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CHARGED PARTICLES, NEUTRALS, AND NEUTRONS

May-Britt Kallenrode

University of Osnabriick, Germany

ABSTRACT

Energetic particles stem from different sources. With
a few exceptions acceleration occurs remote from the
observer. Energetic particles therefore provide not
only tools in the analysis of these acceleration pro-
cesses but also are probes for plasma conditions be-
tween acceleration site and observer. By combining
different particles species, in particular charged ones
and neutrals, and comparing to electromagnetic radi-
ation, information about particle acceleration, stor-
age, release and propagation can be obtained. In this
paper, some aspects of our current understanding of
particles are reviewed. The potential of Solar Orbiter
to provide information on many of the unsolved prob-
lems and to do some important first observations will
be addressed.

Key words: solar energetic particles — interplanetary
shocks — flares: neutrons — energetic neutrals.

1. INTRODUCTION

One of the prime objectives of Solar Orbiter are in
situ measurements in the inner heliosphere in regions
not accessed by spacecraft so far. These measure-
ments comprise plasma, fields, and particles from dif-
ferent sources. The particle populations can be char-
acterized as energetic charged particles, which in the
innermost heliosphere basically consist of solar en-
ergetic particles (SEPs) which should be called solar
activity related particles (SARPs) to avoid confusion
with the use of the term SEPs in the sense of par-
ticles accelerated in a flare. SARPs can be flare ac-
celerated particles (FPAs) and particles accelerated
at CME shocks (PACHs). Both populations are re-
lated to physically distinct acceleration mechanisms,
however, particle events in interplanetary space do
not necessarily consist either of FAPs or PACHs. In-
stead, they can be a mixture of both of them.

PACHSs can be observed directly at the shock. Thus
simultaneous observations of ‘the accelerating agent
and the accelerated particles are possible — although
the bulk of the PACHs not necessarily is accelerated
locally. FAPs always are accelerated remote from

CME Shocks

Figure 1. Current paradigm: solar activity related
particles (SARPs) can either be accelerated in flares
or at shocks (Reames, 1999).

the observer’s site, however, additional information
on FAPs can be gained from hard electromagnetic
radiation and neutrons, which both are secondaries
created by the interaction of energetic charged par-
ticles with the lower corona or the photosphere, and
by mapping the particles back to the solar source re-
gions. On the other hand, particles also can be used
as tracers for the large scale coronal and interplane-
tary magnetic field structures.

The current classification scheme for SARPs, their
acceleration mechanisms and a comparison with sec-
ondaries will be given in Chapter 2 with special em-
phasis on open questions to be addressed by So-
lar Orbiter. In Chapter 3 neutrals will be briefly
discussed, in particular energetic neutral atoms
(ENAs).

2. SOLAR ACTIVITY RELATED PARTICLES
(SARPS)

Questions on SARPs concern their acceleration and
subsequent storage, release and propagation. In this
paper I will focus on the aspect of acceleration, the
other processes will be mentioned only briefly.

2.1. The Current Paradigm: Two Classes

The current paradigm is based on two classes of
flares, impulsive and gradual and leading to two
classes of particle events, also termed impulsive and
gradual; for a review see Reames (1999).
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Table 1. Classes of flares
impulsive gradual

Duration SXR < 1h >1h
T SXR < 10 min > 10 min
Height <10*km  ~5-10* km
Volume [cm®] 10?6 —10%7 10?8 — 10%°
energy density  high low
Ha size small large
Duration HXR < 10 min > 10 min
Duration u < 5 min > 5 min
Metric Radio (II),I11 IT,(I11), IV
CME rare always

Lets start. with the classification of flares. Based on
properties of the electromagnetic radiation, in partic-
ular its duration or decay constant (Pallavicini et al.,
1977; Klein et al., 1983; Ohki et al., 1983; Bai, 1986b;
Cane et al., 1986; Daiborg et al., 1987; Cliver et al.,
1989), flares can be divided into impulsive and grad-
ual, cf. Table 1. Impulsive flares are small, compact
low-lying events with relatively high energy densi-
ties. Since in general they are not accompanied by a
CME, they also have been termed confined flares (de
Jager, 1986). Gradual events, on the other hand, are
large events high in the corona with low energy den-
sities. Since they are always accompanied by CMEs,
gradual events also have been called eruptive flares.
As is evident from the table, classification of flares
can be based on different features and is not nec-
essarily unambiguous: a flare might appear gradual
in soft X-rays but impulsive in hard X-rays or vice
versa. With the observations of CMEs limited to
the larger ones, Cane et al. (1986) proposed to use
the occurrence of a coronal mass ejection (CME) in
gradual events as a clear-cut division. This clear-cut
division also is used in Fig. 1.

Let us now turn to the energetic particle events,
cf. Tab. 2. SARPs comprise charged flare acceler-
ated particles (FAPs), charged particles accelerated
at CME shocks (PACHs), and neutrons produced in
the interaction between flare-accelerated solar nuclei
and the denser solar atmosphere. An observer in
space, however, does not see the acceleration mech-
anism directly. Instead, ideas about particle accel-
eration have to be inferred from properties of the
particle event, such as time profiles, charge states,
and composition, and the parent solar activity, such
as flares, disappearing filaments (DF's), and coronal
mass ejections (CMEs). Our current paradigm di-
vides flares into two classes, gradual and impulsive,
and associates these classes with distinct accelera-
tion and release mechanisms, cf. Fig. 1: in impulsive
flares particles are accelerated locally at the flare site
and propagate along open field lines connecting to
the flare site. Particles thus are FAPs. In gradual
events, on the other hand, all acceleration occurs at
a CME shock. Thus particles are accelerated over a
wide range and escape immediately.

Table 2. Classes of particle events

3He-rich gradual
particles electron rich  proton rich
3He/*He ~1 ~ 0.0005
Fe/O ~ 1.23 ~0.15
H/He ~ 10 ~ 100
Qre ~20 ~ 14
Duration hours days
Long. Distrib. < 30° <! 80°
Metric Radio  III,V ILIILIV,V
Solar Wind - ipl. shock
Event rate ~ 1000/a ~10/a

This picture has emerged as follows: the first general
classification criterion for particle events was the e/p
ratio (Cane et al., 1986) and subsequently the H/He
ratio (Kallenrode et al., 1992). In addition, gradual
events could be observed at large azimuthal distances
while in impulsive events a magnetic connection be-
tween observer and a rather small cone around the
flare site is required. These observations hinted the
importance of a CME driven shock for the accelera-
tion of all or at least additional particles in gradual
events, allowing for their wider spread in longitude
as well as the high proton abundance.

The analysis of charge states Qpe of iron gave addi-
tional hints and constraints on differences in the ac-
celeration mechanism. Averaged over a large number
of impulsive particle events (*He-rich events), Luhn
et al. (1987) obtained an average Qre of 20.5 + 1.5
at energies 0.3-2 MeV /nucl compared to the average
value of 14+0.2 in gradual events. Similar low charge
states in gradual events later also have been observed
at higher energies: Qpe = 11.0 £0.2 between 0.5 and
5 MeV/nucl (Mason et al., 1995), Qp = 15.2 £ 0.7
between 15 and 70 MeV/nucl (Leske et al., 1995),
and Qpe = 14.1+1.4 between 200 and 600 MeV /nucl
(Tylka et al., 1999). High charge states indicate tem-
peratures at the acceleration site of about 10 Mio K
in impulsive and 1-2 Mio in gradual flares. Charge
states thus are indicative for particle acceleration out
of the hot flare material in impulsive events while in
gradual events particles are accelerated out of the
ambient plasma (corona, solar wind).

This association is supported by peculiarities in com-
position. Asides from the original division .into
electron-rich and proton-rich also other particle ra-
tios showed strong variations. The first reported
abundance anomaly was concerned with some small
events greatly enhanced in the rare isotope °He
(Hsieh & Simpson, 1970). 3He/*He could be of
the order of 1, compared to a ratio of 2-10~% in
the solar wind or corona. Large gradual events,
on the other hand, show no enrichment above the
detection threshold of 0.1. Subsequently, for the
3He-rich events enrichment relative to coronal abun-
dances were also found e.g. in Fe/O (up to 10) and
Ne/O (about 4), in Ne/C, Mg/C and Si/C (about

© European Space Agency ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/2001ESASP.493...23K

1ESASP 493, T 723K

rz

Shock Wave

Ejected
Fitament

Energetic

Particles Reconnection

... Electromagnetic

Electromagnetic
Radiation

=\

._-&. Chromosphere

Corona Photosphere

Figure 2. Sketch of particle acceleration due to se-
lective heating in impulsive flares (left) and due to a
CME shock in gradual flares (right).

2.8) and in Fe/C (about 6.7). Other ratios, such as
“He/C, N/C or O/C do not differ significantly from
coronal ons; for a review see Reames et al. (1994).
The authors also note that heavy element abun-
dances, specifically Fe/C, are not correlated with the
®He/*He ratio. In gradual events, at energies around
1 MeV/nucl abundances approached coronal values
with minimal event to event variation (Mazur et al.,
1992) while at energies above 10 MeV/nucl an in-
creasing divergence is observed: an enrichment in
3He does not automatically include strong enrich-
ment in other rare species and vice versa.

2.2. Acceleration Mechanisms

These observations can be summarized consistently
in a picture of two distinct acceleration processes: in
impulsive events acceleration occurs in a flare and
particles escape in a rather narrow cone along open
field lines, as sketched on the left in Fig. 1, while in
gradual events particles are accelerated over a broad
range of longitudes at the CME shock. Since parti-
cles are picked up out of the ambient medium, they
have charge states and abundances resembling the
ones in the corona and in the solar wind. Thus
the main contributor of particles in gradual events
is the shock. In addition, there is reconnection be-
low the CME, cf. right hand side of Fig. 2, acceler-
ating the particle populations that produce electro-
magnetic radiation over a wide range of frequencies.

2.2.1. Acceleration at a CME-Shock: PACHs

A shock can accelerated particles via three processes
which all show distinct features, cf. Scholer & Mor-
fill (1977), for a review see Jones & Ellison (1991).

In shock drift acceleration (SDA), also called scatter-’

free shock acceleration, particles gain energy by drift-

ing in the ¥ x B-field in the shock front, see e.g.
Armstrong (1985). Thus SDA works best for quasi-
perpendicular shocks where the electric induction
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Figure 3. Energetic particle events show different
intensity time profiles along the shock front (Reames,
1999).

field becomes maximal. In shock drift acceleration
particles are scattered back and forth in the plasma
streams converging at the shock front, see e.g. For-
man & Webb (1985). Diffusive shock acceleration
thus is a Fermi 1 process. It dominates in quasi-
parallel shocks and, of course, requires sufficient scat-
tering. Stochastic acceleration works in the turbu-
lence behind the shock front, its a Fermi 2 process
(Scholer & Morfill, 1977). Depending on the domi-
nant process, particle profiles show distinct features:
SDA is characterized by a shock spike around the
time of shock passage while diffusive shock accelera-
tion leads to smoother variations and a long lasting
high intensity in the event. Stochastic shock accel-
eration can be seen as a sudden increase in intensity
in the turbulent zone behind the shock.

A fundamental problem in all processes is the es-
cape of particles from the acceleration region: once
a particle has gained sufficient energy to be signifi-
cantly faster than the shock, it will escape from the
shock front. Then it is lost from the acceleration pro-
cess and can’t be accelerated any further. Energy
gain therefore is limited. For particle acceleration
up to MeV/nucl or even higher energies relatively
strong scattering upstream of the shock is required
to feed particles back into the acceleration process.
Self-generated waves have been proposed to be re-
sponsible for feeding the particles back into the ac-
celeration mechanism, cf. Sect. 2.5.

Since the relative importance of these acceleration
mechanisms depends on the angle fg, between shock
normal and magnetic field, the dominant accelera-
tion mechanism varies along the shock front from
shock drift acceleration at the western flank (quasi-
perpendicular shock) to diffusive shock acceleration
at the eastern flank (quasi-parallel shock). The cor-
responding characteristics of the acceleration pro-
cess can be observed directly at the time of shock
passage in energies up to some 100 keV (Tsurutani
and Lin, 1985; Sanderson et al., 1985) while in MeV
energies the dependence on the location of the ob-
server influences the entire particle profile as shown
in Fig. 3 (Cane et al., 1988): since at MeV ener-
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Figure 4. Dependence of particle profiles on loca-
tion of the observer from multi-spacecraft observa-
tions (Helios and IMP).

gies shock acceleration is most efficient close to the
nose of the shock, an observer at the shocks east-
ern flank initially is connected to the efficient nose of
the shock and therefore sees a fast rising profile. As
the shock propagates outward, its intersection with
the observer’s magnetic field line moves towards the
less efficient flank of the shock and the intensity de-
cays. With a similar reasoning we also can under-
stand the rather flat profiles for observer close to the
nose of the shock and the continously rising profiles
for observer at the shock’s western flank. It should be
noted, however, that Fig. 3 is based on a statistical
analysis of events observed by one spacecraft only.
In multi-spacecraft observations, such as shown in
Fig. 4 the variations with location of the observer,
although they show the general trend indicated in
Fig. 3, can be much smaller.

2.2.2. Acceleration in the Flare: FAPs

The peculiarities in composition in impulsive events
require an acceleration mechanism that is highly
variable with rigidity and/or Q/A. For 3He-rich
flares the process of selective heating has been sug-
gested (Kocharov & Kocharov, 1984; Reames, 1990):
particles are accelerated due to reconnection in a
compact closed magnetic field loop. Particles then
are confined and, on interaction with the denser
solar atmosphere, create hard electromagnetic ra-
diation. Electron beams bouncing back and forth
along the loop create a wide spectrum of electro-
magnetic waves which can propagate across the field

and, on absorption by the local plasma, accelerate
particles. Acceleration occurs for particles with gyro-
frequencies comparable to the wave frequency, thus
different waves accelerate different particles. Major
species, such as H and *He, absorb most of the wave
energy inside the loop while waves in resonance with
minor species, such as 3He, are absorbed at larger
distances. These latter particles are therefore pref-
erentially accelerated on open field lines and escape
into interplanetary space, leading to the peculiari-
ties in composition. Since there is a strong associa-
tion between 3He-rich events, streaming 10-100 keV
electrons (Reames et al., 1985) and type III radio
bursts (Reames & Stone, 1986), this process can be
compared to the ion conics in the Earth’s aurora
produced by oblique electromagnetic ion cyclotron
(EMIC) waves which in turn are produced by down-
ward streaming electrons (Roth & Temerin, 1997).

If an impulsive flare is violent enough to cause a large
scale restructuring of the solar magnetic field, turbu-
lence at long wavelengths will be generated. Large-
amplitude long-wavelength Alfvén waves cascade
down via shorter waves into the dissipation range
where they are absorbed by the thermal plasma.
The ions encountered first are those with lowest gyro
frequency, namely Fe. The process than continues
towards higher Q/A, cascading through resonances
with Si, Mg, Ne, later also O and C, eventually He
and finally H, leading to the observed enhancements
of heavy elements (Miller & Reames, 1996). In addi-
tion, Miller & Roberts (1996) found the time scales
of such a process to be in agreement with those ob-
tained from the hard electromagnetic radiation.

2.2.3. Questions/Problems

There are some challenges to this picture to ehich
Solar Orbiter can contribute valuable observations:

1. Is there a 1:1 correspondence between acceler-
ation processes and flare classes: are particle
events either FAPs or PACHs or are there mixed
events?

2. in the face of the large number of small and
rather slow CMEs observed by SOHO: how does
a flare with slow CME (no shock and thus no
PACHSs) fit into this picture?

3. how do high energetic particles (GeV protons
and ions) fit into this picture? Ryan et al. (2000)
suggest to use Occam’s razor: any model that
describes the behavior of lower energy particles
in space should extend gracefully to higher en-
ergies to explain ground level events (GLEs).

2.3. Interacting and Escaping Particles

This picture of impulsive and gradual flares is
sbased on escaping particles observed in interplan-
etary space. Although we cannot measure them di-
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Figure 5. Intensities of interacting and escaping par-
ticles, both corrected for travel time (Kallenrode &
Wibberenz, 1991).

rectly at the flare site, the hard electromagnetic ra-
diation provides information about interacting parti-
cles: electrons produce hard X-rays and a «y-ray con-
tinuum while nuclei cause y-ray line emission. The
flare’ s hard electromagnetic radiation therefore con-
tains information on timing, intensities, spectra, and
composition of accelerated particles on the Sun.

2.3.1. Timing

Timing informations can help to relate particle accel-
eration and release from the Sun to different aspects
of solar activity, such as flare acceleration as inferred
from interacting particles, radio bursts, or CMEs.
Unfortunately, even time scales of the first arriving
particles strongly are influenced by interplanetary
transport (Kallenrode & Wibberenz, 1990). For an
observer at Earth the estimation of onset times there-
fore is relative inaccurate while the separation of dif-
ferent injections in general becomes impossible. The
situation is entirely different within about 0.5 AU
(Solar Orbiter will spend roughly half of its time in-
side 0.5 AU): owing to the close proximity to the Sun,
propagation effects have a much smaller influence on

" particle profiles and thus not only onset times but

also multiple particle injections are detectable. Fig-
ure 5 shows an example from a perihelion passage
of Helios (Kallenrode & Wibberenz, 1991): within
the time resolution of the particle instrument injec-
tion of energetic electrons occurred simultaneously
with radio and microwave emission while the proton

injection occurred about ten minutes later simulta-"

neously with a second electron injection with much
harder spectrum and a second peak in radio and hard
X-ray emission. The authors have interpreted that
as evidence for two distinct phases of acceleration,
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Figure 6. Peak ~10 MeV proton flux vs. 4-8 MeV «-
ray line fluence for well-connected flares. Open cir-
cles represent gradual flares, closed ones impulsive
(Cliver et al., 1989).

however, due to the incomplete information on solar
activity (there were neither CME nor v-ray obser-
vations) and the poor time resolution of the particle
event, investigations of similar nature in much better
observed events should be extremely valuable.

Compared to Helios, on Solar Orbiter more detailed
information on solar activity (CMEs, electromag-
netic radiation) will be available. Solar Orbiter will
provide a unique opportunity to refine or under-
standing of phases, modes and steps (Bai, 1986a)
of particle acceleration as well as subsequent stor-
age, release, and propagation due to the combination
of observations of charged particles, electromagnetic
emission, and neutrons. Our understanding would
be greatly enhanced, however, if a hard X-ray instru-
ment (preferably an imager) and a vy-ray instrument
could be added since both will provide more detailed
information about acceleration site and properties of
the particles accelerated in the flare.

2.3.2. Intensities and Composition

A comparison of peak intensities of 10 MeV protons
observed in interplanetary space in well-connected
events with the 4-8 MeV +y-ray line fluence reveals
a broad event to event scatter with higher ratios of
interacting to escaping particles in impulsive flares
(Cliver et al., 1989), cf. Fig. 6.

For interplanetary electrons and <-ray continua
(Kallenrode et al., 1987; Klecker et al., 1990) and for
electrons and hard X-rays, cf. Fig. 7, the correlation
is similar with a clearer separation between impul-
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Figure 7. Peak ~0.5 MeV electron flux vs. 77-
154 keV hard z-ray fluz in gradual (closed) and im-
pulsive (open circles) flares (Kallenrode, 1998)

sive and gradual events and, as in nuclei, a higher
ratio of interacting to escaping particles in impul-
sive flares, suggesting the acceleration of additional
protons in gradual flares at the CME shock. For
electrons (Klecker et al., 1990; Daiborg et al., 1990)
as well as protons (Cliver et al., 1989; Ramaty et
al., 1993) the ratio of escaping to interacting parti-
cles always is less than 1, indicating particle accel-
eration in closed loops. Thus the escape of only a
few of the flare-accelerated particles is sufficient to
create a detectable particle event in interplanetary
space. In addition, spectra of escaping particles are
harder than that of interacting particles Ramaty et
al. (1990, 1993). Combined, these observations point
to a highly variable and energy/rigidity dependent
escape mechanism. For a better understanding of
this escape, the much higher timing information and
a comparison with neutrons, both provided by Solar
Orbiter, might proof extremely valuable.

Looking at the interacting particles in impulsive and
gradual events, one finds: (a) the e/p ratio is the
same (Ramaty et al., 1993) while in interplanetary
space the e/p is high in impulsive than in gradual
flares (Cane et al., 1986; Kallenrode et al., 1992); (b)
the spectra are the same (Ramaty et al., 1993) while
in interplanetary space spectra are different, in par-
ticular in electrons (Moses et al., 1989); (c) the com-
position is essentially the same (Ramaty et al., 1990,
1993, 1997; Murphy et al., 1991, 1997; Mandzhavidze
et al., 1999; Share & Murphy, 1999; Cohen et al,,
1999). This points to a common acceleration mech-
anism for the interacting particles: ”in both impul-
sive and gradual flares the particles that interact and
produce ~y-rays are always accelerated by the same
mechanism that operates in impulsive flares, namely,
stochastic acceleration through -gyro-resonant wave-
particle interactions (Mandzhavidze et al., 1999)i.”
Then, of course, an important question arises: most
likely, in gradual events these particles are trapped in
the closed magnetic loops behind the CME. However;
as mentioned above, only a small number of particles
must escape to create a significant particle event in
interplanetary space. And this easily might happen
in the dynamic, continuously restructuring magnetic
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Figure 8. Intensities and variation of composition
during a large solar event — composition initially re-
sembles that in impulsive flares and later evolves to
that in gradual ones (Tylka et al., 1999)

field behind the CME. In that case, we would get
a gradual event consisting of both, particles acceler-
ated in the flare and at a CME shock.

2.4. Mixed Events and other Challenges

In fact, observations with ACE suggest that such
mixed events are not unusual and can be detected
in the analysis of composition and charge states. In
some large events, Qpe shows a distinct peak at low
charge states, indicative for particle acceleration out
of the ambient medium, with a tail extending up to
Qre =~ 20, indicative for particle acceleration our of
the heated flare plasma. In addition, charge states
of all heavy ions increase with energy (Oetlicker et
al., 1997; Mazur et al., 1999; Mdobius et al., 1999).
Cohen et al. (1999) inferred from the charge states
of twelve elements with energies of 12-60 MeV /nucl
source temperatures of 3 — 6 x 10% K, significantly
high than deduced at lower energies.

In addition, abundance variations are not as clear-
cut as suggssted in the current paradigm. At en-
ergies above ~ 100 MeV/nucl Fe/O ratios seem to
increase in several of the the largest events observed
during the last two solar cycles (Tylka et al., 1997).
The example in Fig. 8 shows the evolution of the
composition from initial values resembling the ones
in impulsive flares to the composition of the ambient
medium at the time of shock passage.

This evolution of composition can be interpreted in
two different ways. Reames (1999) suggests that ev-
erything is done by the shock because (a) flares are
two small and (b) a shock working with electron
stripping (Reames et al., 1999) and self-generated
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Figure 9. Enhancement of low-frequency waves up-
stream of the shock due to self-generated turbulence
(Sanderson et al., 1985).

waves (Ng et al., 1999) can produce the observed
charge states and composition variation. Point (a)
rises the questions: why do the charge states at
high energies resemble impulsive events — wouldn’t
it be natural to assume the same acceleration mech-
anism at work? Although their model tries to an-
swer these questions, it also raises new questions, cf.
Cliver (2000): how can two quite different accelera-
tion/transport processes produce identical composi-
tions? And how can the stripping process reproduce
charge stated typical for heated plasma? And based
on the model of shock-acceleration I would like to add
a third question: is there evidence for the proposed
mechanism, in particular, where are the waves?

2.5. Shock and Self-Generated Waves

An increase in acceleration efficiency in diffusive
shock acceleration due to turbulence generated by
streaming protons first has been proposed by Lee
(1982) for the bows hock and later for traveling inter-
planetary shocks (Lee, 1983). For the 12 November
1978 event, Kennel et al. (1986) report good agree-
ment between observations and predictions from the
model, cf. Lee (1986) and V&lk (1987). While the in-
crease of magnetic field turbulence in low-frequency
waves upstream of the shock is clearly visible in
Fig. 9, there is no hint for an increase in turbulence at
longer wave length in resonance with MeV particles.
To my knowledge, observations of self-generated tur-
bulence upstream of a shock in resonance with MeV
protons have not been reported sofar. For waves
interacting with 10 MeV protons the typical evolu-
tion of magnetic field turbulence towards the shock
shows no indication for self-generated waves at the
observer’s site, cf. Fig. 10.
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Figure 11. Evolution of the mean free path in a grad-
ual particle event due to self-generated turbulence
(Ng et al., 1999). Note that X\ is smallest close to
the Sun.

2.6. Where does the Shock Accelerate the
Particles?

In the interpretation of the missing upstream tur-
bulence in higher energies we have to be care-
ful: enhanced turbulence should be observed only
if the shock is efficient enough to accelerate particle
streams of high intensity which, in turn, excite or
amplify waves.

In the tens and hundreds of keV/nucl range, effi-
cient particle acceleration occurs even at 1 AU and
beyond. In the tens of MeV/nucl range accelera-
tion at the shock preferentially occurs close to the
Sun as suggested by Lee & Ryan (1986) from a an-
alytical solution of diffusive shock acceleration (Lee,
1997) or Kahler et al. (1990) from the correlation be-
tween CME heights and particle injection (Lockwood
et al., 1990; Kahler, 1994; Debrunner et al., 1997).
Ng et al. (1999) used a transport model combined
with a particle source and self-generated turbulence
and inferred that scattering and therefore accelera-
tion, although it evolves with time, is stronger close
to the Sun, that is within about 0.3 AU, cf. Fig. 11.
Kallenrode (1997) applied a transport model with
the shock included as a black-box (Kallenrode &
Wibberenz, 1997) to 10eV proton events with inter-
planetary shock observed by Helios. The evolution
of the shock acceleration efficiency S is described by
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Figure 12. Radial evolution of the particle injection
from the shock for 10 MeV protons derived from fits
(Kallenrode, 1997). a = 0 corresponds to a constant
injection, negative as indicate a decrease in injection
as the shock propagates outward.

a power law S(r) ~ r®. On average, a equals -2,
that is the injection from the shock front decreases
like the solar wind density, cf. Fig. 12. Only in a few
cases a was positive, indicating strong acceleration
at the observer’s site.

Solar Orbiter therefore has the unique opportunity to
catch the shock red-handed while it accelerates MeV
particles. In addition, Solar Orbiter will provide in-
sights into the details of the acceleration mechanism,
the relative importance of self-generated turbulence
at high energies, and the dependence of acceleration
efficiency on shock parameters, in particular the local
geometry 6.

2.7. Storage and Release

Let us now turn back from the shock to the flare.
While particles accelerated at the shock can freely
escape (ones they have managed to overcome the
turbulent upstream regions), particles accelerated in
the flare, according to the scenario presented above,
should be confined in a closed loop. Thus storage and
release are required because (1) only a small fraction
of the accelerated particles is also observed in inter-
planetary space (Cliver et al., 1989; Daiborg et al.,
1990; Klecker et al., 1990; Ramaty et al., 1993) and
(2) the spectra of escaping particles are harder than
that of interacting particles (Ramaty et al., 1990,
1993), implying an energy-dependent escape process.
Thus some mechanisms for particle storage and es-
cape seem to be requires. One might speculate about
cross-field diffusion and selective heating being re-
sponsible for particle escape in confined flares while

the rearrangement of magnetic field lines during a’

CME might allow particle escape in eruptive flares.
This holds even in cases where the CME is too slow
to drive a shock (about 2/3 of the CMEs are too
slow to drive a shock (Burkepile & St. Cyr, 1993; St.

Cyr et al., 2000)): here rearrangement of field liens
might support particle escape, probably even over
a wider range than in the 3He rich events. These
particle events are likely to correspond to the impul-
sive electron-rich events in Cane et al. (1986) and
Kallenrode et al. (1992). Again, Solar Orbiter will
provide valuable information from the neutrals and
from timing.

2.8. Long-duration y-ray Events

In long-duration -ray flares (LDGRFs) (Ryanet al.,
2000) ~-ray line emission at energies above 50 MeV
can last for many hours (Kanbach et al., 1993), im-
plying either a prolonged acceleration or efficient
storage. Storage is unlikely since such high energetic
particles certainly would be lost into the denser solar
atmosphere in time. LDGRF's also cannot be under-
stood in terms of backward propagating nuclei accel-
erated at the outward propagating CME because the
thick-target hard X-ray emission resulting from this
process is not observed (Murphy et al., 1999; Ramaty
et al., 1997). Alternatively, particles could have been
accelerated in large static loops filled with MHD tur-
bulence (Ryan & Lee, 1991) or in the electrostatic
potential behind the CME in the reconnection sheet
(Litvinenko & Somov, 1995).

These long-duration vy-ray flares are different from
the longer-lasting hard X-ray events because these in
general show evidence for fragmented energy release
(van den Oord, 1993): the long-lasting hard electro-
magnetic emission does not show a rather smooth
profile but consists of a large number of elementary
bursts which are similar to impulsive events. Thus
in that long-duration hard X-ray events, particle ac-
celeration seems to occur repeatedly in the same way
as in impulsive events.

2.9. Propagation

One of the long-standing problems in the analysis of
interplanetary transport is the discrepancy problem
between particle mean free paths (mfps) derived from
fits of a transport equation on observed particle pro-
files and mfps derived from the analysis of magnetic
field fluctuation, cf. Fig. 13 (Hasselmann & Wib-
berenz, 1970; Wanner & Wibberenz, 1993). This has
led to a reinterpretation of magnetic field turbulence
in terms of two-dimensional dynamical turbulence
(Matthaeus et al., 1990; Bieber et al., 1994). Al-
ternatively, radially propagating Alfvén waves have
been suggested (Jaekel et al., 1994). The latter idea
has been tempting in so far as the discrepancy ap-
pears to increase with radial distance of the observer
from the Sun.

Solar Orbiter will help to gain a better understand-
ing of interplanetary propagation because due to its
close approach to the Sun

(a) fits on particle events will be more accurate since
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Figure 14. Climaz neutron monitor count rates (5-
min averages) for the 24 May 1990 GLE (Debrunner
et al., 1997).

the field line is more radial and owing to the smaller
distances the time scales of the event are smaller and
thus the solar wind effects on propagation, in partic-
ular adiabatic deceleration, are less pronounced; and
(b) certain interpretations of magnetic field fluctua-
tions can be confirmed or discarded.

2.10. Neutrons

The existence of energetic (secondary) neutrons due
to the interaction of energetic solar flare protons was

" first proposed by Biermann et al. (1951). They were

first detected with the y-ray spectrometer on SMM
following the 21 June 1980 flare (Chupp et al., 1982)
and later, following the 3 June 1982 event simultane-
ously in space and with neutron monitors on Earth
(Chupp et al., 1987; Debrunner et al., 1983).

The largest solar neutron increase reported so far, is’

the 24 May 1990 event (Debrunner et al., 1997), cf.
Figure 14: starting at the time of the flare, a neu-
tron increase lasting for about 25 min (some of which
is obscured by the second increase) was observed by
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Figure 15. Identification of protons from neutron
decay prior to the onset of the real proton event in
25-45 MeV protons (top), and reconstructed emitted
neutron spectrum (bottom) (Evenson et al., 1990).

neutron monitors on Earth’s dayside. The solar pro-
tons started as a second increase about 13 min later
on both day- and nightside. It lasted 8 hours and
was highly isotropic for more than an hour. In addi-
tion, y-rays with energies up to 100 MeV have been
observed (Talon et al., 1993). A similarly energetic
event was the 6 November 97 flare during which neu-
trons were detected, too (Matsabura et al., 1999).

Since the maximum distance a neutron can reach is
determined by its speed and its average life time,
only neutrons with energies above 100 MeV can be
observed at Earth orbit. Low-energy neutrons so far
have be measured only indirectly by way of the pro-
ton weak decay product as an early sharp increase
on proton intensity starting simultaneously with the
flare’s y-ray emission (Evenson et al., 1983), cf. Fig-
ure 15. Converting the proton intensities to esti-
mated neutron fluxes at the Sun and combining with
the direct observations, a composite spectrum span-
ning three orders of magnitude in energy can be con-
structed (Chupp et al., 1987; Evenson et al., 1990).

Here the advantage of Solar Orbiter is obvious: its
low orbit for the first time will allow the direct mea-
surement of low energy neutrons produced in a flare
(with the threshold in neutron energy depending on
the position of Solar Orbiter). These observations
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will greatly improve our understanding of particle
acceleration and release processes.

3. NEUTRALS

Neutral atoms with energies from eV to more than
100 keV are widespread in the heliosphere. They can
be divided into two populations: the low energetic
neutrals of the local interstellar medium (LISM) and
the energetic neutrals in the neutral solar wind or in
the energetic neutral atoms (ENAs).

Neutrals do not interact with the ambient plasma
and field. Thus their direction of flight is preserved
and they can be used as tools to map remote objects
such as magnetospheres or the heliosphere. In ad-
dition, since there is insignificant energy transfer in
the charge exchange, the energy of the ion prior to
the interaction is preserved.

3.1. Neutral Solar Wind

The existence of neutral hydrogen in the corona is
visible as La corona up to distances of about 3 so-
lar radii. These neutrals are closely coupled to the
solar wind with relative densities between 10~ and
10~7. Their impact on the solar wind plasma there-
fore is negligible. The solar wind is a trace pop-
ulation originating from the solar wind plasma by
charge exchange. Solar Orbiter will be able to pro-
vide the first in-situ measurements of the neutral so-
lar wind, which at Earth’s orbit would require a much
larger detector. The detailed measurement and un-
derstanding of the neutral solar wind will help to
refine the physical models of the La corona, comple-
ment the remote sensing observations of the corona
and thus will enhance our understanding of the coro-
nal plasma processes and wave-particle interactions
within a few solar radii around the Sun.

Since coronal mass ejections (CMEs) include a wide
range of ions with charge distributions originating
from very cold to very hot coronal plasma, one would
also expect to find neutrals in the CME-related solar
wind. Again, owing to its low orbit, Solar Orbiter is
in a good position to detect and analyze this trace
population. Neutrals in CMEs are not influenced by
the magnetic field and thus they might even provide
information about the trigger process in a CME.

3.2. Energetic Neutral Atoms (ENAs)

Neutral particles cannot be accelerated easily un-

der solar system conditions. Energetic neutral atoms’

(ENAs) therefore are generated by charge exchange
between energetic charged particles and neutral hy-
drogen which is abundant in the heliosphere, as first
suggested by Dessler & Parker (1959).

Heliocentric Ecliptic Longitude

0° 90° 180° 270° 360° 90°
8 104 1 1 1 1 1 1 1 1 L 1 1 L
. EHA flux 55-80 keV
S 6107 F
2
w 410 -
% o
T o210 t { b ! # b
vy o012 s ﬁ * i; * 1 i‘h’i‘i-&flx_* ﬁ
2 Accidental Coincidence Events 55-80 keV
= 210%4 L
k| n
S . 25 O 2 b
2 Energetic Protons } 400-600 keV
8 510 ¥ L
ol e st %*I f AR I*mﬂﬂ
T
80 160 240 320 1 34 114 194
1996 DOY 1997 DOY
FiG. 6a
s
74 2540
Helooaniric Eclptio
scale (rmard fowl:
[
164° N "
fom s eV
Anti-Apex ————————————i Apex
Ralative Motion of
the Sun in the USM
Fia. 65

Figure 16. Distribution of energetic hydrogen atoms
(EHAs) in the heliosphere as measured with HSTOF
on Soho in the time period 1996 Doy 203 to 1997 Doy
200. The peak of the distribution is in the general
direction of the heliotail or the antiapez (Hilchenbach
et al., 1998).

The cross section for charge exchange strongly de-
creases with energy (Kimura et al., 1993; Kingdon
& Ferland, 1996), thus ENAs can be expected up to
energies of about 100 KeV only. In addition, ENA
energy spectra generally decrease even more rapidly
with increasing energy than the original ion spec-
tra. The parent charged particle population basi-
cally are protons because multiply ionized particles
would require multiple charge-exchange processes to
become neutral; exceptions are regions with high
densities of neutrals, such as the neutral coma of
comets (Cravens, 1997), or planetary atmospheres,
such as Venus (Griinwaldt et al., 1997).

The neutral hydrogen is from the LISM, the neutral
solar wind, or neutrals produced by neutralization on
interplanetary dust particles close to the sun. The
charged particles can be the solar wind, SARPs, or
anomalous cosmic rays (ACRs); galactic cosmic rays
(GCRs) are not a likely source population since their
energies are too high. ENAs can be used as tools to
probe remote parts of the magnetosphere and helio-
sphere (Hsieh et al., 1980, 1992), in particular the
source regions of the parent energetic particle pop-
ulation. Magnetospheric ENAs were first detected
by Roelof (1987), heliospheric ones with HSTOF on
SOHO (Hovestadt et al., 1995).
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Figure 16 summarizes the observations of helio-
spheric ENAs, in this case energetic hydrogen atoms
(EHASs), in the energy range 55-80 keV for quiet
times (when interplanetary charged particle flux was
low) as a time series with the view direction of
HSTOF indicated in its upper panel. The middle
panel gives background rates, the lower one ener-
getic protons. The ENA flux correlates neither with
background nor solar protons. In the lower panel
the time series is translated into the angular distri-
bution of ENAs in the ecliptic plane with the motion
of the Sun relative to the local interstellar medium
indicated according to the measurements of Ulysses
(Geiss & Witte, 1996). The peak of the distribu-
tion is in the general direction of the heliotail or the
anti-apex. This is in agreement with the proposed
apex-antiapex asymmetry of ACRs (Czechowski et
al., 1995).

4. SUMMARY

Of all the interesting and new things Solar Orbiter
can do, here just the most important ones are sum-
marized. Some 'Firsts’ of the Solar Orbiter Mission
include:

direct observation of low energetic neutrons.

e measurement of the neutral solar wind.
detection of neutrals in CME-related solar wind.
e energetic particles from microflares?

Catch the shock redhanded?

In addition, Solar Orbiter will help refine our under-
standing in many aspects. In particular, it will

e determine the source conditions for different
particle species from their composition, charge
states, energy .spectra, angular distributions,
and temporal evolution.

e study MeV particle acceleration at the shock,
in particular the importance of self-generated
turbulence and the variation of acceleration ef-
ficiency with 6gy.

e probe magnetic field structures with energetic
particles to understand storage, release and
propagation.
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