H 2.4(7) 9.2(5) 0.06
ionization
Lyman 2.7(8) 1.2(9) 3.6(9) 10.6
bands (5.1 kR)
Werner 3.8(8) 1.6(9) 4.909) 13.9
bands (7 kR)
Lyman o 6.8(5) 1.9(7) 5.6(7) 0.12
from H (76 R)
Lyman o 1.8(8) 4.8(8) 8.2(8) 3.5
from H, (1.5 kR)

10-keV Electron Aurora
Process Column Production Rate Efficiency

Primary e,

electrons
H, 9.2(9) 8.3(7) 35.1
ionization
H 3.1(7) 6.9(5) 0.11
ionization
Lyman 1.4(9) 1.9(9) 6.9
bands (3.3 kR)
Wemer 1.8(9) 2.6(9) 8.8
bands (4.4 kR)
Lyman o 2.3(7) 4.4(7) 0.11
from H (67 R)
Lyman o 3.2(8) 4.4(8) 1.77
from H, (7460 R)

R ———————
Read 7.5(9) as 7.5 x 10° cm2 s71. The emergent intensities are

calculated without absorbtion by the hydrocarbons and without
considering radiative transfer effects.

One of the results is that the beam of protons is not
necessarily in an equilibrium state with respect to charge
exchange, so that the use in such model of the formulas giving the
equilibrium fraction of protons and fast H in the beam may not
appropriate. This is due to the fact that the high-altitude region of
the Jovian atmosphere is not sufficiently dense to ensure collisio-
nal equilibration of the precipitating beam. For an intermediate
regime of initial energies of the precipitating protons (around 50

17,091

Electron energy (keV)

0 25 50 75 100 125 150
20 T T T T T T

175 200

Color Ratio

600 1000

800

0 200 400

Proton energy (keV)

Figure 15. Ratio of the emergent intensity in the H, bands and
at Lyman o for various energies (calculated without absorbtion and
radiative transfer). Its behavior is specific to the nature of the
Pprecipitating particles.

keV), the equilibration occurs close to the altitude of the peak
volume excitation. It is in such a case that the charge exchange
effects must be considered with care and in particular for the
equilibration of the beam. We have distinguished different regimes
of influence of the charge exchange. For high energies of the
precipitating protons (greater than 200 keV), charge exchange
does not affect the composition of the beam of incident protons,
but for intermediate energies (10 keV to 200 keV), this process
affects seriously the composition of the beam and we have to take
into account the presence of fast H atoms (Figures 3 and 4). For the
lowest energies (less than 10 keV), the charge exchange is
dominant and the beam is dominantly neutral hydrogen. The
results predicted by this code for energies lower than 10 keV have
to be taken carefully because the validity of the assumptions of the
CSDA method are no longer valid. Moreover, the cross section
data we have used would have to be extrapolated below 10 keV.

We have also compared the volume ionization and excitation
rates of the observed FUV emissions in the case of electron and
proton precipitations. The secondary electrons, produced by
ionization of the atmosphere, have a negligible contribution in
the ionization process for the two types of aurorae. The ionization
is controlled essentially by the precipitating particles. For the
volume excitation rates, the secondary electrons, in the case of an
electron aurora, contribute 58.4% to the total, whereas for a
proton aurora, they become the main contributor (69% of the
total) at all altitudes in the high-energy regime (>200 keV). For
lower energies, fast H contribution to the excitation increases and
becomes dominant at 50 keV. Comparing the volume excitation
rates of the Lyman and the Werner bands to Lyman o for the two
kinds of aurorae, we found that, for a given production of photons
in the H, bands, the proton aurora produces more Lyman o than the
electron aurora. But the effects of radiative transfer will affect this
result. The ratio between the emergent intensity in the H, bands
and at Lyman o is sensitive to the nature and energy of the
precipitating particles. We expect to be able, with this model
coupled with a radiative transfer code and by comparison with the
observations, to predict this ratio. For the determination of the
energy of the particles, it can be deduced from the value of the
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Figure 16. Same as Figure 14 with the auroral neutral model of Kim et al. [1992].

penetration depth determined by the ratio of the Lyman bands
intensity and the Werner bands intensity (color ratio) as already
done by Gladstone and Skinner [1989] and Livengood and Moos
[1990]. Particle type can be deduced from the value of the ratio
between the intensity in the H, bands and Lyman « intensity.

Appendix

In this section, we will deduce the local energy of the beam
from equation (2). In the case of Jupiter, we have two atmospheric
constituents. Equation (2) becomes

n(z)

dE
[E] = cos(8) [ @LaBy+ fo, LB} (AD

where n(z) is the altitude profile of the total density, L(E) is the

loss function of protons in the gas s and f,(z) is the fractional

abundance of the gas s. According to the results of Phelps [1990],

we assume identical loss function for protons and H in H,. And in
the separated atom mode], we have

Ly, (E)=2Ly(E) A2)

Since the sum of the fractional abundances of the species
composing the atmosphere is equal to unity, (Al) becomes

Ly, (E
[dE]=_n(Z) w, (E) A3)

I 2cos(6)

{1+ i, @)}

We have adopted for L,(E) the analytical form of Green and
Peterson [1968]. Then we can easily integrate (A3), i.e;

E(z=h)=Eje(h,8)

TE 1

A Ly, (E) 2cos(6)

=h
J{1+ T, (z)}n(z)dz (Ad)

Inverting this equation numerically will give us the local
energy of the beam, which is altitude and pitch angle dependent.
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