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Abstract. Several different ion species have been po-
sitively identified in the earth’s radiation belts. Besides
protons, there are substantial fluxes of helium, carbon
and oxygen ions, and there are measurable quantities of
even heavier ions. European, American and Soviet
space experimenters have reported ion composition
measurements over wide ranges of energies: at tens of
keV (ring-current energies) and below, and at hundreds
of keV and above. There is still a gap in the energy
coverage from several tens to several hundreds of keV
where little observational data are available. In this re-
view emphasis is placed on the radiation belt ionic
structure above 100keV. Both quiet time conditions
and geomagnetic storm periods are considered, and
comparison of the available space observations is made
with theoretical analysis of geomagnetically trapped ion
spatial, energy and charge state distributions.

Key words: Radiation belts — Ion composition —
Spacecraft data — Geomagnetic field — Radial dif-
fusion — Charge exchange — Magnetic storms — Ion
anisotropy — Trapped radiation.

Introduction

The region of space occupied by the earth’s radiation
belts contains substantial fluxes of particles ranging in
energy from below an electronvolt to above 100 MeV.
No single spacecraft particle detector is capable of
covering this great energy range, so a combination of
detectors must be used, each with its own advantages
and limitations. A particularly difficult type of
measurement is the mass discriminating detection of
ions between a few tens of keV and several hundred
keV energies. Instruments that cover these energies
have now been devised, but not yet flown in space.

The ionic composition of the radiation belts is both
complex and time variable. Besides protons there are
substantial fluxes of helium, carbon, nitrogen, oxygen

* Based on an invited review paper given at the Symposium
on Plasma and Energetic Particles in the Magnetosphere,
EGS Meeting, 23-27 August 1982, Leeds, UK

** Work done at the NOAA Space Environment Laboratory,
Boulder, Colorado, USA

and even heavier ions. Theory predicts that at the high-
er energies in the MeV range the charge states of these
ions should primarily be among the higher attainable.
Unlike the energetic electron component of the trap-
ping region, the ion fluxes are generally not distributed
into an inner and an outer zone, but rather fill the en-
tire stable trapping region with a peak flux location ac-
cording to the ion energy. Early in-situ magnetospheric
observations unambiguously determined the presence of
energetic ions heavier than protons (Krimigis and Van
Allen, 1967; Krimigis et al., 1970; Van Allen et al., 1970;
Shelley et al., 1972). Subsequent experimental work gave
much more detailed information about the distribution
of these ions with the observable trapping region pa-
rameters: L-shell, energy and pitch angle (Sharpetal,
1974a, b, 1976a, b, 1977a, b, Shelley et al., 1974, 1976a, b,
1977; Johnsonetal., 1974, 1975, 1977, 1978; Fritz and
Williams, 1973; Fritz, 1976; Fritz and Wilken, 1976;
Fritz et al., 1977; Fritz and Spjeldvik, 1978, 1979; Spjeld-
vik and Fritz, 1978a,b,c,d, 1981a,b,c; Blake, 1973,
1976; Blakeet al., 1973, 1980; Blake and Fennell, 1981;
Fennell et al., 1974; Lundinetal., 1980; Hovestadt et al,,
1972a,b, 1978a,b, 1981; Mogro-Campero, 1972;
Panasyuk et al., 1977, Panasyuk, 1980; Panasyuk and
Vlasova, 1981). At hundreds of keV and MeV energies,
when comparison is made between protons and heavier
ions at equal total ion energy, the dominance of the
heavy ions is indicated in segments of the radiation
belts; on the other hand, flux comparisons at equal en-
ergy per nucleon generally favor protons. At lower en-
ergies, the recent works of Lundinetal. (1980),
Lennartssonetal. (1981), Lennartsson and Sharp (in
press 1982) and Youngetal (1982) demonstrate the
variability of the ring current ionic composition during
different geomagnetic and solar conditions. Significant
variations of the high energy trapped ion composition
are also known to take place, at least during some
magnetic storms (e.g. Spjeldvik and Fritz, 1981a,b,c).
In recent years it has become clear that energetic
heavy ions are particularly effective in causing internal
damage to spacecraft memory and control systems (J.B.
Blake. personal communication, 1980; McNulty, 1981;
Adams and Partridge, 1982). Thus the detailed study of
these ions is of practical as well as academic interest.
This review is organized into two experimental ob-
servation sections where quiet and disturbed time data
are presented, a theory section where the physics of ra-
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diation belt heavy ions is outlined together with model-
ing results, a section comparing these theoretical pre-
dictions with the available ion data, and a concluding
section that discusses near-future research trends. An
unavoidable bias in the selection of papers referred to
is due to the author’s research inclinations and the fact
that it is not possible to read every paper in the field. Ob-
servational results from ion mass spectrometers are the
subject of the companion review by Young (1983) (see
also previous reviews by Shelley, 1979; Johnson, 1979);
the present paper will therefore limit its scope to ra-
diation belts ions above ~100keV per ion.

Experimental Observations at Quiet Times

Instrumentation

Significant technological advances in spacecraft borne
instrumentation have occurred during the last decade
obviating, in many cases, the uncertainty pertaining to
the ionic identity. By virtue of the paucity of instru-
ments utilizing solid state detectors, quite complicated
detector systems have also been devised. Among the
earliest problems were the distinction between energetic
ions and electrons, suppression of electromagnetic ra-
diation effects and particles penetrating the sides of the
detector head. Ion fluxes can be deduced by comparing
the counts in two identical solid state detector systems
of which one has a thin metal foil across the entrance
aperture, or by having a permanent “broom”-magnet in
the collimator of a single detector head or by actively
using such a magnet with multiple detectors to form a
magnetic spectrometer. To some extent, particle species
separation can also be achieved by precise pulse height
discrimination. A common type of energetic ion detec-
tor flown by numerous groups during the seventies is
the twin-element solid state design (Fritz and Cessna,
1975; Panasyuk etal., 1977). By combining the infor-
mation on the energy deposited in both of the AlSiAu
detectors it is possible, within a certain energy range, to
determine both ion energy and mass. Such instruments
have been flown on numerous spacecraft, and this type
of detector system can be operational from several hun-
dred keV per ion to tens of MeV per ion, with ion
identification, and down to ~14keV per ion, without
mass discrimination, depending on the detector thick-
ness and the design of the adjoining pulse height discrim-
ination system. For measurements of more energetic
ions, multiple detector configurations have been de-
signed, generally with increasing detector thickness away
from the collimator opening; known absorbers may
also be placed between the detector elements (forming
a range telescope). Shielding against unwanted ra-
diation can be done by passive means (thick walls) or
by an active system (e.g. guard ring scintillators); for a
review of energetic particle instruments, see Spjeldvik
(1981a).

More modern designs elicit a three parameter ion
analysis by measuring both the energy deposited in
each of two or more detectors and the time of flight
between two of them. From this one obtains a more
precise ion identification; however, very fast electronic
circuits are necessary in order to measure the particle
transit time over path lengths as short as ~10cm or

less (Williams et al., 1978). A hybrid instrument combin-
ing a proportional counter, solid state detector and a
scintillator was successfully used by Hovestadt and
Vollmer (1971) on the S3-2 spacecraft for measuring
very energetic ions and low energy cosmic rays. A vari-
ation of this instrument, which also utilizes an electric
field deflection in a 20kV potential field, was included
in the ISEE-1 and ISEE-3 payloads (Hovestadtetal.,
1978a). This instrument also permits information about
the ionic charge states to be gathered. The energy cov-
erage is primarily in the multi-MeV per ion range. New
instruments are currently being developed to extend the
data coverage towards lower energies to bridge the gap
between the upper energy limit of spacecraft mass
spectrometers, which is typically a few tens of keV
(Balsiger etal., 1976), and the practical lower energy
bound of the mass discriminating solid state detector
systems, which is typically 600keV per ion (Fritz, 1979).
Since no data are available from these new instruments,
their discussion is deferred to the last section of this
review.

The disadvantage with most of the older “proton”
(i.e. total ion) detectors is the fact that the ion species
remains undetermined. The instruments were most of-
ten beam-calibrated with protons, and the mistaken
conclusion may be drawn that the observed ions in
space are only protons. The latter may only be a valid
conclusion in conjuction with other colaborative evi-
dence, such as simultaneous mass-spectrometer or solid
state mass discriminating detector data. However, much
of the “proton” observation presented in the early
literature really represents ion counts within the proton
channel passbands, so it is possible that neither the spe-
cies identification nor the quoted ion energy is correct.
This should be kept in mind while re-examining and
utilizing older ion (“proton”) data.

Radiation Belt Protons

Equatorial observations of radiation belt ion (“proton”)
fluxes between 78.6 keV and 22 MeV per ion are shown
in Fig. 1. These data were obtained with two, separate,
twin-element solid state detectors on Explorer 45
(Fritz, 1979; Spjeldvik, 1981a) during the early half of
June 1972. The use of a thin solid state detector ele-
ment for the higher energy passbands and suitable
pulse height discriminator logic made most of the data
channels insensitive to incident electrons. The ion flux
averages shown in this figure (from Fritz and Spjeldvik,
1979) were constructed statistically over ~50 quiet-
time spacecraft passes, assuming that the ions are in-
deed protons. Evidence to that effect is only circum-
stantial; the theoretical calculations of Spjeldvik (1977)
demonstrated that the Explorer 45 quiet-time ion data
at ~100keV-=1MeV could only be simulated by
theoretical calculations if these ions were protons and
not helium or oxygen ions. It was also found that the
radial flux maximum is systematically displaced to-
wards lower energies with increasing ion energy in this
range. Spectrally, the Explorer 45 equatorial ion (pro-
ton) observations generally show steep spectra above
~100keV at L-shells beyond L~4.5, and a spectral
maximum is formed at a few hundred keV at the lower
L-shells. Such positive spectral gradients could be un-
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Fig. 1. Energy spectra of equatorial radiation belt protons in
the range 0.1-20 MeV deduced from Explorer 45 observations
during the geomagnetically quiet period 5-15 June 1972. The
data extend over L shell of 2.25, 2.5, 2.75, 3, 3.26, 3.5, 4, 4.5,
and 5. The solid curve in each panel is drawn as the best fit
to the data points for the differential energy channels and as
an analytic approximation to the quasi-integral channel (see
Fritz and Spjeldvik, 1979). The data are represented by the
energy passband (horizontal extent) and the standard de-
viations (vertical extent)

stable to plasma wave growth, but that aspect has yet to
be fully explored in the radiation blets.

Helium Ions

Instruments capable of discriminating heavy ions form
protons have been flown on a number of spacecraft, in-
cluding Injun-4, Injun-5, Ogo-4, Explorer 45, ATS-6,
S3-2, Cosmos-900, Molniya-2 and many others. Fig-
ure2 shows examples of the proton and helium ion
results obtained where four of the channels (effective
at 1-50 MeV) measured protons and two of the chan-
nels (effective at 4-60 MeV per ion) measured helium
ions. The orbits of Cosmos-900 and Molniya-2 were
such that substantial ranges of B/B-values were sam-
pled (B being the magnetic induction at the spacecraft
and B, its equatorial value on the same field line).
When converted to flux units results from this class of
instruments have been quite revealing, and we have
learned that ions with nuclear charge Z>1 can be
dominant at certain energies and locations in the trap-
ping region (Fritz and Wilken, 1976; Panasyuk et al.,
1977; Fritz and Spjeldvik, 1979). A comparative result
from the ATS-6 spacecraft is illustrated in Fig.3 (from
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Fig.2. Ton (proton) observations presented as radial profiles
in four passband: HC8 at 1-2MeV, HCIO at 1.7-4MeV,
HC6 at 4.5-15MeV and HC12 at 30-50 MeV; and alpha-par-
ticle (helium ion) observations in two passbands: HC7 at 4-
10 MeV per ion and HCS at 17-60MeV per ion. The data
were obtained with the Molniya-2 spacecraft (for details, see
Panasyuk et al., 1977)
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Fig. 3. Equatorial heavy ion spectra monitored with the satel-
lite ATS-6 in the geostationary orbit at L=6.6. The instru-
ments did not permit determination of ion charge states but
did discriminate between ion mass. The leftward solid curve
represents Z=1 ions at E<350keV and Z=1 ions (i.e. pro-
tons) at higher energies. The simultaneous spectral obser-
vations indicate that heavy ions (Z=3) dominates at energies
above a few hundred keV per ion. These data are taken dur-
ing a disturbed period on 18 June, 1974 (from Fritz and Wil-
ken, 1976), but similar results also apply for quiet conditions,
(e.g. Spjeldvik and Fritz, 1978b)
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Fig. 4. Radial profiles of helium ions in the earth’s radiation
belts as observed with Explorer 45 during two consecutive
outbound spacecraft passed on June 1, 1972. The passbands
are: Ao3: 1.16-1.74 MeV per ion and Ax4: 1.74-3.15 MeV per
ion. The data are represented by crosses where the horizontal
error bar indicates the accumulation L-shell interval and the
vertical error bars the statistical uncertainty in the data. The
circles are interpolation points used in the subsequent analy-
sis. The sub-panels indicate the B/B,-values of the spacecraft
location where B/B,=1 for the exact geomagnetic equator
(Fritz and Spjeldvik, 1978)

Fritz and Wilken, 1976) where measurements of helium
ions, CNO (carbon nitrogen, oxygen) ions are com-
pared with those of protons using mass discriminating
data channels. It is evident that at this (geostationary)
location the Z>1 ions dominate over protons when
compared at equal total ion energy for energies beyond
~1MeV.

Observations of radiation belt helium ions at the
geomagnetic equator over a range of L-shells extending
from the top of the atmosphere to L~5.2 were made
with Explorer 45. Four examples of radial helium ion
profiles in the lower MeV energy range are shown in
Fig.4 together with the orbital B/B-values (Fritz and
Spjeldvik, 1978). Notice that the helium ion count rates
are generally higher when the orbit is close to the mag-
netic equatorial plane (lower panels in this figure). To
assess the quiet time structure of radiation belt helium
ions, a statistical study was made of ~350 Explorer 45
spacecraft orbits through the heart of the trapping re-
gion. Fritz and Spjeldvik (1979) found that the radial
distributions are fairly narrow with a peak around
L~325 and (full width half maximum) (FWHM) of
AL~0.5, at energies in the lower MeV range. Ra-
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Fig.5. Energy spectra of equatorial radiation belt helium ions
deduced from mass selective ion observations on Explorer 45

during the geomagnetically quiet period 1-15 June, 1972. The

spectral coverage corresponds to unambiguous helium ion
observations in the A«3 and Ax4 channels (1.16-1.74 and

1.74-3.15MeV per ion) and heavy ion observations (Z=2) in

the A«l and A«2 channels. The data are given at L=225,
25,275, 3, 3.25, 3.5, 4, 4.5 and 5 (Fritz and Spjeldvik, 1979)
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Fig. 6. Differential energy spectra of energetic helium ions in
the inner radiation zone. The L-shell coverage extends from L
=1.525 to L=2125 with B/B;~1.3. These data were ob-
tained with the OV 1-19 spacecraft (from Blake et al., 1973)
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Fig.7. Radial profile of the Explorer 45 quiet time obser-
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set at each quarter integral L shell. The dashed line depicts
the calculated equatorially mirroring flux assuming that the
observed heavy ions are atomic oxygen ions. The energy
passband is 1.82-4.8 MeV per ion (from Spjeldvik and Fritz,
19784d)

diation belt helium ion spectra are exhibited in Fig. 5
(from Fritz and Spjeldvik, 1979) where the horizontal
error indications depict the width of the passbands and
the vertical error bars the statistical uncertainty. Simi-
lar to that of protons, the helium ion spectra are found
to be quite steep beyond L~4, and at lower L-shells a
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noticeable hardening is seen which results in fairly flat
spectra- with a possible spectral turnover below L~3;
the latter cannot be stated with certainty from these
data. However, corroborating data at lower L-shells
(from Blake etal, 1973) shown in Fig. 6 do indeed
demonstrate the positive spectral slopes of MeV helium
ions below L~2 at the geomagnetic equator.

CNO and Heavier Ions

The pulse height discriminator systems of two element
solid state detectors can also be designed to distinguish
CNO and heavier ions from the lighter ones, at least at
some energies. Fig.7 depicts the results from Explorer
45 at 1.8-4.8 MeV per ion for CNO ions (Spjeldvik and
Fritz, 1978d). It was found that the CNO radial profile
is broader than that of helium ions; some of this ap-
parent width could be due to the wide energy accep-
tance (4E=3MeV). Unfortunately, only one CNO ion
data channel on Explorer 45 had high enough count
statistics to be used in the analysis, and this prevents
information about the spectral shapes of CNO ions
with this spacecraft.

Ions heavier than oxygen could not be determined
with certainty from the Explorer 45 instruments during
quiet times. Spjeldvik and Fritz (1981c) have placed an
upper limit of ~0.1 ions/cm?s ster integrated over en-
ergies beyond ~10MeV per ion for ions with nuclear
charge Z>9 during the period 1-15 June 1972.

Observations of Carbon and Oxygen Ions
in Discrete Channels

The twin detector instruments described in the forego-
ing are not able to distinguish between the ionic charge
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Fig.8. Observations of carbon and oxygen ions in distinct passbands made with the ULEZEQ detector system on the ISEE-1
spacecraft averaged over a number of selected quiet periods during 22 October 1977 through 25 January 1978.

Left panel: Carbon ion data in four passbands 4.80-6.00, 6.00-8.28, 8.28-11.88 and 11.88-18.12 MeV per ion.

Right panel: Oxygen ion data in four passbands: 6.24-7.84, 7.84-10.56, 10.56-15.84 and 15.84-22.56 MeV per ion (for details, see

Hovestandt et al., 1981)
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states, and the discrimination between carbon, nitrogen
and oxygen ions is also very difficult owing to the simi-
lar behavior of these ions in the MeV range. An instru-
ment able to carry out measurements with both mass
and charge resolution in the MeV range was flown on
ISEE-1. Using data from this instrument, Hovestadt et
al. (1978b) were, for the first time, able to report sepa-
rate measurements of the carbon and oxygen ion fluxes
in the earth’s radiation belts. This instrument is also
capable of measuring helium ions with significant en-
ergy resolution at E=0.39-2.18 MeV per nucleon in six
passbands (multiplication by four gives the total ion en-
ergy). As one might expect, they found that the more
energetic helium ions have their flux maxima at lower
L-shells.

The results for C and O ions deduced from ISEE-1
observations are shown in Fig. 8. For each ion species
there are four data channels. For carbon ions these are:
E=0.40-0.50, E=0.50-0.69, E=0.69-0.99 and E=0.99-
1.51 MeV per nucleon, and multiplication by 12 gives
the total carbon ion energy passbands. For oxygen ions
these are almost identical: E=0.39-0.49, E=0.49-0.66,
E=0.66-099 and E=0.99-1.41 MeV per nucleon, and
multiplication by 16 gives the total oxygen ion energy
passbands. For both ion species one observes an in-
ward shift of the flux peak location with increasing ion
energy. The count-rate comparison also shows that
both C and O ions are present in substantial quantities.

Ton Abundance Comparisons

It is of interest to compare the flux intensities of pro-
tons with those of the heavier ions, and the relative
abundances of the heavy ions. Figure 9 shows the re-
sults of calculating the ratio of helium ion flux to that
of protons using the Explorer 45 statistical average dur-
ing 1-15 June 1972 (from Fritz and Spjeldvik, 1979).
The shaded areas indicate the estimated uncertainty in
the final result. This comparison, which was made at
equal total ion energy, demonstrates that the He/p ra-
tio well exceeds unity in the outer radiation zone at the
higher energies. At L=35, say, the value of this ratio is
~10 at 3MeV per ion. A significant variation of the
He/p ratio is also evident in recent Soviet results;
Fig. 10 shows data reported by Panasyuk et al. (1977)
using observations made with the Molniya-2 spacecraft.
Although these data do not pertain to the geomagnetic
equator or to fixed B/B,-values, the same trend is evi-
dent, namely a strong increase in the He/p ratio with
higher L-shells. The lower part of this figure also shows
the observed He/p ratio calculated at equal energy per
nucleon for the same spacecraft orbit. Statistical results
have also been obtained for the He/p ratio using the
Explorer 45 quiet-time observations in the geomegnetic
equatorial plane (B/By=1). These results, which are
shown in Fig. 11, demonstrate that the He/p values at
equal energy per nucleon are small, usually in the range
10~3%" at these L-shells and that a systematic energy
variation is seen with a minimum located at several
hundred KeV per nucleon. This minimum is not evi-
dent in the results of Panasyuk et al. (1977) quoted
above, this could be due to the Molniya-2 orbit or it
could be a temporal feature dependent on the injection
and diffusion pre-history of these particles. One should
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Fig.9. Calculated quiet time equatorial He/H (or o/p) ion flux
ratio in the earth’s radiation belts during geomagnetically
quiet conditions. The data were reduced based on simul-
tancous ion (most likely proton) and helium ion data ob-
tained with the Explorer 45 spacecraft during 1-15 June 1972.
The ratios are given at equal total ion energy in the range 0.5
to 5MeV per ion, and the shaded areas depict the statistical
uncertainty in the derived ratios (Fritz and Spjeldvik, 1979)

point out that the observed He/p ion flux ratio values
at equal energy per nucleon are more than an order of
magnitude lower than the solar wind He/p abundance
ratio which (by number density) can vary from less
than 1% to more than 109 with perhaps a mean of
~4% (e.g. Hirschberg, 1973, 1975). For further details
of the solar wind ion composition see Bame et al
(1975).

It is of interest to compare the CNO/p ion flux ra-
tio, and the statistical results from Explorer 45 for
CNO ions given in Fig. 7 together with the proton data
in Fig. 1 yield the comparison (at equal total ion en-
ergy) shown in Fig 12 (from Spjeldvik and Fritz, in
press 1982). As in the case of the He/p ratio, the
CNO/p ratio at equal energy per ion also shows a sig-
nificant positive gradient with L-shell, and such that
the CNO/p ratio exceeds unity at L>>4.5. This observed
trend, from the 50-orbit statistical data of Explorer 45
during 1-15 June 1972, is also consistent with the ion
abundance result from ATS-6 at the geostationary orbit
at L~6.6 shown in Fig. 8. When compared at equal en-
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ergy per nucleon, the CNO/p ratio would be very small
throughout most of the radiation belts, however.

It is well known that if the MeV heavy ions in the
radiation belts have their origin in the sun (via the so-
lar wind or solar energetic particles) or in low energy
galactic cosmic rays then, by the elemental abundance,
the geomagnetically trapped C and O ion flux inten-
sities should be roughly comparable. If these ions had
their source in the terrestrial atmosphere/ionosphere
(via the polar wind and/or upward auroral ion jets fol-
lowed by acceleration to MeV energies) then the C/O
flux ratio would be very small, of the order ~ 1077 (e.g.
Blake, 1973). It is here assumed that some unknown
(implausible) process does not exist that could strongly
favor C over O ions.

It is quite clear that the fluxes of carbon and oxy-
gen ions are of comparable intensity, however; and
thus, pending confirmation by independent means, the
results of Hovestadt et al. (1978b, 1981) illustrated in
Fig. 8 establish the extraterrestrial origin for MeV ra-
diation belt ions. A detailed co-comparison is given in
Fig. 13 which gives the C/O flux ratio at equal energy
per nucleon. At L =2.8-3.8 this ratio varied between 1.3
at 400keV per nucleon to 4.1 at 1.2MeV per nucleon.
When such comparison is made at equal total ion en-
ergy the ratio is about unity (within a factor of two).
Although these ISEE-1 results are given for a single
pass through the radiation belt trapping region, one
would expect to find long term stability during quiet
times (as evidenced by the Explorer 45 data discussed
above). This contrasts the ion composition results ob-
tained by the mass spectrometers, at tens of keV en-



222

T T

MPI-UMD experiment
ISEE-1
DOY 309, 1977

T

S

C/0-ratio:

T T T IO

N,
|

\> 2.0
7 2.7

>A.1
* Oxygen
a Carbon \

—a—

l

10'3 1 L1 gl T N )
107 10° 10’
Kinetic energy [MeV/nuc]

S
2

+

107!

Counts/sec MeV/nuc
T T 1T 1T 17111

T

1072

T T T

T

Fig.13. Direct comparison of simultaneously derived spectra
of carbon and oxygen ions in the earth’s radiation belts at L
=2.8-3.8. The data were obtained with the ULEZEO detec-
tor system on the ISEE-1 spacecraft. These comparisons were
made at equal energy per nucleon (from Hovestadtetal.,
1978b)

ergies and below. where substantial time variability on
the time scale of hours and days in the ionic compo-
sition is found (Lyons and Moore, 1981; Lundin et al,,
1980; Lennartsson et al, 1981; Lennartsson and
Sharp, 1982).

Ion Anisotropies

Observed pitch angle anisotropies of energetic electrons
have yielded significant insight into the dynamical pro-
cesses operating on these particles (Lyons et al., 1971,
1972; Lyons and Thorne, 1973). Studies of anisotropy
characteristics of energetic ions could likewise give
valuable information about scattering processes and
plasma waves such as ion-cyclotron waves. Joselyn and
Lyons (1976) have delineated the energy ranges and
spatial locations of such interactions for protons; how-
ever, much work remains to be done, both from the
theoretical and experimental sides, for different ion spe-
cies.

Specific studies of angular particle distributions
have been made by Williams and Lyons (1974a, b), and
Lyons and Williams (1975, 1976). Statistically, during a
two-week geomagnetically quiet period, the proton
anisotropies have been determined from the Explorer
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Fig.14. Determination of the pitch angle anisotropy n-value
based on the assumed functional relation j(a,)=/j(n/2)sin" oy.
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passes through the radiation belts when |D,|<30nT during
1-15 June 1972

45 data by plotting the observed omnidirectional fluxes
versus the B/B,-parameter (Fritz and Spjeldvik, 1979)
and those results show that the proton pitch angle dis-
tributions become somewhat more anisotropic with
lower L-shells and with higher energies but also that
some deviations from a monotonic trend occurs at
some L-shells and energies. Plotting these data versus
L-shell with AL=0.25L resolution yields the result
shown in Fig.14. In this graph the B/B,-dependences
have been reduced to a single parameter fit, assuming a
functional relation

J=J,sin"oy =Jy(B/By) ">

where o is pitch angle, subscript-0 denotes equatorial
(B/By,=1) quantities, J is ion flux, and the exponent
(anisotropy index) n is the single parameter anisotropy
information. One should, of course, be aware that not
every pitch angle distribution in the trapping region
can be parametrized this way. Injection effects, L-shell
splitting, preferential angular scattering at some pitch
angles and B-field time variability are examples of pro-
cesses that may produce other types of angular distri-
butions. Nevertheless, much of the radiation belt ion
pitch angle distributions are to a first approximation
expressable by such a functional relation. A secondary
reason for plotting the proton data this way is that is
facilitates direct comparison with other ion species
where complete pitch angle distributions may not be
available, but where an n-index often can be deduced.
The corresponding Explorer 45 anisotropy record
for energetic helium ions in the lower MeV range has
been studied by Fritz and Spjeldvik (1978). As in the
case of protons, these statistical data appear to be rea-
sonably well matched by the above assumed functional
form. For MeV helium ions no systematic L-shell vari-
ation of the anisotropy n-index is deduced, and this is
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explicitly illustrated in Fig. 15 (from Fritz and Spjeld-
vik, 1982) although the errors bars are large enough
to allow for significant variation. Of course the energy
coverage is limited, and one cannot exclude an n(L)-
dependence at other helium ion energies. There is, how-
ever, a systematic variation of the n-index with helium
ion energy. That finding is illustrated in Fig. 16 where a
dependence n(E)~7+9.11og(E/E,) is deduced with E,
=1MeV. This empirical fit appears to provide a fair
description of all the Explorer 45, ISEE-1 and S3-2 he-
lium ion anisotropy data within the plasmasphere.
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Fig.17. Pitch angle anisotropy index n versus L-shell of ob-
servation, but for varying B/B,-value with L-shell. The data
were obtained with the Molniya-2 spacecraft on 25 October
1975. Left panel: n-value versus L-shell for 4-10 MeV per ion
helium ions (1-2.5 MeV/nucleon). Right panel: n-value versus
L-shell for 4.5-15MeV ions (assumed to be protons) (from
Panasyuk and Vlasova, 1981)

In contrast to these results, Panasyuk and Vlasova
(1981) have deduced a rather strong dependence of the
n-index with L-shell. Their result is reproduced in
Fig.17 and is based on proton and helium ion data
from the Molniya-2 spacecraft where wide proton and
helium ion data channels, 4.5 -15 and 4-10MeV per
ion, respectively, were used. It is conceivable that at the
higher L-shells primarily the lower energy protons and
helium ions are measured, while at the lower L-shells
the counts would come from the more energetic ions
(as one might expect from theoretical considerations). If
so, then an energy dependence can be seen as an ap-
parent L-dependence and vice versa. The Molniya-2
data were reduced using only two spacecraft orbits
from which a two point anisotropy determination was
made; this could leave the result sensitively dependent
on the accurate orbit parameters and the magnetic field
model; the latter was taken as a dipole. M. Panasyuk
(personal communication, 1982) has also pointed out
that if the distribution fails to follow a sin"w, depen-
dence at large B/B, values then unreliable n versus L
determinations could result. The differences between
the Explorer 45 and the Molniya-2 results were intrigu-
ing enough to pursue the investigation further, howev-
er. Figure 18 shows the results of plotting all available
helium pitch angle anisotropy information versus L-
shell, regardless of the ion energy. The data are clearly
significantly less well ordered, and it is difficult to de-
duce a common L-shell variation of the n-index for he-
lium ions. In particular, the very low n-values deduced
by Panasyuk and Vlasova (1981) at L>3.5 (the helium
ion fluxes would become isotropic just below L.=4) are
not supported by the other data. On the other hand,
the high n-values observed near L~2.5 by these resear-
chers agree well with the observations of Fennell and
Blake (1976).

A recent result by Blake and Fennell (1981) indeed
shows that a single n-value does not describe the he-
lium anisotropy at large B/B,-values. Their result is
given in Fig. 19 for helium ions at 392-960 keV per ion
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Fig.19. Anisotropy information at large B/Bg,-value for he-
lium ions at 392-960keV per ion at L=5.6 and MLT=15
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(98-240keV per nucleon) and shows that near the
geomagnetic equator the pitch angle anisotropy is de-
scribable by n~8.3 (for B/B,<1.6) while a much smal-
ler n-value describes the larger distances from the
geomagnetic equator. Thus, measurements made at
varying B/B-values would also be expected to give an
apparent n(L)- dependence, particularly when the B/B,-
range covers the transition between the two different
anisotropy levels.

The pitch angle anisotropy is also substantial for
CNO ions. In a statistical study of Explorer 45 data,
Spjeldvik and Fritz (1978d) found n-values typically in
the range 10-12 at 1.8-4.8MeV per ion (for oxygen
ions) on the geomagnetic equator. Figure 20 shows the
n-values deduced from these quiet time observations
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Fig.20. Variation n-value with L-shell for CNO ions at 1.82-
48MeV per ion. The data were obtained with Explorer 45
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lowest order little significant variation of n with L can be
discerned

T T T T T TV T T T T TV T T T T T T
MPE / UoMd - EXPERIMENT I
ISEE-1 ULEZED QUIET PERIODS 22 OCT.77 - 25.JAN.78
10° {0
— HELIUM CARBON OXYGEN E
f LOW PRIORITY HIGH PRIORITY HIGH PRIORITY 4
= 04-05 MEV/N 04-05 MEV/N 04-05 MEV/N -
b 102 & 28-38 L 28-38 L 28-38 L 10!
L y E
=2 * Y79 Y=18 1
~ 1’ E_Y-t'-B hf +/ / g]ﬂu
=T = +t =
8 N ]
= \
_— r -l- -
TN ] b
g \ 3
=3 o A} B
\ i
1! — L . 1 .‘. 1 Hl“l.r....m"
T 2
i o C y

B/ 8o

Fig. 21. The observed B/B,-dependence of helium, carbon and
oxygen ions obtained with the ULEZEQ detector system on
the ISEE-1 spacecraft. Left panel: Helium ion data at 1.6-
2.0MeV per ion (0.4-0.5MeV per nucleon) for which an n-
value of 9.6 (y=n/2=4.8) is deduced for B/B,<2. Middle pa-
nel: Carbon ion data at 4.8-6.0 MeV per ion (0.4-0.5 MeV per
nucleon) for which an n-value of 15.8 (y=n/2=79) is de-
duced. Right panel: Oxygen ion data at 6.4-8.0 MeV per ion
(0.4-0.5MeV per nucleon) for which an n-value of 158 (y
=n/2=79) is deduced. The data were averaged over the L-
shell interval L=2.8-3.8. Notice deviations from the simple
(B/By)~"?* form at B/B,=2 (Hovestadt et al., 1981)

during 1-15 June 1972. To lowest order, there is not a
reliable variation of n with L, although some slight
non-regularity in the vicinity of L=4 to 5 is seen.
Data from the ISEE-1 spacecraft extend the quiet-
time ion anisotropy information for a number of dif-
ferent ion species. Figure2l from Hovestadt et al
(1981) demonstrates that, at comparable energies per
nucleon (0.4-0.5 MeV per nucleon), carbon and oxygen
ions are substantially more anisotropic than helium
ions where ny,~9.6 and n; and ny~15.8 measured at L



=2.8-3.8. Of course, seen in total ion energy, the car-
bon and oxygen ions are factors of 3 and 4 times as
energetic as the helium ions.

One may conclude that energetic heavy ions in the
earth’s radiation belts are consistently highly aniso-
tropic.

Observations During Magnetic Storms

A few studies have addressed the radiation belt ion
composition during disturbed conditions such as mag-
netic storms. The qualitative behavior of the proton
(ion) component at tens and hundreds of keV energies
has long been studied. Davis and Williamson (1963,
1966) found that while lower energy ion fluxes, at tens
to hundreds of keV, were enhanced during magnetic
storms, higher energy ion fluxes in the MeV range were
often decreased. Soraas and Davis (1968) recognized the
importance of analyzing the phase space density at
fixed first and second adiabatic invariants. Non-mono-
tonic features in radial distributions of the phase space
density are attributable to internal sources, “injections”
or to time variations in the boundary conditions, i.e. to
more rapid flux variations in the outer radiation zone.
It is now recognized that the storm-time ion flux en-
hancements commonly observed at lower radiation belt
energies represents the ion injection while the high en-
ergy decreases are often due to adiabatic adjustment of
the magnetic field. An example of such storm-time va-
rations is shown in Fig. 22 where ion (proton) energy
density from Explorer 45 is depicted, and similar va-
riations have been observed with ISEE-1 and other
spacecraft (Williams and Lyons, 1974a, b; Lyons and
Williams, 1976; Williams, 1980, 1981, in press 1982;
Burke, 1981). Open circles depict pre-storm data and
closed circles the storm time observations. When these
data are reanalyzed in terms of the phase space den-
sities themselves adiabatically mapped by the magnetic
field variations (D.J. Williams, personal communi-
cation, 1980; Burke, 1981) the high energy flux de-
creases can be adequately accounted for as being a
mere adiabatic adjustment. A similar situation also ex-
ists for storm-time energetic electrons (West et al., 1973,
1979, 1981; Spjeldvik and Thorne, 1975; Lyons and
Williams, 1975).

Acceleration of pre-existing lower energy particles
can in many cases explain “injections” as observed
with instruments of finite energy bandwidth. A cross-L
non-diffusive displacement preserving the first two adia-
batic invariants can appear as a “source” for the
geomagnetic storm, main-phase ring current (i.e. Lyons
and Williams, 1980). This result emphasizes the need
for clear distinction between physical transport from
one topologically different region of the magnetosphere
to another, on one hand, and essentially in-situ redistri-
bution in velocity space, on the other hand. Both pro-
cesses have in the past been labeled “injections”.

From studies of data obtained by spacecraft in low
and high altitude orbits it is recognized that all ion spe-
cies are not injected proportionally to their pre-storm
radiation belt ionic abundance. Randall (1973) has giv-
en a detailed account for the observed He/p ratio va-
riations observed at low altitudes during a magnetic
storm. Unfortunately, because of the off-equatorial ob-
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Fig. 22. Stormtime variation of ring current and radiation belt
ion energy density observed with Explorer 45 during the quiet
time (pre-storm) orbit 97 in December 1971 (open circles) and
the stormtime values a day later (orbit 102). Both recordings
were made in the interior of the trapping region (from Wil-
liams, 1979)

servation location one could not with certainty dis-
tinguish between actual abundance variations and spe-
cies dependent pitch angle distribution adjustments.
With data from the later Explorer 45 satellite, in an
essentially equatorial orbit, it was recognized that im-
portant ionic composition variations do indeed take
place during at least some magnetic storms. In a series
of papers, Spjeldvik and Fritz (1981, a, b, ¢) described
the variations of the MeV heavy ion fluxes during a
sequence of four magnetic storms that occurred during
June through December 1972. The D,-record for this
time depicts four storm periods with significant D -ex-
cursions by well over 100nT. The August 1972 mag-
netic storm differed from the June, September and Oc-
tober/November storms by a quite irregular time hos-
tory of the D -index. The August 1972 storm was as-
sociated with very major solar flares which had signifi-
cant effects throughout the solar system (Hoffman et
al., 1975; Lanzerotti and MacLennan, 1974; Hakura,
1976; Nakagawa, 1976; Bhonsle et al.,, 1976; Malitson
et al., 1976; Rao, 1976; Simnett, 1976; Miller, 1976;
Matsushita, 1976; Smith, 1976; Vaisberg and Zastenker,
1976; Intrilligator, 1976; Cahill, 1976; Reagan et al.,
1981). Solar wind ions can also be significantly accele-
rated in shock wave disturbances (e.g. Pesses et al,
1979; Gosling et al., 1980; Scholer et al., 1980).

Helium ITon Flux Variations

Enhanced fluxes of energetic helium ions in the MeV
range appear fairly suddenly in the heart of the trap-
ping region during at least some magnetic storms. The
left panel of Fig.23 shows the time history of 1.74-
3.15MeV per ion helium ion fluxes at the geomegnetic
equator during June through December 1982 at a nom-
inal (undisturbed) L=3. These Explorer 45 data show
the varying influence of the different magnetic storms
on helium ions. Spjeldvik and Fritz (1981a) found that
the June 1972 magnetic storm had its principal effect
on MeV helium ions beyond L~ 3.5 where the trapped
fluxes became enhanced by almost an order of magni-
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storms that occurred during June-December, 1972. The data were obtained with Explorer 45 at L=3

tude. At lower L-shells little effect was seen. In con-
trast, the August 1972 magnetic storm provided a sub-
stantial MeV helium ion flux increase onto L-shells
well below L~25. At L=2.5 the trapped helium flux
enhancement was a factor of ~30 while at higher L-
shells significant increases were also seen. The sub-
sequent magnetic storms in September and October/-
November 1972 produced little observable effects on
the MeV radiation belt helium ions below L~5. The
most likely reason is that any injection provided by
these storms was much smaller than that of the August
1972 storm and therefore did not appear evident com-
pared with the prolonged after-effect of the August
1972 magnetic storm. It is possible, of course, that these
later two magnetic storms did not inject MeV helium
ions. All fluxes are either equatorial (B/B,=1) or have
been mapped to B/B,=1 using angular distribution in-
formation.

Variations of CNO and Heavier Ions

The corresponding record for MeV CNO ions is shown
in the middle panel of Fig.23. These data pertain to
somewhat higher energies, 1.8-4.8 MeV per ion for oxy-
gen ions. The CNO ion flux enhancement was notice-
able as low as L=2.5 for the June 1972 magnetic storm
(Spjeldvik and Fritz, 1981b), and the most prominant
increase is seen between L=3 and L=4.5 for this
storm. As in the case of helium ions, the CNO ion
fluxes were greatly enhanced during the August 1972
magnetic storm. The relative increase was particularly
spectacular at L~2.5 where almost three orders of
magnitude relative flux enhancement was observed, and
a large increase in the trapped fluxes was also seen at L
=3. In comparison to the August 1972 magnetic storm
MeV CNO ion injection, the September and October/-
November 1972 magnetic storms provided little
changes in the flux levels except possibly at the highest
L-shells. The data were mapped to B/B,=1; for details,
see Spjeldvik and Fritz (1981b).

While the June 1972 magnetic storm did not pro-
vide an enhancement of the fluxes of Z>9 ions at
E>10MeV above the intensity level observable with
the Explorer 45 instruments, the August 1972 magnetic
storm provided a substantial injection of the Z>9 ions.

This is illustrated in the right panel of Fig.23 which
depicts the time evolution of these ion fluxes during
and following that storm for a nomial L-shell of L=3
at L<2.5 and L>3.5 the fluxes were generally too low
to have usable count statistics. Data on the angular dis-
tribution are sketchy, and in this figure an attempt was
made to establish the trapped Z>9 fluxes at the
geomagnetic equator as function of time by mapping
the observed fluxes at the actual B/B-locations (in the
range 1 <B/B,<1.4) to B/B,=1. The dashed line shows
the result of that exercise assuming a relation J
=J,sin'%«, (for details, see Spjeldvik and Fritz, 1981c).
Although there are sufficient count statistics to estab-
lish the presence of these ions, some of the non-
smoothness also results from the small number of counts,
at best a few counts per minute. The precise iden-
tity of these ions could not be determined with the Ex-
plorer 45 heavy ion detector telescope, but expectations
from the solar energetic particle emission observations
at higher energies (i.e. Webber et al., 1975) suggest that
magnesium and silicon ions might be the ones ob-
served. The instrument was not able to distinguish be-
tween heavy (atomic) ions such as ions of Mg, Si, Fe
etc, and molecular ions (from the lower ionosphere)
such as NO™*, OF, etc.; no known mechanism is cap-
able of accelerating ionospheric ions to tens of MeV
energies in the earth’s radiation belts, however. It is
nevertheless worth noting that very energetic molecular
ions have been observed in Jupiter’s magnetosphere
(i.e. Hamilton et al, 1980). A detailed study of solar
particle anisotropy, rigidity spectra and propagation
characterisitcs for a different event has been carried out
by Debrunner and Lockwood (1980), and MaSung et
al. (1980) report mean ionization states of energetic par-
ticles in the vicinity of the earth’s magnetosphere. The
charge states of these ions are found to be high, and
comparable to those of the solar corona (c.f Jordan,
1969).

Observed Post-Storm Ion Flux Decay

From the time evolution of the heavy ion fluxes, a typi-
cal post-storm ion flux decay time may be estimated.
When the time evolution is transport dominated it is of
interest to determine whether the net radial diffusion is
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inward or outward. The equatorial net radial diffusion
of (u, L)
oL
where f(u, L) is the instantaneous ion distribution func-
tion at equatorial pitch angle ay=mn/2. When Jf/0L>0
net inward transport is indicated, and that is usually
the case during quiet times when the radiation belt in-
ternal losses are offset by inward diffusion across an
outer zone boundary location. When df/0L <0 net out-
ward radial diffusive transport is indicated. Figure 24
shows the deduced helium ion radial profile of the dis-
tribution function for a range of u-values corresponding
to energies in the lower MeV range. It is clear that be-
yond L~3 the J0f/OL values are generally negative
showing net outward helium ion transport during the
post-storm period following the August 1972 magnetic
storm period. Since generally the radial diffusion coef-
ficient increases strongly with higher L-shells (D, ~'°
for magnetic radial diffusion, e.g. Schulz and Lanzer-
otti, 1974), cross-L transport can be an important loss
mechanism for MeV ions during this period. Eventually
the MeV ions diffusing out from beyond L~3.5 will
encounter the magnetopause (on the dayside) or the
magnetotail (on the nightside) and thus be lost from the
trapping region.

Figure 25 depicts the observed helium ion, CNO ion
and Z=9 ion decay times. The helium ion decay times,
shown in the left panel, vary from ~7 days at L=5 to
>100 days at L~25. A comparison with theoretical
predictions based on Coulomb collision energy degra-
dation, ion charge exchange loss times and typical

flux can be determined from ¢=-D,, L?
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cross-L transport time scale is also provided. In this con-
text it should be noted that the Coulomb energy deg-
radation times used here are just those of single par-

1 dE
ticle energy degradation, ie. 7, ~(EE) . In prin-

ciple, the actual time scale would be the ensemble av-
erage determined from the distribution function itself,

ie. ‘cEA=f<< >Z{12§) , and such a refinement

should be included in future work. The charge ex-
change loss times were calculated from an assumed
(theoretical) distribution over the ionic charge states.
While helium ions are subject to at least three different
charge state altering reactions, He*—->He™",
He** > He* and He* — He, only the last of these pro-
duces loss of the ion by “untrapping” it from the mag-
netic field control. Thus the charge exchange loss rate
is determined, in part, from the relative distribution in
the different ionic charge states top=1,o(f,/> f)~"

where the distribution function subscripts denote the
charge state numbers. 1, is just (¢,,V[H])~' where
0,0 18 the charge exchange cross section for He* — He,
V is ion speed and [H] is the neutral hydrogen exo-
sphere number density. For the Explorer 45 helium ion
channel used in Fig. 25 (1.16-1.74 MeV per ion) a good
agreement between the observed post-storm decay
times and theoretical expectations is found; similar ag-
reements were found for other helium ion energies
(Spjeldvik and Fritz, 1981a).

This type of analysis was also done for CNO ions,
and the results were compared with theoretical time
scales for oxygen ions. The observed decay times varied
from ~6 days at L=5 to ~40 days at L=3.5. This is
shown in the middle panel of Fig.25 for the 1.8-
48MeV per ion CNO data. At first glance it might
seem that the observed decay times are longer than the
theoretically predicted Coulomb collision times at
L<4. However, the CNO data channel is quite wide,
and it is expected that the CNO ion fluxes within this
energy range should be primarily >4 MeV ions at L <3
while primarily <2MeV ions at L>4 (Spjeldvik and
Fritz, 1978d, 1981b). Thus, invoking this theoretical
spectral expectation, the decay data are indeed consis-
tent with theory.

It is more difficult to analyze the Z>=9 ions since
the ion identity is unknown and there is also a lack of
information about the basic charge exchange cross sec-
tions of such ions (Z29) in an atomic hydrogen gas.
For a review of known cross sections, see Claflin (1970)
and Spjeldvik (1979), and references therein. The actual
observed decay time scales for the >10MeV, Z=9 ions
are shown in the right panel of Fig. 25 with error bars
corresponding to the uncertainty in the data given in
Fig.23. The decay times range from ~13 days at L
=3.25 to ~54 days at L=2.25. Typically these decay
times are short, on the order of a few tens of days with
a monotonic decrease of the time scales with higher L-
shells. A comparison with the expected cross-L trans-
port times in Fig. 25 reveals that at the L-shells where
the Z29 ion data were obtained T,,.,, < T/ usion- ON
the other hand, both 7¢,1,m, 804 Tepageexchange ShOUld in
crease with increasing L-shell (because of the decreasmg
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Fig. 25. Time scales of the observed helium ion, CNO ion and Z=9 ion decay following the August 1972 magnetic storm ion
injection. The three panels show the data for the Aa3, L1 and Z=9 ion channels at 1.16-1.74 MeV per ion for helium, 1.8~
4.8 MeV per ion for oxygen and 2 10MeV per ion for Z=9 ions respectively. The vertical error bars show the estimated
uncertainty in the time scale determination stemming from statistical variations and the infrequent ‘accelerated’” mode data
sampling. Time scales longer than ~3 months cannot unambiguously be determined because of the statistical spread. Likewise
time scales shorter than a few days are difficult to resolve. The solid lines are lines of deduced radial diffusion times following
an L '° dependence and normalized to the data; and from the helium ion decay record one may estimate radial diffusion times
of 6.67x107L~'° days on L shells well beyond L=3.5 with corresponding uncertainty as indicated by the error bars.
Theoretical charge exchange and Coulomb energy degradation times scales are also shown (dashed and dotted lines); for details,

see Spjeldvik and Fritz (1981a,b,c)

exospheric neutral atomic hydrogen concentration
[H]). Thus it would appear that the theory used so far
successfully for He and CNO ions at a few MeV en-
ergies cannot explain the decay of the Z>9 ions at E
= 10MeV per ion. The reason for this was suggested by
Hoverstadt et al. (1981) who pointed out that the gyro-
radii for these very energetic heavy ions become so
large that the Alfven criterion for the validity of the
adiabatic radiation belt approximation is no longer ful-
filled. These ions are thus exhibiting a non-adiabatic (or
quasi-adiabatic) behavior for which the theory still has
to be developed, for example by studying the non-adia-
batic ion trajectories (e.g. Stormer, 1955). The net result
might be to lower the residence times in the trapping
region.

Theoretical Considerations

Theoretical studies of the motion of high energy par-
ticles in the earth’s magnetic field were carried out ear-
ly in the century by Stormer and his contemporaries;
their work, summarized in the book by Stormer (1955),
followed the single particle trajectory tracing approach.
The particles were thought to originate in the sun and
follow deterministic trajectories in the earth’s dipolar-
like magnetic field. In the general case, this is a difficult

mathematical problem, and even for a static geomag-
netic field, no explicit analytic solution has been found.
Great simplification can be achieved over much of the
energy range of interest for the earth’s radiation belts
when the three approximate periodic motions of trapped
particles are considered (Alfven and Falthammar,
1963). The fluctuating nature of the geomagnetic field
causes perturbations in these periodic motions, leading
to particle energy changes, pitch angle scattering and
radial transport. The general theory for these processes
is well established, e.g. reviews by Falthammar (1968),
Hess (1968), Roederer (1970), Schulz and Lanzerotti
(1974), Schulz (1975), Spjeldvik (1979), Lyons (1979).
Calculations of radiation belt particle fluxes have also
been carried out based on the diffusion theory (Nakada
and Mead, 1965; Cornwall, 1972; Lyons and Thorne,
1973; Spjeldvik, 1977; Spjeldvik and Fritz, 1978a, b;
Spjeldvik, 1981b).

The recognition that heavy ions play an important
role in the radiation belts has led to greater emphasis
on the precise ionic composition (Cornwall and Schulz,
1979) and to consideration of the different ionic charge
states (Spjeldvik, 1979). In the following the current sta-
tus of radiation belt ion modeling is outlined, em-
phasizing the macroscopic properties and the use in de-
veloping predictive models of the inner magnetosphere.

Trapped radiation belt ions are subject to fluc-



tuations in the large scale geoelectric and geomagnetic
fields, and they may interact with various modes of plas-
ma waves. In a macroscopic sense, this leads to radial
diffusion and pitch angle diffusion. Energy degradation
by Coulomb collisions cause a “flow” in velocity space
and charge exchange reactions may lead to sudden un-
trapping of the ions. The overall effect of these pro-
cesses may be written as a multi-mode diffusion equa-
tion

a5

+ZAjifj‘ZAijfi+Si~ (1)

S represents a particle source internal to the trapping
region, and u, J and ¢ are the three adiabatic in-
variants, z is the canonical pitch angle variable where z
=¢y T())dy and y=sina, where «, is the equatorial
pitch angle and z is given approximately by

zx1/2(1=y*) T(O) =7 [TO) = T(H]I(1 = y'*)

with T(y) being the bounce time dependence of equa-
torial pitch angle (Hamlin et al., 1961; Schulz, in press
1981). {4J/At); and {d4u/At), are the stochastic degra-
dation rates in the u and J invariants caused by Cou-
lomb collisions and 4,; is the charge exchange factor
for transformation from state i to state j (e.g. Cornwall,
1972; Spjeldvik, 1979). For protons there is just one
charge state (i=1) and the last two terms reduce to
—A,,f;. Although it is, in principle, possible to solve
this equation, there is no analytic solution expressable
by a known function for the general case. Even a pure-
ly numerical solution is laborious since a four-dimen-
sional parameter space spanned by u, J, ¢ and i plus
time must be considered. The solution in this general
case has not yet been obtained, and every numerical
simulation has studied simplified cases. A steady-state
time independent approximation is most often used.
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Lyons and Thorne (1973), in their steady state ra-
dial diffusion study of radiation belt electrons, replaced

ﬁfl]

~

0
the pitch angle diffusion term with E[D

f where t,(E, L) is the overall electron precipi-

T,(E, L)
tation lifetime versus scattering into the atmospheric

0 (/4
bounce loss cone. They also replaced 5; (<Zi—t> fl) by

_ S where 7., is the single particle Coulomb col-
T

coul

. s o . 1dE\™!
lision “life time” defined from <t~ (EE) . Of
course, the correct ensemble time scale for an arbitrary
equatorial pitch angle «, is defined as

o= ([ ()5 ()

but such a quantity cannot be specified a priori since it
depends on the solution to the diffusion problem itself.
For electrons there is no charge exchange process to
consider. A significant simplification also comes from
considering only one pitch angle, most often the equa-
torially mirroring particles only (i.e. where J=0) are
studied. These considerations reduced the electron
problem of Lyons and Thorne (1973) to a one-dimen-
sional approximate case of radial transport only. Al-
though the accuracy of some of their simplifications
may be called into question, their solution retained
much of the essential physics, and they obtained results
in good agreement with in-situ electron observations.
In modeling protons and other ions Nakada and
Mead (1965), Cornwall (1972), Blake et al. (1973), Spjeld-
vik (1977) and Spjeldvik and Fritz (1978a,b) retained
the radial diffusion term, the Coulomb collision term,
and the charge exhange term(s). But they also restricted
attention to equatorially mirroring ions, and for ener-
getic ions the pitch angle scattering term was neglected
altogether (by assuming D,, ~0). Figure 26 shows an ex-

Fig. 26. Theoretical radial profiles of energetic

radiation belt proton fluxes calculated from the steady
state model of Spjeldvik (1977) with outer radiation
zone boundary conditions assigned at L="7. The
results are shown for 100 and 1,000keV, and 10 and
100 MeV. These curves were computed based on the
exospheric neutral hydrogen model of Tinsley (1976)
and with radial diffusion coefficients as described in
Spjeldvik (1977). No pitch angle scattering was
allowed and only equationally mirroring protons were
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Fig. 27. Theoretical radial profiles of radiation belt helium ion
fluxes calculated from the steady state model of Spjeldvik and
Fritz (1978a) with outer zone boundary conditions assigned
at L=7. Dashed curves depict charge state 1 (ie. He*) while
solid curved depict charge state 2 (ie. He**), and the
curved are given for 40, 100, 400, 1,000, 4,000 and 10,000 keV per
ion. The relative charge state distribution indicates the dom-
inance of He** above ~1MeV per ion while He* are
most abundant at lower energies

ample of the proton model result for oy=mn/2 (from
Spjeldvik, 1977). These calculations reproduce the well
known observational result that protons are not distrib-
uted into two belts, but occupy a single radiation zone
encompassing the entire trapping region, and such that
the more energetic protons have their flux peak at the
lower L-shells. Spectrally, these calculations show that
the proton spectra in the interior of the radiation belts
turn over and exhibit positive dj/dL-values (with j(E, L)
=p?f(p,L) where p is the proton momentum) at the
lower energies.

A similar treatment of energetic helium ions gave
the theoretical distributions illustrated in Fig. 27 (from
Spjeldvik and Fritz, 1978a): Notice that the lowest he-
lium ion charge state is dominant below ~1MeV while
the second charge state is most important above this
energy. This result is essentially independent of the ion
charge state boundary condition applied in the outer
radiation zone, thus charge state redistribution pro-
cesses resulting from collisions between the energetic
ions and exospheric particles are important in most of
the trapping region. Qualitatively the theoretical helium
ion fluxes also peak at lower L-shells with increasing
ion energy, and their spectra show positive dj/0L-values
below ~1MeV at L<3.5. Some interesting spectral
features arise from the combined influences of energy-
dependent radial diffusion and energy dependent losses.
The parameter used for radial diffusion (Cornwall,
1972) leads to preferential loss of helium ions at ~ 100-
1,000keV total ion energy; for details, see Spjeldvik
and Fritz (1978a). The theoretical results are probably
not strictly valid below ~100keV since convective pro-
cesses may be more important than diffusion at and be-
low ring current energies.

Two examples of model results for oxygen ions are
depicted in Fig.28. In the left panels a flux boundary
condition was imposed at L=6.6 under the assumption
that only O* was present (corresponding to a purely
ionospheric ion source at all energies), and in the right
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Fig.28. Computed atomic oxygen ion fluxes in the earth’s ra-
diation belts assuming an ionospheric source of O* at the
outer zone boundary (left panels) or alternating a solar
source of O%* ions at the outer boundary (right panels). The
six lowest positive charge states are permitted, and the dif-
fusion coefficients have the same values as in the calculations
in Figs. 26 and 27. Charge state numbers are given on the
curves. The panels show radial profiles at 10, 100, 1,000,
10,000keV per ion. Detailed description of the theoretical cal-
culations are found in Spjeldvik and Fritz (1978b)

panels the identical spectra were taken at L=6.6 but
with solely O®* present (an implicit assumption of an
extraterrestrial ion source). The calculated oxygen ion
fluxes and charge state distributions in the interior of
the radiation belts were found to be fairly similar in
both cases, however, except near the outer zone bound-
ary. This is explicitly shown in Fig.29 for 4 MeV oxy-
gen ions subject to the ionospheric (left panel) and so-
lar wind (right panel) source assumptions. Notice that
below a charge state redistribution zone of width
AL~1.5 L-shell units a characterisitc charge state dis-
tribution is formed. In this case with O** ions domi-
nant. For specific details about expected charge state
distribution properties and the uncertainties in the cal-
culations from which they are derived, see the review
by Spjeldvik (1979).

In all the model calculations carried out so far for
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Fig.29. Normalized charge state distributions for 4 MeV
atomic oxygen ions in the Earth’s radiation belts. The left
panel assumes solely O in the outer radiation zone and the
right panel assumes solely O*® at L=6.6, corresponding to
ionospheric and solar wind ion sources respectively. It can be
seen that at L-shells below a narrow transition zone (4L~ 1.5)
the charge state distributions become practically independent
of the ion source characteristics and that at this energy the
fourth charge state predominates the charge state distribution

radiation belt ions, rates of radial transport due to fluc-
tuations in the large scale electric and magnetic fields
have assumed that the fluctuation power spectra follow
P(v)~v~? dependences (where v is the fluctuation fre-
quency). That may not always be the case (Arthur et
al., 1978; Holzworth and Mozer, 1979), and whenever
the power is not exactly —2, D, (or equivalently D;,)
will depend on p (and possibly J). Westphalen and
Spjeldvik (1982) have suggested a method by which the
time averaged p-dependence of D,, may be deduced
from inner zone (L~ 1.2) trapped particle spectra in the
keV and lower MeV range, below the energy range
where the cosmic ray albedo neutron decay source
(CRAND) is important. The actual determination of
D, (n,J) remains to be implemented, however. Detailed
investigations of a number of theoretical aspects of the
inner edge of the radiation belts have recently been
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made by Jentsch and Wibberenz (1980) and Jentsch
(1981), but are beyond scope of the present review.

Figure 30 shows a comparison of theoretically com-
puted proton, helium and oxygen ion fluxes at E=0.1
—20MeV per ion. Notice that in the heart of the ra-
diation belts, L=3.25, theory predicts that protons
should be the dominant ion species from ~100 to
~1,000keV per ion while helium and oxygen ions
should be more numerous when compared at equal to-
tal ion energy in the MeV range. The curves are drawn
for three different values of the magnetic radial dif-
fusion coefficient, with one fixed electric radial diffusion
coefficient, and given observed outer zone boundary
conditions; for details see Spjeldvik and Fritz (1978b).
Much of the Explorer 45 ion composition data for
equatorially mirroring ions support these theoretical re-
sults over the limited energy range where the data are
available. However, a critical test can only be made
when simultaneous proton and heavy ion data are
available over a much more extensive energy range.
Further studies of the ISEE spacecraft data would be in
order.

Comparison of Theory and Observation

Tonic composition observations have been made over
two energy ranges, below a few tens of keV and above
several hundred keV. Figure31l (from Williams, 1980)
shows the quiet time integral radiation belt particle en-
ergy density. It can be seen that the main contribution
to the energy density comes from the intermediate en-
ergies where our current composition knowledge is
lacking. There is much evidence supporting the idea
that a substantial fraction of the lower-energy ring cur-
rent ion population is of ionospheric origin (Lundin et
al, 1980; Lennartsson et al, 1981; Lennartsson and
Sharp, in press 1982; Williams, 1980; Young et al,
1982), perhaps mixed with sclar wind ions, and that the
higher energy ions are of extraterrestrial origin (e.g.
Hovestadt et al., 1978b). Below ~20keV per ion obser-
vations point to H*, He*, O*, O*™* in variable rel-
ative abundances, and above ~500keV per ion the ob-
servations reveal ions of hydrogen, helium, carbon, oxy-
gen and heavier ions. The energetic heavy ions are also

Protons Helium ions Atomic oxygen ions . . . .. "
105k julHY) E jilHe")+juHe™) | 6. Flg.l 3Q. Theoretical ion composition of the earth’s
;. L=3.25 L=3.25 NZ:1JJ.[O ) rad_latlop belts. Sen51t1v1ty comparison o[ protons,

_ C L=3.25 helium ions, and oxygen ions due to variations in the
PR L magnetic diffusive ion transport rate as quantified by
Al the magnetic diffusion coefficient DY, The spectral
X g 10 o curves shown for each ion species represent a flux
=0 g L summation over all applicable charge states at an L-
S 3 . " shell of 3.25, where the ion fluxes generally maximize
© ”; 10 in the lower range. The spectral coverage in these
® O 107 panels extends over the energy range 100keV to
L= 20 MeV per ion. The curves labeled A4, B, and C
e g correspond to D™ values of 2 x 10710 x [1?, 10-°
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observed to be in the higher charge states (D. Hove-  and
stadt, personal communication, 1979).

Unfortunately, most instruments do not permit the  S=) S, (7)

1

determination of the precise ionic charge state distribu-
tion. At a given ion energy, the total contribution of a
given ion species, j=)_j;, is measured. To compare the

theoretically calculated particle distributions with such
observations requires the summation of the theoretical
results over all ionic charge states. The radiation belt
transport and loss relation (1) then yields:

rag oo+ [P

T Y I

where quantities with no charge state subscript are aver-
aged over all the available ionization states. The ion
pitch angle and radial diffusion coefficients become:

0
Dyy= Z ¢é:i 5 / 7£3

-30,. % /7%

while the energy degradation effects on the first and
second adiabatic invariants is now described by:

(4 )=3 (%) s s
<%>=Z <5>l I 1

For the distribution of a given ion species summed
over all charge states the charge exchange expressions
reduce to a simple weighted loss term where

A:Alofl/Zfia (5)

3)

4)

f=3 1 ©)

As a consequence, one may apply, to the summed dis-
tribution function f, an equation similar to that of the
distribution function f; for individual charge states but
where the proper coefficients are weighted by the
charge state distribution and its derivatives.

In general, the different coefficients vary significant-
ly with the ionic charge state. As an example, the Corn-
wall (1972) model radial diffusion coefficients D,
(simply related to D, by a Jacobian transformation) for
electric fluctuations may be written in the form

(E) _ ((E) '
DY) =C 8
LL; [4 (#M/I)Z ( )

where the sub-coefficient C* depends on the electric
field fluctuation magnitude (and has values in the range
2x107°-2x10-% R} per day) and p,, is the magnetic
moment in MeV per Gauss. This expression is valid for
equatorially mirroring particles; D and DY) vary
somewhat with equatorial pitch angle (e.g. Schulz,
1975). At multi-MeV energies the second term in the
denominator of (8) dominates and thus D oci* where i
is the ionic charge state number, and in the high energy
limit

D(E) ~ C(E)LIO —2 Z 2 / 2{ (8)

In this limit the ionic charge state distribution is biased
towards the higher charge states attainable, and for this
reason the effective radial diffusion coefficient may be-
come quite large. A similar situation may exist for ion
pitch angle diffusion although the specific details re-
main to be investigated.

It is also worth noting that the effective rate of ion
loss through charge state neutralization (e.g. the pro-
cess O +H—->0O+H™; where underlining denotes the
energetic particle) scales with the ratio f,/)" f;. This im-

plies that when f, < f; for i=2, the time scale of ion
loss due to charge exchange will be very long. Coulomb
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degradation rate following an i* dependence (Rossi and .
Olbert, 1970). Thus, ions in the higher ionic charge T ¢
. . . >0 —
states will be degraded in energy at a rate higher than 2
those in the lower charge states; e.g. an O°* ion will  7_
have an energy degradation rate 36 times higher than 5 10 -
an O* jon at the same energy. Consequently, one 7,
would expect the spectral shapes of such ions to vary N$ 4
with charge state. e 10 N
The charge state information for geomagnetically =
trapped ions cannot be used to infer the ion origin con- ENE —
clusively. Spjeldvik and Fritz (1978b) have demonstrat- - ,
. . © % Mariner 4
ed that charge state altering reactions soon transform =) res 040 3 a
the ionic charge state according to internal radiation o 05— — Efmore, 12
belt processes. To some limited extent a similar situa- ﬁ o Explorer 45 Orbit 97
tion might exist for the elemental abundance of trapped  © |  Explorer 45 Orbit 667
ions, since mass dependent processes can change the rel-
ative abundances. The latter process is particularly im- oLl | | |
. . |0 L1 LIl [ [ R
portant below a few hundred keV ion energies. i 0 100 1000
Given suitable boundary conditions in the outer ra-
Energy (keV)

diation zone, it is possible to compute numerically the
radiation belt theoretical distributions of several dif-
ferent ion species. Since these ions are subject to mass
and charge dependent interactions with the plasma-
sphere and exosphere, their relative abundance will re-
sult from a combination of source strength and internal
radiation belt processes.

Figure 32 shows a direct comparison of proton (ion)
observations from Explorer 45 at L <5 and ATS-6 at L
=06.6, and theoretical proton spectra at different L-
shells. The outer zone proton fluxes were modeled from
the ATS-6 observations so critical comparison can be
made only at lower L-shells. Unfortunately, the cov-
erage of uncontaminated Explorer 45 data is substan-
tially less at the lower L-shells, particularly below L~ 3.
Nevertheless, the comparison shows a fair agreement,
strengthening the idea that the 100-1,000 keV ions are
protons. This finding can be further tested by attempt-
ing to match the fluxes of another ion species with the
proton (ion) data, and this was done by Spjeldvik
(1977) who found it difficult to accomplish such a match
unless rather extreme assumptions on the rate of
radial diffusion together with virtual absence of protons

Fig.33. Comparison between Explorer 45 ion observations at
L=4.5 and data form OGO 3, Explorer 12, and Mariner 4.
Also shown are the theoretically predicted proton fluxes
shown as the solid curve. Ion observations at tens of keV may
not be protons (see the text). At this L-shell the Explorer 45
data below 40keV are judged questionable (Spjeldvik, 1977)

were adopted. Thus, the available indirect evidence sup-
ports the finding that these ions probably are protons,
and to the extent of the valid data from Explorer 45
there is a good agreement between theory and obser-
vation at radiation belt energies. There is no agreement
at ring current energies (E <100keV), however. That is
depicted in Fig. 33 which compares the theoretical pro-
ton spectrum at L=45 with data from Mariner 4,
OGO-3, Explorer 12 and Explorer 45. Presumably
some of this discrepancy below ~100keV stems from
the possibility that the majority of these ions may not
be protons, and some from the effect of non-diffusive
transport process operating at these energies.

A similar comparison can also be made for the hea-
vier ions, but only over a short energy range. Figure 34
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Fig.34. Radiation belt helium ion radial profiles; comparison
between theory and experiment. Circles are observed differen-
tial fluxes from the heavy ion experiment on Explorer 45
averaged over the energy passbands 4a3 (1.16-1.74 MeV) and
Aod4 (1.74-3.15MeV) on three consecutive geomagnetically
quiet days, June 2-4, 1972. The lines are theoretical predictions.
For the A4a3 channels (upper panels) the theoretical curves
represent differential fluxes at 2 MeV (solid), 1.5 MeV (dashed
and 1.2MeV (dot-dashed). For the 4a4 channels (the lower
panels) the theoretical curves represent differential fluxes at
3MeV (solid) and 2MeV (dashed) (for details, see Spjeldvik
and Fritz, 1978a)

depicts a comparison of Explorer 45 helium ion obser-
vations at 1.16-1.74 and 1.74-3.15MeV per ion with
theoretical results at 1.2, 1.5 and 2, and 2 and 3 MeV
per ion respectively. The agreement is quite good for
the three quiet days of data used here. A much more
critical comparison would be to extend the energy
range, particularly towards lower energies where the
theory predicts spectral turnover below ~1MeV. The
comparison of oxygen ion theoretical radial distribu-
tion and available CNO data is given in Fig. 35, and in
spite of the uncertainty in the theoretical curves owing
to the input parameter estimates (most notably in the
charge exchange cross sections, Spjeldvik and Fritz,
1978b) a fair agreement was achieved. As in the case of
helium ions, there is a need for more critical compari-
son. The data on carbon and oxygen ions now avail-
able from the new instruments on ISEE-1 can be used
for this purpose when data from suitable spacecraft or-
bits close to the geomagnetic equatorial plane are se-
lected.

Future Outlook

The last decade has been one of increasing emphasis on
precise ionic measurements in the earth’s radiation
belts. Foremost has been the desire to establish the ion
identity and their individual spectral and anisotropy
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Fig.35. Radiation belt oxygen ion radial profile; comparison
between theory and observation. The lines indicate computed
radial profiles of 4 MeV oxygen ions summed over all charge
states in the earth’s radiation belts. The solid curves assume
an ionospheric source of O* and the outer zone boundary
and show the profiles for C,,=2x10"'°, C,=10"° C,,=4
x107° and C,=10"8R /day where D =C, I'°. The
dashed curves assume a solar wind source of O°* at the out-
er zone boundary and show the profiles for the same values
of C,,. Data on oxygen ions obtained from the L1 channel
on the satellite Explorer 45 are also indicated. The detector
passband is 1.82-4.8 MeV per ion for oxygen ions

characteristics. Development of fast pulse resolution
electronic circuity for spacecruft use has enabled resear-
chers to develop time-of-flight instruments where not
only the differential (dE/dx) and total (E) energy de-
position of energetic ions incident on solid state detec-
tors could be measured. but also the ionic orbital flight
time over a fixed path length within the instrument.
Several such instruments have been built and flown.
Details of future heavy ion detectors now being devel-
oped for the NASA/OPEN mission have been pub-
lished (Spjeldvik, 1981a; Wilken et al., 1982). Besides
three solid state detectors and an ion flight path, such
instruments utilize electrostatic deflection of (low en-
ergy) secondary electrons emitted by the thin detectors.
That eliminates the need for magnets (a weight saving),
and microchannel plates provide position sensitive sec-
ondary electron measurements. These instruments are
expected to provide good mass and energy information
from about 200keV per ion to tens of MeV.

A problem encountered in the in-situ measurements
of minor species is related to the often low geometric
factor of the instrument. Ions at tens of keV energies
can be deflected by a strong electrostatic field (as is
commonly done in some mass spectrometer design),
and the principle now being invoked is to make the
instrument aperture into an annular (ring) shape such
that incoming ions are deflected and focused onto a



smaller area detector (D. Bryan and D. Hardy, personal
communications, 1980). An instrument now also being
developed for the Swedish/VIKING and the NA-
SA/OPEN mission uses this annular (toroidal) aperture
geometry (Wilken et al.,, 1982), and incoming ions are
first deflected by a (variable) electric field, then post-
accelerated by a known amount and finally detected in
a solid state detector. This type of instrument bears the
promise of closing the now existing gap in our ability
to determine the ion identity at upper ring current en-
ergies. Other ion detectors may also be under develop-
ment, but their current state of design and proprietary
considerations preclude a discussion here. Nevertheless,
it can be anticipated that the ionic mass and charge
composition of the earth’s radiation belts will be stud-
ied intensively during the coming years.
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