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High energy solar particles

By J.J. QUuENBY
Physics Department, Imperial College, London SW'7T 242

Protons, heavy nuclei and electrons are seen to be emitted from solar flares with
energies extending up to the relativistic region. Three different aspects of these
observations will be discussed:

(1) Transport processes along magnetic flux tubes in interplanetary space which
distort the source spectra and, due to corotation effects, bring different solar source
longitudes into view.

(2) Solar longitudinal dependence of the intensity profiles which yields informa-
tion on energetic particle motion in the corona and the large scale coronal magnetic
structure.

(3) Charge composition measurements which show various enhancements of
heavy nuclei fluxes relative to normal coronal abundances and thus yield information
on the composition and state of ionization of the acceleration region.

1. INTRODUGTION

Solar flares are responsible for the release and possibly the acceleration of energetic charged
particles into the solar cavity. Relativistic protons are seen one to three times a year, particu-
larly near solar maximum, but MeV proton events may occur at a rate nearer once per month,
again more frequently close to solar maximum. Proton energies can range from below 0.3 MeV
to 10 GeV in the most spectacular events while electrons are often seen at 40 keV and occa-
sionally up to 100 MeV (Datlowe, L’'Heureux & Meyer 1970). Heavy charged nuclei up to
Z = 44 have been detected. The energy spectra can usually be represented by a power law in
kinetic energy or magnetic rigidity in the higher ranges, but by an exponential law close to
1-10 MeV. Because of the collimating and possible decelerating effect of the interplanetary
medium, total energy output from a flare is difficult to estimate from observations at 1 AU,}
but figures varying from 5 x 10% J to 1024 J have been given, depending on event size. Correla-
tions between solar energetic particle events and the occurrence of strong type II, III and IV
bursts have been noted. Arrival of electrons promptly following the onset of a type III burst,
after travelling a distance of 1.2 AU in the interplanetary medium, have been noted at least in
the case of the ‘scatter free’ 40 keV events by Wang, Fisk & Lin 1971. Similarly, prompt onset
of protons following the time of maximum of the flash phase has been seen for protons, taking
into account a 1.2-1.4 AU travel distance. Generally the bulk of the particles arrive much
later, after a diffusive propagation in the interplanetary medium controlled by the field lines
connecting the earth to the acceleration region. Low energy particles may remain near 1 AU
for more than a week.

In the following we will briefly review three aspects of solar energetic particle observations
which eventually lead back to the basic problem of particle acceleration by yielding informa-
tion on the time history of the particle spectra, the configuration of coronal magnetic fields
relevant to particle motion near the Sun and the nuclear composition and state of ionization

of the particles at the flare site.
+ 1AU ~ 15x 10 m,
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492 J.J. QUENBY

2. INTERPLANETARY TRANSPORT PROCESSES

All high energy particles from the Sun reach the Earth guided by the solar wind magnetic
field lines. Hence they follow the Parker Archimedes spiral pattern, but the motion is distorted
by scatterng due to various hydromagnetic waves and discontinuities. As a result, particles
arrive easiest from west longitude flares and from a local direction initially ~ 45° W of the
Earth—Sun line. The anisotropy is a diffusion current, driven by a peak in flux at the sun near
the beginning of an event. Later on, the scattering centres streaming out with the solar wind
reduce the near Sun intensity by a combination of convective sweeping and adiabatic decelera-
tion. The deceleration is a result of the expansion of the medium with a net recessional velocity
of the scattering centres. When the peak in flux versus radius passes the Earth, the only aniso-
tropy is due to the Compton-Getting transformation of a flux isotropic in the solar wind
frame to the Earth frame. Eventually, the anisotropy is directed to the east of the Earth-Sun
line as we combine an inward diffusion along the spiral interplanetary field line and the
radial outward convection corresponding to the Compton—Getting transformation. The
Fokker—Planck transport equation describing these effects is

%ﬁr—lz 8% (V) —712% (Mg %V) “§§T (‘2—? N) o,
where N(r,t,T') is the particle number density at kinetic energy, 7 and K, is the radial compo-
nent of the parallel diffusion coefficient for motion along the mean field lines. d7/dt = —£V/r
for energy loss in the non-relativistic limit with solar wind velocity ¥V and it is usual to represent
K, = K,r®, where r is in AU.

If K, is very small, diffusion is completely inhibited and the particles are simply convected
outward with the solar wind velocity. V/K, = 15 (AU)*1 or K, = 7.5 x 10 cm?~?/s is the
effective limit, below which diffusion dominates. When the diffusion coefficient is small, an
additional acceleration is possible if the scattering centres may be represented by waves moving
isotropically in the solar wind frame. This is the second order Fermi acceleration. Hence d 77/d¢
in the convective limit is in principle the sum of two terms,

1dT o5 Vi 4V

T de Kyrv+2 3 ¢’
where V, , is the Alfven speed at the Earth. Supposing an injection into the interplanetary
medium at 7 = TR, with V/K; = 15 AU?-', we may draw up the following table comparing the
intensity at Earth under combined Fermi acceleration and adiabatic deceleration with that if
only the diffusion term were retained in the Fokker—Planck equation.

For b = —1: N at Earth is 10-3 of diffusive propagation value

For 5 = 0: N at Earth is 10* of diffusive propagation value.

For b = +1: N at Earth is 10% of diffusive propagation value.

Experimentally we find that many events at the Earth have time profiles which may be
explained by velocity dependent diffusion, K = K(v) alone, i.e. no rigidity dependence and
small d7/dz. Other events are highly anisotropic for a large part of the time, indicating A in
Ky = $Ampvis given by A =~ 0.5-1.0 AU. Thus it is unlikely that the possible gross distortion
of the input energy spectra implied by the above table actually take place in interplanetary
space and it is reasonable to affirm that we measure spectra representative of those produced
within ~ 10 R,.
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So far we have taken K, and & as parameters to be fitted to the data. Attempts to use the
well-known plasma-physical quasi-linear theory to deduce Kj; from measured interplanetary
irregularities have not been entirely successful. If it is assumed that all disturbances from the
mean Archimedes spiral field are small amplitude transverse waves, scattering may be ascribed
to only those waves whose wavelength match the helical motion around the mean field, i.e.
such that £ = wfv;;. Here o is the cyclotron frequency. Then diffusion in pitch angle 6
(cos 0 = p) of the number density n(z, 4, ¢, 1) is represented for z along B by

on dn 18 ((1—p?) e w) dn

55 = i Peli) S
where P, is evaluated at £ = w/uv and represents the power in transverse waves. Ky, is related
to the inverse of the pitch angle diffusion coefficient. Applying this formalism to a solar proton
event on 24 January 1969 where P,, was measured and numerical solutions of the Fokker—Planck
were matched to the intensity-time profiles by varying & yielded the following table:

b value
0.3 MeV 1 MeV 5 MeV 10 MeV
region 1 no solution —3% —21 —23
region 2 no solution
region 3 no solution

The table implies that either 4 is very negative, meaning Ky, is very large at most r < 1 AU,
or the value of K;; deduced at the Earth from quasi-linear theory is so small that no solution
involving diffusive propagation could be found. Thus the general conclusion is that quasi-
linear theory underestimates the value of Kj; obtaining in practice. This might be due to the
fact that part of the field fluctuations are in the form of tangential and rotational discontinuities
and non-periodic, large amplitude Alfven waves and hence the theory does not adequately
represent the coherence of the field along a particular flux tube that the particle follows.
Measurement shows {8B2)[{|B|) ~ 0.3, rather too high for comfort in a perturbation
approach.

Further details of the physics outlined above may be found in McCracken, Rao, Bukata &
Keath (1971), Fisk & Axford (1968), Ng & Gleeson (1971), Jokipii, (1971), Webb & Quenby
(1973), Webb, Balogh, Quenby & Sear (1973), and Gleeson & Axford (1967).

3. CORONAL TRANSPORT

Solar proton measurements in the 0.3-12 MeV region have yielded a picture of collimated
beams, corotating with the Archimedes spiral structure and following in detail the larger dis-
tortions of the field from the mean direction. Perpendicular diffusion in interplanetary space
is small and the Fokker—Planck equation of §2 applies only in cach flux tube. Sometimes
Amgp ~ 1 AU. Thus the time history of an event seen by spaceprobes at widely different longi-
tudes can reveal the coronal transport processes from the flare acceleration site because at any
instant the spacecraft is connected to unique solar longitude, though of course the temporal
history on each flux tube must be taken into account. Employing Pioneers 6, 7, 8 and 9 and
observing protons > 10 MeV, McCracken et al. found a solar longitude distribution of half
width 30° which clearly corotated with the 27 day period.
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Roelof ¢t al. (1974) have applied a coronal mapping technique to the 2-9 August events.
Pioneer 9 and 10 and IMP 5 observations of protons > 13.5 MeV were employed. The proton
intensity was plotted against Carrington Longitude on the sun by correcting the solar longitude
of the spacecraft by the formula A® = Qr/V where V is the measured solar wind speed at
r(~ 1 AU) and £, the angular solar rotation speed. The plot was compared to a solar magnetic
polarity diagram obtained from Ha filtergram data. A large connected region of negative
polarity lay on the solar equator between Carrington longitudes 90° and 330° (CMP Earth
29 July — 7 August 1972) and this correlated with a broad region of peak solar proton intensity
as a function of longitude in interplanetary space. Thus it is believed that this polarity cell was
responsible for the release of particles into the solar wind. We may note that sector structure
boundaries or any well-defined tangential discontinuity is often seen to limit the longitude
extent of the solar proton flux.

Simnett (1974) employed Pioneer 6, 7, 8, 9 and IMP 5 observations to study the simultaneous
release of protons and electrons at longitude over 100° apart. On 11 August, 1970 at 23h22
U.T. MP 10882 beyond the east limb was responsible for Type IV radio outbursts seen above
the limb, hence indicating trapped electrons. Pioneer 7, well connected to this site saw the large
interplanetary proton increase, but within a day, spacecraft at many widely separated longi-
tudes saw the event. Meanwhile several optical flares were seen between 12-15 August at MP
10865/68, near the west limb and some overlapped in time with MP 10882 events. The one
best correlated with the main event had a dominant non-impulsive X-ray emission and was
responsible for the release of electrons and protons seen near the Earth, which had a favourable
magnetic connection. The time profiles at the Earth clearly showed energy independence,
consistent with a corotation control. Simnett concludes that MP 10882 both released particles
beyond the east limb and transported them via closed flux tubes over 100° of longitude to
westerly longitudes to cause the event there and the release seen at the Earth.

Reinhard & Wibberenz (1974) have studied the time between flash phase and particle
intensity maximum at the Earth, #, as a function of energy and solar longitude, for many events
in the 10-60 MeV proton range. They find that the formula ¢, = ¢, (@) +¢,/v provides an ade-
quate representation. The second term has {C;) = 4.6 AU and corresponds to velocity
dependent diffusion with A,,;, ~ 0.1 AU. That is, energy loss is small and the mean free path
is large compared to the quasi-linear theory value ~ 0.01 AU at low energies. The first term
represents the energy independent coronal diffusion, unlike the second term which corresponds
to interplanetary transport. If theories with finite K, (perpendicular diffusion) in interplanetary
space were correct, K, oc v according to all theories, in contradiction to the observed energy
independence of C;|®|. Corotation is too slow to account for C;|®|, it actually corresponds to
velocities at 1R, of 3-12 km/s after corotation correction. It does not explain results in a band
0-100° W longitude on the Sun because within this region small ¢, values are equally probable
and this is thought to be a fast coronal propagation zone. Moreover, there is an element of
diffusive propagation in C)|®| since some prompt particles (rectilinear propagation time)
were seen at all longitudes and events to the east outside the fast zone showed a slower rise
and fall time than events to the west. However, the basic energy independent coronal transport
is ascribed to a V;, oc E x B crossed magnetic and electric field drift at ~ 1R, equivalent to
plasma motions setting up an electric field E = —V x B.

The fast coronal propagation zone corresponds to some results of Anderson & Lin (1966)
who showed that scatter free propagation of 40 keV electrons can occur for events originating
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in a solar longitude zone about 100° wide. Of the various theoretical possibilities advanced to
explain longitude movement, we can rule out the random walk of flux tubes in interplanetary
space which Jokipii & Parker (1967) estimate as being at a rate {(AD)2# ~ 6-12° in
12 h, clearly too slow. The Fisk—Schatten (1972) idea that a mosaic of neutral lines in the
corona transports particles fails in that it requires a reduced field region only 6.7 m thick
(~ particle Larmor radius) for 40 keV electrons and an ambient 1 G (10~ T) field. The Fan
et al. (1968) suggestion of a fan of field lines spreading out to connect ca. 100° of solar wind field
to the flare site may work, but perhaps does not necessarily correspond to other coronal informa-
tion on field structure. Promising is the idea that loops in the field directly transport the particles
over ~ 50° longitude, with some small diffusive propagation to move particles from one loop
to the next. Thus there is qualitative agreement between the requirements of the energetic
particle results and the many other lines of visual and spectroscopic evidence for coronal loop
structure extending over many degrees.

4. NUCLEAR COMPOSITION OF ENERGETIC PARTIGLE FLUX

There is basic agreement between the nuclear composition of the solar energetic particle
flux and the spectroscopic solar abundances, although from flare to flare, a factor two
variability in composition may be noticed. This statement is particularly relevant in the
10-100 MeV/nucleon range. Some particular anomalies may occur, for example Si and Mg are
over abundant by a factor 5 compared to the oxygen abundance. The ratio Li, Be, B/C, N,
O < 0.01. Most even and a fair number of odd Z elements have been observed up to
Z = 44.

Below 10 MeV/nucleon an enrichment of high Z material relative to solar abundance is
apparent. It increases with decreasing energy, for example Fe/O increases by a factor 2 going
down from 10 - 1 MeV/nucleon, although a factor 10 variability in this ratio from flare to
flare is observed. The enrichment also increases with Z, for example

Zs.p. ZSun
He Heg,,’

s.p.

where s.p. refers to solar particles, is 10 at Z = 20 and 103 at Z = 60.

Recent experiments with combined solid state detectors and electrostatic analysers (Hover-
stadt, Vollmer, Gloeckler & Fan 1973) have shown lack of complete charge stripping at the
lowest energies. For instance C*5/C+% ~ 1.8 at 100 keV/nucleon and Fe at 2 MeV /nucleon has
a charge Q = 2271

All the above statements are subject to a solar longitude dependence as the corotation of
field lines brings flux tubes with different connection points past the spacecraft, resulting in
time variations in the composition ratios.

Various theories put forward to explain the low energy enrichment of high Z energetic
particles include:

(a) Preferential escape of partially stripped heavy nuclei from the acceleration region.

(b) Preferential injection of high Z material into the acceleration region by a Z dependent
charge exchange diffusion process.

(¢) Preferential acceleration of partially stripped nuclei in a Fermi acceleration process which
has a minimum rigidity for efficient acceleration.
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(d) Enrichment of the acceleration region compared with normal coronal material, at the
base of the lower corona, as a result of thermal diffusion and gravity settling, although it is not
clear why only low energy enrichment results.

Further details of these results may be found in Hoverstadt (1973).

A particular problem in the composition of solar energetic particles is the very large
abundance of H2, H? and He?, compared with solar wind and photospheric abundances. This
is ascribed to reactions of H! and He4, e.g.

He*+p - d+ He?.

However, some events with He?/He? large exhibit a complete lack of H2 and H3. Ramaty &
Kozlovsky (1974) have made the following arguments to explain the lack of the H2 and H3
products expected. They take the August 1972 events in which solar y-rays were seen at about
the same time as accelerated He was measured in the solar particle flux. Accelerated protons
hitting the photospheric atmosphere produce neutrons which then react according to
H! (n, y) H? to give the 2.23 MeV y line. The He3/He* ratio was consistent with a 2 g/cm? path
length for relativistic particles and the line emission with a release of 4 x 10% protons/s in the
flare. This latter number checked to an order of magnitude the estimated release based on
interplanetary flux measurements. Hence the general scheme of calculation is valid. Now the
2.23 MeV 7y line intensity depends on local solar He3 because some neutrons interact via
He? (n, p) H? with no radiation. Hence, comparison with other y line intensities which are
not affected by the He3/H ratio enable a check to be made on the local solar He3
abundance. This indeed turned out to be consistent with the solar wind measurements. Thus
something anomalous in the acceleration process is required for the high He3/H! ratio events.
Ramaty et al. suggest that if one takes into account the kinematics of He3, H2 and H3 produc-
tion down to 0.1 MeV/nucleon, the H? and H3 go forward while the He3 goes backward.
Hence a downward directed proton beam going through > 10 g/cm? photospheric atmosphere,
followed by a post-acceleration of the very low energy backward He3, enables the solar
He3/H! ratio (= 5x107%) to be enhanced. In fact He3/H* ~ 10-3 - 1 can be produced
according to Ramaty et al. in the accelerated particle flux.
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