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I. Introduction

Although the study of the composition of low-
energy particles in the interplanetary medium is
a relatively new subject, our knowledge in this
field has been advancing rapidly. Discoveries
of pronounced anomalies in the compositions of
solar flare particles and low-energy "cosmic-
rays", and of large-scale interplanetary accel-
eration regions beyond several AU have been
followed by more systematic investigations aimead
at characterizing each of the components of the
interplanetary energetic particle population.

The discoveries may be attributed to a combi-
nation of three favorable circums:ances: (a)
availability of sophisticated instruments capa-
ble of performing composition measurements at
low energies, (b) properly instrumented deep
space probes exploring the outer and inner
heliosphere, and (c) a favorable time period in
the solar activity cycle during which the dis-
covered phenomena were especially prominent.
Compos ‘tion measurements not only have played a
key role in the initial discoveries, but have
also cousributed significantly to our under=-
standing of the acceleration processes responsi-
ble for the production of energetic particles
which populate interplanetary space.

Rather than being a comprehensive review of
the extensive literature on the subject, this
report will highlight the major developments in
this area emphasizing observations of helium
and heavier particles with energies below about
10 to 20 MeV/nucleon. Not included in the
present discussion are solar and Jovian elec-
trons, solar neutrons, observations dealing
mostly with protons, and locally produced parti-
cles such as energetic storm particles (ESP) or
upstream magnetospheric bursts. For more com-
prehensive surveys of various observational and
theoretical aspects of these subjects the reader
is referred to recent reviews by Fisk (1977),
Ramaty, et al. (1979) and Gloeckler (1975).
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" studies by the Goddard Group {e.g. Biswas and
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In this report we will summarize advances in
owledge and agseas important quéstions
whi¢h are likely to be investigated in the nenr =
future for dhch of three dominayt cunstituents
of in;grp]ahe:ary'gprticlea: golar flare parti-
cius, co-votating particla streams, and the so-
‘galled "anomalous cosmic tay" component. The
recent’discovery of a class of solar flare par-
ticle events with unusual enrichwents of IHe and
heavy elements indicates highly seloctive solar
injection mechanisms. Systematic examinacion of
the compositigng of these particle avents and
‘comparisons with abundonces in normal flare
particle populations should provide a eclearer
undezrstanding of these mechanisms. Observations
of positive radial intensity gradients and
anisotroples in co-rétating particle streams
suggest the existence of large-scale interplane-
tary acceleration in a reglon edtending from A2
to 4 AU, Studies of the elemental and charge .
state composition should vesolve current ques-
Alons as to what material {is accelerated and
how. The discovery of the "anomalous cosmic
ray" component in 1972-74 was completely unex-
pected, Although présent observations exclude
the sun as a direct source of these energetic
particles, their oripin fs still debated,
Whether these particles zre accelerated in the
outer heliosphere or come from a local inter-
stellar sourge may not be known until the charge
states of these particles have bheen determined.
II. The Composition of Solar Flare Particles

our

. . o~
An important motivation for the iﬁltinll
measurements of the composition of charged
particles accelerated in solar flares was tha
edtabllshment of more precise solar elemental :
.abundances using this "direct'' sample of the
solar atmosphare. - Indeed, the results of early

Fichtel, 1963) using nuclear emulsions carrxied
on sounding rockets launched during large solar
Flare particle events supported this expecta~
tion. Analysis of data taken during 8 major
flares from about 1960 to 1970 indicated that
for elements heavier than hydrogen the composi--
tion of solar particles with energles above 20
MeV/nucleon remained fairly conatant and
reflected the composition of the solar atmos-
‘phere for elementz where such comparison could
- be made. - :

Improvements in experimental techniques and
the availability of satellites made it possible
to study flare particle compositions at lower
energles, in $mall flare particle events,; and
as a function of time in large events. These
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developments led to the discoveries of dramatic
compogitional anomalles, eapecially in smaller
flare particle events, and the realization that
the composition varies not only from one flare
eventsta the next but also during a given event.
Thus, a major emphasfs of current compositional
studies {5 to systematically examine & large
number of solar Elare particle events in order
to laolate the variable from the repeatable
features and to underatand the causes for the
anomalies in the sclar particle abundances,

Normal Flare Particle Events

Substantial progress has been made in recent
years in c¢faracterizing composifional aspects of

" -golar flare particles by carcfully examining a

large number (about 30) of flare avents
espacially at energles extending dowm to vl
MeV/nucleon. This has provided us with the
first abundance measurements of such rare.
elements as Na, Al, Ar and Ca, lsotopes of H,
He, C, O and Ne, and better upper limits for Li,
Be, B, F and P. o o
Elemental and Isotopic Abwymdances. Average
values of the elemental abundances of 21 MeV/nuc
solar particles in relatively large solar flare
gvents (peak intensities exceeding 100 protons/
er? sec st MeV) with & "normal® composition axe
given in Table 1 and shown in Figure 1 as solid
bars, open rectangles (element groups) and
s01id triangles (upper limits). The abundances
relative to oxygen of tiie individual elements
or element groups are derived From results fe-
ported for a number 0f individual flare particle
events by Crawford et al. (I1972), Bertsch et al,
(1973), Teegarden et al, (1973), Hovestadt
(1974}, Nebber (1975), McGuire et al, (1977) and
Mnson et al, (197%9a). -The vertical extent of
the solid barg and open rectangles iIndicates
the degree of variabiliry in the compositions
from one flare to the next, which for the more
abundant elements (H, He, C, N, Ne, Mg, Si and
Fe) is considerably larger than the statistical
uncertainties to which the abundances of these
elements can be determined for individual flare
events. Despite these variabilities the basic
compositional [eatures of solar flare particles
are similar to those of the solar corona and
photosphere whose asbundances are also given in
Table I and shown in Figure 1. There is the

" averall agreement in the abundances of He, C,

'-1."” Fﬁ)()ii

N, and § through Fe, the elements Li, Be, B,
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F, ond P are scen to be rare, and the odd'Z (2

is the atomic number) elements N, F, Na, Al and

P are far less abundent than their even Z neigh-
borg, 1t should be noted, however, tHat solar
particles geem to be consiatently enriched in

the elements Ne to 5S4 and the golay flare C/0
ratio, although consistent with the solar photo-
spheric abundance 1a lower than the coronmal
value, Litecle is known about elements heavier *
than iron except that thelr abundances are very |
low. .
The composition of solar particles in the
medium and small intensity "normal" events 1is
basically similar te that in the more intense
“fiaras. There is, however, a tendency for the
He/0 ratio to be somewhat larger (70 to 90)
than the corresponding ratio in the large flare
particle events (Gloeckler, 1979).

Our knowledge of the isotopic composition of
golar Flare particles is at this rime rather
limited and generally confined to the lighter
elements. Typlcal values of the H and He iso-
topic ratios at ~1 to L0 MeV/nualeon averaged
over a number of golar Elare particle avents
ave:  “H/H = 7(+10, ~6)-10"6, /g & 3.10-6
and e/ He ~ (9:4)+10-3 (Hurford, 1975; Hucford
et al., 1975a). These values arc consistent
with earlier results of Anglin (1975), Anglin
et al. (1973) and Hsleh and Simpson (1970). The
igotopic abundances of golar flare Ne in the
energy range from 11 to 40 MaV/nucleon have
recently been reported by Mewaldt et al. (1979a)
and Digtrich and Simpson (1979) to be

20§e/2%c = 7.652°% and 7.7%2'3 respectively,

This value is significantly lower than the com—
parable and well astablished solar wind ratie

of 13.120.6 (Geiss et nl., 1970} and poses
interesting problems for the acceleration of
galar material, The low abundances of 3¢, 170,
180, and %iNe (!3¢/C » 10-2, 170/0 < 3.10°9,
- 18g/0 v 2:10-3, 2Iye/Ne < 10~?) indicate that
element production by nuclear spallation
- reactions in rhe selar atmosphere is not signi-
fieant (Mewaldt et al., 1979b). ’ -

Charge States, Direct and indirect deter-

minations of the ienization states of sonlar
particles indleate Incomplote stripping of the
heavy ions over an extended energy range up to
at least ~5-10 MeV/nucleon. " Direct mesgurements
(Sciambi et al., 1977; Gloeckler-et al., 1973,
1975a, 1976) have shown that in general the
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‘charge states of €, 0 and Fo below 1 MeV/charge

in solar Flares ave (a) consistent with the
lonization states of these elements in the solar
wind (charge states of 6, 6 and 12 for €, ¢ and
Fa respectively), (b) do not vary substantially
from flare to flare, and {c¢) remaln constant
aver the energy range of the measurements of S50
to 1000 keV/charge. @& mumber of indirect deter-
minacions of charge states of iron at higherener-
gles (vl to 10 MaV/nucleon) 2lso indicate partial
ionization. For example, wirh the assumption
that the charge statas of He, €, 0 and Fe are 2,
6, 6 and 1I' respectively one can explain in the
simplest manuer the time-dependent variations

of the relative abundances of these elements
often observed during the initial phase of

flares (Q'Gallagher et al.,, 1976; Scholer et al,,
1878). Under aimilar assumptions the apparent
energy-~dependence of the Fe/0 and O/He ratlios -
computed at equal energy per;nucleon (Price et
al., 1973) disappears when these ratios are com-
puted at equal rigidities. .

Yariability in the Composition., It has now
been established beyond any doubt that there is
significant variability in the compositicn of
normal flare particle events, not only From one
event to the next but often also during a given
event. In Figure | we indicate by the vertical

_extent of the solid bars and rectangles the

degrae of the variability in the event-gveraged
racios of H, He, C, Ne, Mg, Si, S~Ca and Fe
relative to oxygen. '
tions 1s scen to be largest for elements whose
atomic number Z differs wost from oxygen,
reaching a2 factor of about ten for protons and
iron. : S
Systematic changes in the elemental composi-
tion have been observed during individual solar
particle avengs and in successlve flares from,
the same active region., {'Gallagher et al.
(1976) find that in addition to the well bnowm
velocity dispersion (Cline and McDonald, [968),
there is a charge~to~-miss dependent dispersion
in the time-to-maximum for aelements having equal
velocities, They report that 1 to 1.6 MeV/
nucleon ircon, for example,. reaches maximum

" intensity somae eight hours before 1l to 1.6 MeV/

nucleon oxygen. The ratlos often continue to
chéange -with time as an event progresses
(Armstrong et al., 1976; Scholer et al., 1978).
Recently Brigps et al. (1979) have reported
H/Hle enhancements in second and third as com-
pared to the first particle producing flares

The magnitude of the varia-

-
DS



which cccurred in che same McMath active plage
region. Such enhancemants scem to be transient
and are not seen for multiple flerea separated by
wore than about 100:hours. .

Enerpy Depemdence in the Composition. Ratios
of Fa/0 and 0/e {computed at equal cnergy/ .
nueleon) in normal solar Elare partiecle aveuta
are often found to ilncrease with decreaaing
snergy, especially below ~1 MeV/nucleon (Price
et al., 1973, Scholer et al., 1978). . Such energy-
dependent variations in the rotios may, however,
be artificial. By assuming soiar wind lonization
states for solar flare He,-0 and Fe (2, 6 and 11
respectively) and computing the ratios at equal
particle magnetic rigidities t“? variationa
generally disappear, )

For two large solar particle events (4 July
1974 and 24 September 1977) large Fe/O vatios aas °
well as systematic enhancements In other heavy
aelematits were reported at energles above A15-20
MeV/nucloon {Berusch and Reames, 1977, and

.DMaetrich and Simpson, 1978). For these same two
cvents the composition as measured by the Univer-
sity of Maryland/Max Planck Jnstitut expaeriment -
on IMP-8 was more ncarly normal at 1 to 4.6 Mev/
nucleon with no large energy depencence over this
range, - Thesa results indicate a signifiecant
energy dependence in the ratlos above n5 MeV/
nucleon, and increasing cnrichments of the heavy
elements with increasing energy, implying that
the energy apactra of heavier elements become
progressively flatter (Hamilton and Gloeckler,
1978} ) ' oY )

»

Me-Rich and "Fe' Rich Solar Particle Events

The 2He/"He abundance in "normal" solar parti-
ele evants is typicnllx ~10 to 30 times larger
than the value of ~10-" estimated for the photo-
sphere {e.g, Ramaty et al., 1979). Such enrich-
went of He can génerally be explained in terms
of production in nuclear reactions of energetic
particles with the solar atmosphere. The dig-
covery of a class of solar flare events in which -
e/ "He aften exceeds unity, and where Fe and
other heavy elements are highly ovarabundant
ecame as a surprise since nuclear producticn
mechanisms could not explain such drastie
departures from the "normal" flare composition. -
Although the number of such anomalous avents for

“which detalled composition measurements are
availdble is small, one can already beglin to see
their overall characteristies.

o

n

o

The abundances of ¢lements relative to
oxygen averaged over a number of small "Fe-
Ne-rich" events (Hovestade et al,, 1975;
Magon at al., 1979b) are shown in Figure |
as shaded bars and shaded vectangles (element
»groups). These abundances computed in the 1

to 4.6 MeV/aucleon range.are compaved in

Table } and Figure 1 to, the compositions of
“normal" flare plrcicles, the solac corona

and the photosphare, Iron rich eventa, de-
fined hexs to have Fe/0 ratlos larger than

0.5, are seen to bo systematically enriched

not only in Fe but also {n Ne, Mg, 5i and

S~Ca. Protons, helium and carbon, on the

other hand, are typically underabundant, The
composition 18 seen to be variable (see Flgure
1) alchough systematic trends in the variabili-
ties noted for "normal" events cannot be
established from the small sample of events
available at this time. The extent of departure
- from a normal composition is illustrated in the
May 14-15, 1974 solar flare particle event where

_ the 0.6-1.4 Me¥/nucleon C/0 and Fe/O ratios are

U.OItg%g{ and 2.58 % 0.57 vespectively (Mason et
al,, 1978, '1979¢, d). Systematic enhancements.
of Fe and other haavy elements have also been .
observed in certain large flaras at higher ener-
gles by Bertsch and Reames (1977) between 15 and
30 MeV/nucleon and by Dietuich and Simpson (1978)
at energies as high as 200 MeV/nucleon,

Solar particle events in which the He/“He
ratio is unusually large (R0.1) are also found to
ba overaburdant in iron and other heavy eslements.
Despite considerable scatter in the data there is
in faet a positive correlation between, é.g., N
the Fe/lle and “He/“Me ratics in soma 40 solat
particle events compiled by Anglin et al, (1977).
This correlation, as well as the enormous enrich-
ments of 3He cannot be suceessfully explained in
terms of nuclear production models (e.g. Ramaty
et al., 1979). Fisk (1978}, on the other hand,
has deseribed a plasma heating mechanism which

. edn simultaneously produce large JHe/“He ratios

(31) and Fe enhancement in small solar flare
particle events.,. B
Data Erom about 30 He rich events veported

gince 1968 Indicate that the 3He/“He ratio is
variable, ranging from 40,1 to ~10, with '
Me/YHe % 0.5 in over half of the cnges (Ramaty
et al,, 1979; Gloecklpr, 1975).. No measurable '
amounts of H or °H have been found in any of the
30 events; typlcal upper limits range from o
4 « 10~3 to 0,04, It should be noted that the
proton intensity in IHe~rich events is generally
‘small, 1.e., less than %10~! protons/(cm? sec sr
‘MeV) at 10 MeV, and that positive assoclation

B
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- 1978).

ation reglon.

with solar optical flares cannat alvays be
established for such microevents {e.g. Ramaty
et al., 1379).

Abundanie ratios as a Eunction of enerpy have
been measured tn only a few He~ and Fe-rich
events, From this limited sample one finde that
there 18 no pronounced energy dependence in the
Fe/O and He/C ratios in the range 0.5 to &4 MeV/
nucleon {Gloeckler et al,, 1976). In contract,
3pe/"“Re increases, with increasing energy by a
factor of ~5 {Gloeckler, 1978) in the May 7, 1974
Ife-rich ovent whnere the Heo intensities were
sufficiently large to nllcw anergy spectrum
measurements.,

-parciclus from the flare site.

Requirements for, Snlnr Flare Particle Acceleration:

Mcchanisms,!

The explanatich of the rich variety, systematic
changes, and dyamatic deviations in the composi-
tion of solar flare particles wust be one of the
outstanding’ challenges Eor solar.flare thearies,
Enormous dcvintions from "normal" abundances,
especially For 3He/%He, C/0 and Fe/O cannot be
simply accounted for in terms of compositional
variability in the souyrce material or by nuclear
production models {Ramaty and Koslovsky, 1974;
Rothwell, 1976; Colgate, et al,, 1977a, b), but
ave far more likely to be caused by preferential
heating and injection fnte the acceleration
mechanisms (Fisk, 1978; Kocharov and Kocharov,
In a model proposed by Fisk (1978) a
commop plasma instability is invoked to excite
electrostatic len cyclotron waves which can then
resonantly heat 3He, and certain lons of 0, N and
Fe ko far preater temperature than ambient “He,
and caxbon. Direct acceleration of lons in the
high~energy tail of the Maxwell-Boltzmaun distri-
bution to energles &1 MeV would then result in
dramatic enhancements of these preferentially
heated ions. This model not only accounts for

‘the. observed absence of 2H and 3H in the anoma-

lous flares but could also explain the composi-
tional varimbilities sinee the selection of ions
which are preferentially heated depends criti-
cally on the coronal temperature in the acceler-
Furthermore, it can be argued
that the observed composition in the larger
Flares i3 more "normal™ because in the extended
accelerarion reglons averaging effects, due to
e.2., the variations in plasma temperature and
B, over. a large region would tend to wash out
large devistions in the composition.

9

The temporal variations in the composition
observed in the post-maximumphase of flare
porticle events cannet be explained solely by
ingarplanetary propagation effects, but requires

a continuous rather than 1mpu1aive :elenac of
Compositional
changes could be introduced either by changing
conditions in the acceleration region’(e.g.,
changing coronal temperature, varying H/He ratios
in the amblent material), by a rigidity-dependent
acceleration and escape mechanisma, or both.

It vemaine ¢o be seen to what extent the
average conposition of solar flare particles
reflecty, the composition of the source material
in the photosphere or corona. Aside from the
variability, the solar particle abundances ave
geen to be gomewhat enriched in elements heavier
than oxygen. Once the systematic character of
these, enhancements is more fully understood it
wmay be possible in fact to improve and extend our
knowledge of selar abundances by using the average
flare particle composition, which can be deter-
mined in great detail. In the immediate future,
however, composition studies will have the
greatest lmpact on our understanding of the _
dynamical processed on the sun which lead to the
heating, accelerakion and escape of solar flare
particles.

IITI. Corotating Enerpetic Particle Streams

Modest ingreases in the intensity of %1 to 20
MeV/nucleon protons and a-particles, which per-
sist for three to six days and often veappear a
number of times at 27~day intervals, were £irst *
observed during the 1965 solar minimum {Brysnt
et al,, 1963; Fan et al., 1963). It was soon
eatablighed that these corotating or 27-day
recurrent increases are not associated with solar
flares and do not exhibit the veloclty dispersion
often observed at the onget of solar flare parti-
ele events (Cline and MeDonald, 1968), but are
correlated with high-speed solar wind streams and
interplanetary magnetic f£ield structures coro-
tating with the sun. Ploneer 10 cbaeyvations
during the 1974-76 solar minimum (McDenald et al.,
1976} which revealed that the peak intensity y of
vl MeV protons in corctating particle streams -
increases with increasing radial distance from
the sun, provided the first clue that these par-
ticles are not of solar origin but rather are
accelerated in the interplanetary medium beyond
several AU. A mmber of more recent measurements
of radial gradients (Van Hollebeke et al., 1978,
1379; Runow et al., 1977; Christon and Simpson,

]
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1979) and particle anisotropiel (Mewaldt et al.,
1978a; Ipavich et al., 1978) 4in co:otating events
combined with the rcmpornl-lpatinl corfelations
chserved at &4 to 5 AU between the ~1 MeV/nucleon
corotating particles (Barnes and Simpson, 1976}
Pesses et Jl., 1978} and the magnetic field and
plasma turbulence (Smith and Wolfe, 1976) in tha
corotating interaction raglons (CIR) provide
further evidence~for the existence of large-scale
and continuous accelaration of particles in tha
interplanetary medium between A2 and 5-AU, .

Although the existence of interplanetary accal-
eration 1s now fairly well esteblished, questions
on the nature of the acceleration mechanisms and
as to vhat amblent material’is accelerated are
Just beginning to be examined,"
mechanisms discussied most frequently include both
atatigtical processes resulting Erom magnetic and
plasma turbulences which are genernted when high
and 'low speed solar wind streams collide in the
CIR (Fisk 1976a,.b), and acceleration at the for-
ward and reverse shocks (Palmer and Gosling, 1978;
Armstrong and Decker, 1979 Pesses and Van Alléi
19793 which bound the CIR (Hundhaugen and Goslin v
1976; Smith and Wolfe, 1976).

Of the possible sources for the corotating

"energetic particles the most likely candidates

,are either the high-energy tail of the solar wind
‘or an as yet undetected, low energy {5200 kev/
nueleon) residual particle populncion, pregumably
of solar origin. Comparing the elemental and
charge state composition in corotating events

-with that in the postulited squrces may be the

best way to regolve the question of origin, It
should be emphasized, however, that to make such
comparisons mest meaningful one must Find a
repregentation in which the composition remaing
unchanged as a function of particle parameters
(e.g., energy, rigidity or velocity},

-Composition of ‘Energetic Particles in Corotating
Streams
’5
"It has been :ghown recently (Gloeckler, 1979
Gloeckler et al., 1979a) that the relative abun~
dances of H, He, €, 0 and Fe in corotating parti-
cle streams remain constant vhen the energy

- spectra of these elemegts are expressed as dis-
tribution functions (number density in phase

space} of velocity v. Thede distribution func~
tions are found to have tlie simple form

f = fg exp (-v/vo) over the entire velocity (or
energy) range of the measurements (n0.16 to 10

. MeV for protons), and the characteristic

speed, vo (typically 3-10% cm/sec) is observed to

- be the same within experimental uncertainty for-

all elements examined fn each of the corotating

The acceleration

*

events studied,

et al., 1979b).

Furthermore, distribution
functions computed from energy spectra reported

© by Van Hollebeks et al., {1979) and Mewaldt et al.

(1970b) for ~1 to 10 MeV protons in a large num-
ber of coretating events also have exponential

formsiith characteriseic velocities around 3.108

em/sec, Measurements of helium above ~1 Mev/
nucleon by these groups, however, differ from
those of Gloaeckler et al. (1979a) and distribution
functions derived from helium™ ‘spectra reported by
Van_Hollebeke et al. (1979) and Mewaldr et al,
(1978b) have characteristic velocities which are
generally Q0 to 40% smaller than those observed
for H, C; 0 and Fe, This discrepancy in the
helium measurements has not yet been resolved.

~ The average relative abundances obtained from
the distribution functions of various elements in
corotating particle streams (Glneckler et al.,
19792, b) are shown in Table 1 along with the
composltions of solar flare particles, the golar
corona (Withbroe, 1971) and photosphere (Ross and
Aller, 1976). Unlike the case for solar flare
particles, the yelative abundances in gorotating

» events appear in general to be less va:iable from

one event to the next (Gloeckler, 1979; Gloeckler
It may be seen from Table 1 that
tha compositlion of recurrent events is character-
ized by a:relagively large abundance of He and ¢
Ttelative to oxygen (Ipavich et al., 1978; McGuire
et al., 1978; Scholer et al., 1979, Glneckler et
al., 1979a, b), and in this respect deviates
nokiceably frem the typical abundances of solar
flare particlea, On the other hand the corotating
partiele composition raflects most closely the
composition of the solar corona (and thus pre-
sumably that of the sclar wind). The agreement
is particularly striking for H, He, C, Si and Fe.
The Mg/0, (S-Ca)/0 and especially Ne/O seems, on
the other hand, to be more abundant in corotating
events than in the solar corona. It is ndt known
at .present to what extént the solar wind Ne/0,
Mg/0 and (5-Ca)/0 ratios could systematically
.devfate from the respective coronal values, -

On thi basis of presently available composi-
tion meaﬁurements it would appear that the high-
energy [ail of the solar wind distribution is
the mos! likely source macterial for the corotating .
p#r:iclés. If one further assumes that the com-
position of the solar wind and of its high~energy
tail are similar, than the measured relative
abundances in corotating events provideé at
present the best information about the elemental
composition in the solar wind, and, in particular,
would stggest that C/0 = 1 in the solar wind. As
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podinced out by Gloackler ot al. (1?79::)
observed exponential dependence of the ﬁrtlcle
distribution function on velocity may fiply that
the accelerntiop of corotating particles in or
near the corotaring interaction regions is pre-
dominantly by a stacistienl process,

1¥. The Anomalous Coswmic Ray Component

At the onsat of the lost solar minfwas in 1972
anomalies begaoun to appear in the cpnergy apectra
and compeaition of £70 MeV/nucleon cosmic rays.

- This is illustrated in Figure 2 where we zhow the

energy spectra of H, He, C and 0 between 40,5 and
>100 MeV/nucleon measured i{n the interplanetary
meditm during quiet times (when neither solar
flare or corotating particles were present).
Particles in the low-energy riasing portion of the
spectya might be predomlnantly interplapetary 4n
origin. .Galactic cosmic rays arc ohserved for H
above 10 MeV, for He above 60~80 MeV/nucleon and
for C and O sbove 430 MeV/nucleon. In the inter-
nediate energy range (A2 to ~30 MeV/nucleon)
appears the ancmalous component. The helium
spectrum nhove\yz Hevfnucleon i8 relatively flat
and between A5 und 30 MeV/ducleon He is more
gbundant than protons (Garcia-Munoz et al., 1975,
1977a; b).:' The oxygen spectrum showa an unusual
hump betwaen A2 and 20 McV/nucleon with no com=
parable feature for carbon (Hovescadt gt al.,
1973, Klecker, at al., 1975, 1877) and at ™5
Mevlnucleon oxygen is some 10 to 20 times more
abundant than carbon. Ip addition to helium apd
oxygéd, nitrogen and neon are)observed to be
more abunidant in the anomalots component than in
the 2100 ¥eV/nucleon galactic cosmic raya
(McDonald et al., 1974a} Klecker et al,, 1975,

19773 Webher af al., 1475a; von Roseavinge and
McDonald, 1975; Mewalde et al., 1975a).

The abundances relative to carbon of the major
elements in the anomalous component are compared
to the composition of galactic cosmic rays in
Table 2. Assuming that 2-30 MeV/nucleon carbon
is predominantly galactic during quiet times, the

: alements He, N, O, Ne and possibly Fe are from

5 to 20 times more nbundqpt in the anomalous .
component than. they are in cosmic rays. WHithin
statiscical uncartainties the composition of the
other elements 1s comparable to khat of the
galaceic parcticles, Available measurements of
the isotopic abundances of snomalous He, N and ©

_indicate an esaencially pure “He (Garcia-Munoz
ot al.
HMewaldt et al., 1976a) composition.

1975), 4y and 16g (Webber et al., 1975a;

P
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ORIGINAL PAGE Js
OF POOR QUALITY

Meaguramonts of the variations in Intenaity
of the anomalous helium and oxygen with time and
lielfocantric distance prove conclusively that
these particles are of non~splar origin. One
observes, for example, that the radial incensicy
variation (Webber er al,, 1975a, 1977; Mekibben
et al,, i979) and ‘the solar modulatlon or tom-
pnrnl changes (Mewaldr et al.,.1975b; von Rosen-
vinge and MeDonald, 1975' Garcia~Munoz ot al.,
19755 MeKibben, 19?7) of the anomalons component
are simllac to those of gnlactic cosmic rays.

The cecent Ploneer 10 and Ll results of McKibben
et al, {(1979) indicate in addition a large off-
ecliptic or latitude gradient fot the anomalous
helivm and provide convineing evidence that the
source of the anomalous compenent 1s located net
only beyond 10 AU but possibly alsa above ~10° in
heliographic lacitude.

Both a galactie and an Interplanetary origin
have been proposed for the anomalous component.
The galactic origin hypothesis, originally sug-
gested by Mchonald et al, (1974a), has inceresting
and far-reaching consequences. It would require
a nearby iuterstellar source with a composition
highly enriched in He, N, O and Ne, These elo-
ménes would prasumably be fully fonized, and would
axperience ralavively little solar modulation.

_Although it is possible under special condltions

to produce stellar material depleted in carben,
the predicted isotopic composigion of €, N and O
in such stellar objecis 1s highly enriched In the
rare isotopes of these elements {e.g., Hovle and
Clayton, 1974) whieh is contrary. to what 1s
observed in the anomalous component.

The interplanccary origin hypothesls has been
propesed by Fisk et al. (1974). In their model
the ancmalous component results from inteystellar
neutral gas which has been {onized and then
accelerated in the {nterplanetary medium.

Neutral H, He, ¥, 0 and Ne atoms are swept inko
the heliosphare by the motion of the solar system
through the {nterstellar medium and because of
their relatively high first ionization potential
and/or charge-exchange cross sections, are able
to reach the inner helioasphere before being
singly ionized by selar UV and charge exchange
with the solar wind, These singly charged lons
are quidkly picked up and convected outward by
the solar wind and on their way out slowly gain
enargy by staristical acceleration in the turbu-
lent interplanecary field, By the time they
reach heliocentric distances of AS50 AU they have
energles of ~10-20 MeV/nucleon. These energetic
singly -lonized particles have a relatively high
rigidity and can thus penetrate back into the
inner solar system, undergoing lictle solar

" ‘modulation, to be observed as the anomalous> -

component, Highly
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ionized particles of comparable energies, such as
lzihnnergy galactie cosmic rays or accelerated

¥ material, will be esaentially exclided from
reaching the inner hellosphere because of the

strong modulution of these low rigidity particles. #

A firm prediction of che intarplanetary accel
eration model 18 that the particles in the anoma-
lous component are aingly lonized. Although no
diract measurements of the ionization states are
availpble, indirect evidence bazed on thHD detailed
comparison between the observed and pradicted
solar modulation {von Resenvinge and McDonald,
1975; McKibbén, 1577) and rndinlrint“r“ity grndi-
ent (Wubber et al., 1977) of thiﬁ”LOmpnhent favors
low ionization states. Only by dircct NGBBUIE“(Q
ments of the charge states and through out-of- {
ectiptic ohservn:ions will it be possible to make
n decisive ehbice between the two altérnative
sources of oﬁigin for the anomalous component,

V. Future Advances

Solar Flare Particles. Significant advances
in our knowladge of solar particle composition
are expected in the very near future when results
from the International Sun-Earth Explorar space-~
craft ISEE-3 stationed at ~1 AU bBcome availabla. -

Of parcticular ﬁa;eres: will ba the more extenatve,ﬂ 

direct wmeasurco¥nts off the charge states LI
{Hovestadt, et l., 1978) and of the isotople,
composicion (Althouse et al., 1978) fox elemcnnsu
up to and ineluding iron in solar flare partigle
events, Charge states and 1so:upic ratlos shoild
provide informatien on conditions (such as  °
timperarure{and density) at the acceleration oo
sites. T AT
With the analysis of extensive IMP-7 and 8 " .w
gatellite data set spanning the 1972-1977 sqlar .
minimum nearing completion, several questicns w.w°
dealing with the systematic behavior of the
variabilities of the composition in selar flare
events will be addressed. ¥For example, Mason
et al, (1979a) have recently studied the depen-
détice on the nuclear charge Z of the magnitudes

*. of the standard deviations, S(2Z), of the distri-

butlons of event-averaged ratios of H, He, C, Ne,
Mg, SL, 5-Ca and Fe relative to oxygen for 12
large sclar flare particla evénts during the 1974n
1977 solnr minimum. They observe that

- Zd4jgen| and that there is a
correlatlon between the abundance of an element
relative to oxygen-and the Fe/O ratie. This -
correlation is positive for Ne/O, Mg/0, §1/0Q,and

.(8-Ca) /0, and becomes. progressively snronger ag
-the atomic number of the element approaches that

oE iron. On the other hand C/0 shows a negative

(\"‘s—-.ﬁ—h
—

s

S
(?
¢

i

)

rué%olntion with Fe/0, espccially for Fe/G 2 0.1.
No correlation 13 evident for H/He vs He/O or for -
He/0 ya. ¥elO, u

Another arca where advaneenent. 1s ancicipated
s in the correlated studies using data from
remota sensing fnscruments on the Selar Maximun
Misaion and the ISEE 1 and 3 particle expdriments,
Such studies are cssentlal for .obtaining a more -
complete plecture of solar flare phenomena and are
bound to reveal new and interesting features not
evident in isolated measurements,

As the frequoncy of large solar flare particle
events increages with the opproach of solar maxi-
mun activity, high—mnss and charge resolution
particle experiments ondthe ISEE and Voyager
spacecraft will provide us with detailed infor-
‘mation on the syatematic and varisble aspects of
the compositions in large erjants, information
which 1s essential for developing renlistic accel-
eration models. Similar studies of “He- and Fe~
tich events and of elements beyond iron musc,
however, await devalopment and flight (in the
mid 1980's) of large-area, low-energy instruments
with sensitivities several orders of magnitude
‘greater than those presently available. It is ~
expected that the systematic investigation of the
anomalous micro-flares during the next solar mini-
mum (late 1980's) will lead to a clearer under-
standing of injection mechanisms and the acceler-
ation processes.

Corotating Partiecle Streams, The exis:ence of
large=-scale, relacively time-indendent and uncom-

.. plicated -dntarplanetary accaleracion in a vegion

of spags where it is now poasible to make in situ
obuervncions has far veaching consequences for
our general understanding of accelaration
wechanisms, The systematic exomination of these
procasses should therefore be of the highest
priority and will undoubtedly be pursued. Our
knowledge of the composition in corotating parti-

. ele streams is at present still rudimentary, and

the lack of solar wind abundance measurements
makes Lt difficult tto establish firmly the source

. material from which these energetic particles

are accélerated.

With the successful launch of the ISEE-3 space-
craft it will soon be possible to obtain routinely
the composition of major elements in both the low-
spéed (Coplan at: al., 1978) and fiigh-spead S
(Hovestadt et al,, 1978) solar wind streams. In
addition, initial measurements of the charge
states of corotating porticles should becone
avallable using the Max~Planck-Institut/Univer~
sity of Marylaud éxperiments (Hovestadt et al., -

i
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1978) on ISEE 3. The ability to compare tha
measured compositions and distribution functions
in the high-speed solar wind streams, the high-
energy tall of these streams, and energetic
particles For the same corotating event should
lead to a far more definitive identification of
the source materlial and the acceleration process.
This, combined with simeltancous in situ measure-
ments of the accelerated particles and the plasma-
magnetic Fleld turbulence which will be possible
with instruments on the Voyager L and 2 spacecraft
(Krimigis et al., 1977; Behannon at al., 1977}
Bridge et al., 1977) wlll provide rich opportuni-
ties for developitug detailed models of the accel-
eration process, e

The very detuiled\*omposinion measyrements of
corotating particles, ‘ncluding isotopes and the
rarer clements will not be done, however, until
large-area, high-sensitivity, low-energy composi-
tion instruments are developed and flown. Such
weasurerentg will not only advance substantially
our understanding of corotating particle streams
but could provide us with the most comprehensive
knowledge of the isotopic and elemental compogi-
tion of the source mnterial—presumably the solar
wind. .
The Anomalous Camponent. One of the more
essential measurements yot to be made will be
that of the charge statey of clements in the
anomalous component, sirce this will be decisive
in establishing the origin (galactic vs. inter-
planetary) of these energetic particles. This
measurement, while difficult becausa of the very
low fluxes, could bae wade, for example, with a <
large-area (>500 cm? sr) low-énergy composition
instrument on a polar orbiting earth satellite.
using the peomagnetic field as a particle rigidity
selector. Finding the anomalous He, N, O and Ne
singly charged would establish the existence of
interplanetary acceleration in the outer helio-
sphere, Measurements of the elemental abundances
to greater precision, of the rare elements
(including e.g, carbon) and of the isotopes of N,

0 &@nd Ne, (all these measurements regquire-4 large- ‘

area detector) ave necessary not only for con-
structing more realistic models of acceleration
mechanisms and solar modulation, especially at
low energiles, but would also provide us with a
detailed knowledge of the source material compo-
sition, poussibly the isotopic composition of N
0, Ne in the interstellar gas.

It should be remarked that there was no evi-
dence for anomalous He, at least above 20 MeV/
nucleon, during the 1965 solar minimum (e.g.
Gloeckler and Jokipii, 1967). (No low energy N,

0 or Ne measurements were available at that time.) -

MeKibben et al, (1979) have used this observation

. and the large laticude gradients they measured to

sugpesc ‘that the appearance of the anomalous com=
pancnt at oarth may depend on the sign of the
sun's dipole flold. In fact, Jokipif et al.
(1977) have investigared the role of large-scale
gradient and curvature drifts on particle modula-
:ion and found that for the current sign of the
sun's dipole field such drifts take positively Gl
charged particles toward the solar equatorial b
plane, whereas during the 1965 solar minimum such
particles ware trangported toward the solar poles.
It will therefore ba extremely interesting both
for studies of golar modulation and the determin-
ation of the source location to verify the exis-
tence of this 22-year cycle for He and for the
othet anomalous elements observed near earth and
to examine the intensity variations of these par-
ticles over extended hellographic radial distances
{~1 to >20 AU) and latitudes (“+ 90° to ~90°),
Instruments on the International Solar Polar
Spacecraft {NASA and ESA), on the two deep~space
Voyager spacecraft and the interplanetary (vl AU)
ISEE-} spacecraft bave been designed to perform
matty of these exploratory measurcments.
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Table 1
Average Abundances Relative to Oxygen of Energetic
Particle Populations in the Interplanctary Medium

Solar Flare Pﬁrticle Events Solar Material
Corotating
Element Hormat{a) Ircn~Rich(b) Particle Streams(e)

(1-20)(£) {15} (£) (1-10) (E) coronald)  Photosphere(®)
H 4600 300 2800 1780, . 1445
He 70 40 170 150 (0 91
Li 0,0005(g) nl, 40 10-8
Be <0.0007¢8) A2 . 10-8
B <0.0007 (8) _ : _ o <l.g.1078
¢ 0.54 0.23 1.05 1.0 0.6
N 0.13 ) 0.2 0.126
0 zl Eae g1 z1 21
F <0.002(8)
Ve . 0.16 0.19 0.2 0.063 0.054
Na 0.016 . 0.00S§ 0.0028
Mg 0.18 0.54 ¥/ 0,13 0.079 0.050
AL 0.016 _ _ . s 0.005 . 0.0048
51 0.13 % 0,44 : 0,087 0.079. . - 0.065
P <0,002(8) 5.0005 % 0.0005
5 0.026 0.0251 0.023
At ~0.004(8) !0'33 '0'05 0.01 0.0015
Ca 0.012(8) . . | : : 0.0045 -0.0032
Fe - - 0.15 1.3 : 0.095 : 0.093 0.05

(a) Derived from measurements of Crawford et al., (1972); Bertsch et al., .(1973), Teegarden
. et al,, (1973), Hovestade, (1974}, Webber (1975), McGuire et al., (1977}, and Masen
et a1, (197%a).
(b} Hovescade ec al., (1975); Mason et al,, {1975b},
(c) Derived from measurements of Gloeckler et al., (1979b).
(d) Wiehbroe (1971). .
{e)  Ross and Aller (1976). . .
(f) Approximate energy range of measurements in MeV/nucleon.
(2) Data of McGuire et al. (1977). -~
(h) Derived from the solar wind He/O ratio, Bame (1972).
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Tahla 2

Abundances Relative to Carbon of the
Anomalous Conlponent and Galactic Cosmic Rays

. Anomalous Galactic
Element Component * Casmic Rays(b)
(2-30) (a) {>100)
H 40 = 4(c,d) M75
ite 90 + to{erdr@) s
e
c zl _
N 3z 1{d,e,6) 255
0 18 = 4(d,e, ) 0
Ne 1.3 2 0.4 f) 175 ‘
Mg 0.3 = 0,2(es ) 23
+ 0.25(e,8)
si 0.2 7 32 17
Fa ' 0.6 & 0,3(e) .12 =
(a} Approximate epergy range of the measurements

(b)
(c)
(d)

<5)

in MeV/nucleon,

Carkwright et al. (1971),
Gareia-Munoz et al, (1975},
Mewaldt et al. (1975a).
Klecker et al. (1977).
Webber et al. (1975a).
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Figure 1. Abundances of elements and element
groups normalized to oxygen In the solar coroma
{f11led cireles), solar atmosphere or photosphere
+ (stars) and in solar flare particle events. The
abundances for relatively large (peak intensi-
ties %lﬂo'pratons/cm2 sec sr MeV) flare particle
events with a normal composition are indicated .
by solid vertical bars, solld trilangles (upper
limirs), open squares (single measurement with

error bars) and open rectangles {(element groups). .

Thesa abundances were derived from measurements
reported by Crawford et al. (1972), Bertsch et
al., (1973}, Teeparden et al. (1973), Webber
(1975}, McGuire et al. (1977), and Mason et al,
(1979a). The composition for "Fe"~rich (also
IHe~rich) solar flares particle events is indie
cated by cross hatched bars and rectangles and
is based on abundance measurements in the 1 to
4.6 MeV/nucleon range reported by Hovestadt et
al., {1975} and more raecently by Mason et al,
“(1979b,¢,. d).. The verticdl extent of the bars
tor H, He, C, N, Ne, Mg, 8i, S§-Ca, and Fe 4in . .-
.. both the notmal and Fe-rich events indicates the
" degree of variability In che composition between
different solar flare particle events. See text
for a fuller discussion of this figure,
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Figure 2, Differentisl energy spectra of hydro-
gen, helium, carbon end oxygen abserved in the
interplanecary medium near 1 AV during the solar
mimimum in 1976~1977 during quiet-times. The
"anomaloys cosmic ray" component -appears between
%2 and 430 MeV/nucleon and is characterized by
large overabundance of He and O compared to H
and € respectively. Data represented by 0, 8,
G, and B caken from Masen et al., (1977, 1979e);
by 4 and A from Garcla~-Munoz et al., {1877b}; by
V and ¥ from Garcla-funoz et al., (1977c); and by

# from Mewaldt et al., (1975c).
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