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Propagation of solar particles in the interplanetary medium

By J.J. QuENBY
Physics Department, Imperial College of Science and Technology,
London SWT7 24Z, U.K.

Our view of the spectrum and time dependence of the energetic particles accelerated
during flare events is distorted by the diffusion and energy changes that take place
during the propagation of the particles through the interplanetary medium. We
describe theoretical attempts to calculate the transport coefficients in space and
energy and to represent the observed time dependence and pitch angle distributions
both near the Earth and on distant space probes.

Particular attention is given to the interplanetary acceleration processes that are
thought to occur, both in the neighbourhood of interplanetary shocks and generally
throughout the interplanetary medium. Current experimental evidence on these
effects are reviewed. Revised particle transport equations which take into account
the acceleration are discussed.
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1. INTRODUCGTION

This contribution is related in particular to Keppler’s (this symposium) review of the experi-
mental situation concerning the composition and spectra of energetic solar particles and the
lectures on the overall and disturbed microstructural states of the solar wind medium given
respectively by Hedgecock (unpublished) and Schwartz & Roxburgh (this symposium). We
shall not be concerned with the initial acceleration of energetic particles in solar flares but
rather with the interaction of the particles with the interplanetary medium once they have
left the inner solar corona where closed magnetic field configurations exist and dominate. The
physics of interest to us here is the interaction of these particles with the solar wind plasma,
leading to problems of diffusion in position and velocity space and in the definition of the wave
structure in the interplanetary medium. Thus we both exploit the nearby spatial medium to
investigate some fundamental plasma physical problems and also endeavour to provide a
means both for investigating the dynamic evolution of this medium and for extrapolating knowl-
edge of the solar particle spectra back to their source values. Our emphasis will be on the new
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i situation regarding the particle transport problem that arises because of the recent experi-
P mental evidence for significant interplanetary acceleration of the solar energetic particles.
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O 2. ENERGETIC PARTICLE TRANSPORT WITHOUT

O INTERPLANETARY ACCELERATION

=w

Setting aside special processes occurring at interplanetary shock fronts, the general, pre-
1976, view of solar particle transport was as follows. A solar flare releases ions with £ 5 100 keV
up to possibly as much as ca. 10 GeV, the composition being mainly protons but with species
up to Z = 44 identified. This release occurs in a time scale usually short and of the order of
minutes, but probably not more than 1 or 2 hin extent except in some possible exceptional
cases. It results in the propagation of particles approximately along the Archimedes spiral
field lines of the solar wind. The reason for this mode of propagation is that the cyclotron radii
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630 J.J. QUENBY

of the particles are small compared with 1 AUt and the guiding centres attempt to follow the
field lines. Resonant wave—particle interactions in which low frequency Alfvén waves in the
medium spatially match in wavelength the distance travelled by the particles in one cyclotron
revolution cause diffusion in pitch angle and hence in the propagation parallel to the field.
Thus the time profile of the flux arrival at the Earth initially resembles that expected in a
one-dimensional diffusion situation with a single point in time injection profile. Later on,
the effect of the solar wind convection of the Alfvén wave scattering centres becomes apparent
and the solar particles tend to equilibrate with the outward moving solar wind frame of
reference. In particular, the direction of the particle anisotropy moves around from ca. 45°
west of the Earth-Sun line (the most probable Archimedes spiral direction at the Earth’s orbit)
to a more radial direction. At a time when the diffusion gradientis zero, the anisotropy is purely
determined by the Compton—-Getting effect which is a consequence of transforming an isotropic
flux distribution in the solar wind reference frame to the stationary (terrestrial) frame (Gleeson
& Axford 1968). This transformation causes anisotropy by crowding together the distribution
function flux vectors in the direction of solar wind motion and by increasing the energy of
each particle to bring it into a higher differential energy range and thus, because of the negative
exponent of the energy spectrum, increases the laboratory frame flux.

At late times in a solar energetic particle event, the effects of diffusion, convective sweeping
and the net deceleration of particles as they collide with the receding scattering centres of the
expanding solar wind puts the position of the peak particle flux beyond the Earth’s orbit.
Hence the anisotropy due to the diffusion gradient is inwards; but when compounded with the
Compton—-Getting anisotropy the net result is an outward flow from east of the Earth—Sun line.
McCracken et al. (1971) discuss experimental evidence for this description while Ng & Gleeson
(1971) provided a theoretical formalism.

For motion along a magnetic flux tube connected to the flare site with negligible perpen-
dicular diffusion, as appears to be the situation in practice, the transport equation may be
derived from the continuity equation in time, position and energy space (see, for example,

Gleeson & Axford 1967):

oN 190 , o (0T
Spherical symmetry is assumed, N is the differential number density at kinetic energy 7, and
S$ is the streaming in the radial direction;

S = CVN—K, dN/dr,

where V is solar wind velocity, K, is the radial component of the parallel to the field
spatial diffusion coefficient, C is the Compton—Getting factor,C = 1 —4iN-19(«TN)/0T where
a = (T+2E)/(T+E,) for particle rest energy F,. The deceleration term N 87/t =
V 0(3aTN)/0r, which may be thought of as the work done by the cosmic ray gas on the solar
wind or Vd (pressure) (see, for example, Fisk 1974).

Equation (1) reduces to the Fokker—Planck first derived by Parker (1965):
oN

19 0
(72VN'72Kr‘5;) =337 (r2V) ﬁ(rxTN). (2)

6N+1_g
ot T r2or

T 1AU = 15x 10 m,
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PROPAGATION OF SOLAR PARTICLES 631

3. THE EVIDENCE FOR ACCELERATION

It has been known for a long time that a description of solar particle transport based on
solutions of (2) for a O-function in time injection cannot adequately describe at least one class
of special events. This class is the recurrent increases in the 1-10 MeV energy range found by
Bryant et al. (1965), which appear again after one or more solar rotations. These were first
though to be due to continuous injection at the Sun, but observations by Barnes & Simpson
(1976) on Pioneer 10 and 11 out to 8 AU showed various series of recurrent increases in pairs
associated with the leading and trailing edges of well identified fast solar wind streams. This
correlation appears beyond ca. 2.5 AU where the fast stream interaction with the ambient
solar wind develops into a forward and reverse shock pair. Barnes & Simpson examined the
steepening of the proton spectral index near the leading shock and the increase in proton:helium
abundance ratio and concluded from the lack of radial dependence to these effects and main-
tenance of the corotating time-profile with distance that acceleration is taking place at the
shock interfaces and/or in the enhanced magnetic fluctuations of the fast stream.

Another set of experimental evidence pointing towards interplanetary acceleration is that
provided by Van Hollebeke ¢t al. (1978). These workers examined the maximum particle
intensity found in recurring streams relative to that observed on the same flux tube at 1 AU
and found positive gradients of ca. 100%, /AU from 1-5 AU. However, beyond that point the
relative intensity fell with distance from the Sun. No significant heliolatitude effects were found
that could confuse the deduction that particle acceleration occurs out to 5 or 6 AU, associated
either with the enhanced fluctuations or the shocks belonging to the fast solar wind streams.

Somewhat more controversial is the evidence put forward by Marshall & Stone (1978) that
excluding the times of prompt solar proton events, 1.3—2.3 MeV protons exhibit a net inward
streaming at 1 AU, as seen in the rest frame. This apparent direct evidence of a significant source
beyond the Earth’s orbit is disputed by Zwickl & Roelof (1979), who found in the 0.3-0.5 MeV
proton energy range evidence only for the E x B drift motion perpendicular to B for non-
impulsive events. An absence of parallel to B field streaming is implied by the data analysis
of these latter authors.

Further evidence of a general interplanetary acceleration mechanism is provided by Fisk
et al. (1974) and Fisk (1976a). These authors have sought an explanation of the anomalously
high fluxes of He, N, O and Ne particles appearing in the near Earth cosmic ray spectrum
below energies of 10 MeV /nucleon (McDonald ¢t al. 1974; Garcia-Munoz & Simpson 1973).
It is suggested that interstellar neutral particles that enter the solar cavity become singly
ionized as a result of solar ultraviolet interactions and charge exchange with solar wind ions
and then take up the solar wind motion. Some small fraction of the particles are then slowly
accelerated to 10 MeV nucleon at which point the singly charged He, N, O and Ne have such
high rigidities that a significant fraction diffuse back into the inner solar region, unlike the
low rigidity, fully ionized H. Fisk (19764) demonstrated that an acceleration rate with a
diffusion coefficient in kinetic energy, Dpp, given by Dpyp & 5x10~7 T (MeV)2s~1, where T
is in megaelectronvolts, can satisfy the cosmic ray spectral observations.

51 Vol. 297. A
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632 J.J. QUENBY

4. SHOCK AGCELERATION

Experimental evidence for short timescale solar proton intensity enhancements associated
with interplanetary shock waves (shock spikes) has been reported many times (e.g. by Van
Allen & Ness 1967). The theory of the acceleration process is reviewed by, for example,
Armstrong et al. (1977). An interplanetary shock wave is most efficient at giving energy to
particles if the angle between the shock normal and the magnetic field is less than 10°. If this
angle, B, is between 0 and 5°, the shocks are called ‘perpendicular’, while if 5° < # < 10°,
they are known as ‘small angle oblique’.

""“"Uz ’4— UI

Bxgrad B < drift path
E
<=
O ©)
B, up B, uwp

Ficure 1. Drift of a positively charged particle through a perpendicular shock due to the influence of the electric
field drift force and the magnetic field strength change. Parameters relative to the shock frame of reference
are shown with B;, B, and the shock surface perpendicular to the paper.

(@) Perpendicular shocks

All particles incident on a perpendicular shock cross the boundary. The energenization is
demonstrated in figure 1, which represents the rest frame of the shock. In this frame, upstream
field B, (out of paper) flows into the shock with velocity #; and downstream field B, (out of
paper) flows away with velocity u,. An electric field |E| = —u; B, = —u,B, therefore exists
in the direction shown, parallel to the shock surface. An E x B drift takes particles through the
shock from upstream to downstream while the magnetic forces, qualitatively approximated by
a B xgrad B drift move the particles in the E field direction, parallel to the surface. Hence
energenization in a plane perpendicular to B occurs and the particle anisotropy is expected
to exist in this plane.

(8) Small angle oblique shocks

Figure 2 represents the shock front moving in the rest frame with velocity V. Although
particles with small pitch angles may be transmitted, as in the previous case, other particles
at high pitch angles and certain phase angles may be reflected by acquiring a o, in the pre-
shock régime away from the surface which allows them to outrun the advancing shock. The
process of reflection is illustrated in the figure where we plof v, the velocity vector of a particle
which has just crossed from the upstream régime. o, represents the parallel component of this
velocity projected onto the upstream field direction while v, is the same parameter projected
onto the downstream field direction. Suppose subsequent motion around the field line B,
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PROPAGATION OF SOLAR PARTICLES 633

results in an intersection with the shock surface with velocity vector »’. The particle will
emerge into the upstream régime with oy, considerably less than o,, in the towards shock
direction. Multiple crossings can therefore result in complete reflexion.

Computations of the energy change due to the electric field show typical ratios T (final)/ T
(initial) ~ 8 for (|v|/|V;]) = 10, and |B (normal)|/|B| = 0.1 in the upstream régime.

Experimentally there is a very clear association of small oblique shocks with the occurrence
of shock spikes. However, the expected anisotropy at large angles to B is not clearly evident.
Rather the streaming is along the field lines, usually away from the shock but sometimes even
towards it (Balogh 1977).

shock B,
V.
-

Ficure 2. Velocity vector of an energetic particle during successive crossings of a small angle oblique shock,
seen in the stationary reference frame: v is the velocity at the first crossing with v, and v] resolved respectively
on to the upstream and downstream region field directions; v’ is the velocity at the re-emergence into the
upstream region with o resolved on to the upstream field direction. ,

5. GENERAL INTERPLANETARY ACCELERATION

For the remainder of this review I concentrate on estimating the magnitude of the acceler-
ation that may happen throughout the interplanetary medium and predicting the effects of
this acceleration on the solar proton transport. I start by rewriting the Fokker—Planck energetic
particle transport equation with the inclusion of an energy gain term. Fisk (1976 a) shows that
the divergence term for the distribution function in momentum space,

10 (,,n Of

75 (P2 )

can be transformed to yield the last two terms on the right-hand side of the following Fokker—
Planck, written in terms of kinetic energy 7

ON _ 10 (.0 0N\ 2V 0 VO apy, O ONY_ 2 (Drp
'a7‘726;(TK'E)Jrs?aT(“TN)‘rzar(’N)‘LaT(DTTaIIV‘) 6‘T<2TN)' (3)

Tverskoy (1967) put forward the initial theoretical discussion of the two types of Alfvén
turbulence-particle interaction which lead to acceleration in the solar wind. These are adia-
batic scattering by long wavelength changes in By;, which are very similar to the original
Fermi process, and cyclotron resonance scattering, when the particle makes one Larmor

51-2
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634 J.J. QUENBY

revolution in the wavelength of a transverse Alfvén wave. Fisk (19764) investigated the require-
ments of this second process where D, ~ V2T?/K,, where V, is the Alfvén speed and K, is
the parallel diffusion coefficient. For example, to obtain a factor 10 increase in the 1 MeV
solar proton intensity in a corotating stream between 1 and 3 AU from the Sun, it is found that
Dyp ~ 1.4x1078 T3 (MeV)2s~! or K; ~ 1.8 x10® cm~25~1 or A, ~ 3 x 10-3 AU. This last
value, for the parallel diffusion mean free path is, clearly contradicted by solar proton time
profile data, being at least an order of magnitude too small. Hence the cyclotron resonance
acceleration is too inefficient. Fisk (19764) performed a detailed quasi-linear theoretical
computation of the long wavelength 8B effect, which he called transit time damping, and
obtained a more satisfactory acceleration rate.

In outline, Fisk’s work may be explained in the following physical manner: a particle of
momentum p interacting with a wave of phase speed v,,e suffers a momentum change Ap
and a speed change Aw, in the reference frame moving with vyaye:

Ap/p = Vgaye Awy /0?5 la)l = constant.

We have used the conservation of energy in the wave frame. Aw, is determined by the con-
servation of the first adiabatic invariant at pitch angles ¢ near 90°, there being no electric

field in the wave frame:
_(M _ _w2 sin2 @ _6_1_5’
dt 2B, 0z°

0B/0z is related to a wavenumber &, = 1/A, by

10B g
5w TN
where 7 is the average fractional strength of fluctuations.
Defining a wavenumber £ = 1/X’, estimating %, as (1/A2+1/A2)% where A2 and A2 are
correlation lengths in the x and y (perpendicular to B) directions, and putting £, = 1/A,,
we find the phase speed # and propagation vector k are at an angle

1, 1\
6 = arcsec {A"(AT% +/\_§) } to B,

The fast magnetosonic mode wavefront responsible for the adiabatic reflexion moves in the
By(z) direction at a phase speed #, = usec 6. The interaction is with A} > A, (correlation
length) but takes place only for time At ~ A,/|cos 0|w.

Putting all these expressions together yields

p_z,g _ (Ap)? _ u? sin% @ ” (i+-1—)
p? PPAt 4fcosBlw T TF\AZ T A2)"

This expression corresponds, to within a small numerical factor, to Fisk’s case when the
spectrum of turbulence in the interplanetary waves is proportional to £—2 or steeper and
exhibits the sin? (pitch angle) factor. Hence pitch angle scattering on a time scale less than the
acceleration time scale is required to keep the latter process efficient.

Fisk considered a less steep £ dependence more representative of interplanetary conditions
and obtained the numerical value
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PROPAGATION OF SOLAR PARTICLES 635

consistent with the requirements of the mechanism to produce the anomalous He, etc., cosmic
ray spectrum.

Moussas & Quenby (1978) have approached the problem from the viewpoint of numerical
experiments, by using satellite data as a direct input. These authors had already obtained
improved estimates of the spatial diffusion coefficient (K,) by numerical integrations and they
have now added the electric field to the code. The basis of the method is to obtain the mean
magnetic field direction from high time resolution continuous satellite data and then set up
a slab model for the field, each plane perpendicular to the mean field and representing the
three-dimensional measured B in that slab. Slabs are ca. 0.01 particle gyroradius in width.
To obtain K, sample trajectories are integrated with an input distribution function, isotropic
in phase angle but at a unique #, (cosine pitch angle). Particles are removed at boundaries
/1 and p, either side of y, and a steady state f(u) distribution obtained. Hence by knowing the
particle currents J; , at the boundaries, the pitch angle diffusion coefficient D () is found from

D(p) of /o = — 5.
K, is then obtained by the Hasselmann & Wibberenz (1970) expression

=10, (7 () )

Moussas & Quenby obtained A, = 0.031 AU for 100 MeV particles (K, = 1wA,).

To obtain the acceleration, the electric field in the rest frame, E = — ¥V(wind) x B was
computed from 5 min plasma data measured on the same satellite HEOS 2 (plasma data,
Munich group ; magnetometer data, Imperial College group) and the energy gain AT = ¢E-wAt
was followed in the rest frame. Various ways of deriving D, were tried. Sample trajectories
were followed and Dy, = {AE?/21) was computed for various intervals 7, but this method

“suffered from very large errors and also interference from the periodic energy gains and losses
with the cyclotron period. More satisfactory was essentially to repeat the D(x) method by
injecting particles at E, and building up the steady-state distribution defined by f(E) against
E with mean values of £, and E, where particles were removed from the field region. Preliminary
results of Moussas & Quenby suggest Dy = 4 x 107 T" (MeV)2s~! around E, = 10 MeV,
in reasonable agreement with Fisk’s estimate.

6. TRANSPORT EQUATION SOLUTIONS WITH GENERAL ACCELERATION

Having obtained some theoretical and numerical experiment estimates of the general
acceleration term in the interplanetary medium at typical solar proton energies, it is now
important to check if the observed solar proton prompt event time profiles are consistent
with this additional physical effect. In the past, the observed time of maximum at the Earth’s
orbit has been taken as a sensitive measure of the mean diffusion coefficient between 0 and
1 AU. The presence of interplanetary acceleration will slow the rise of the particle flux to
maximum, thus causing an underestimate of the parallel diffusion mean free path, A,.

To illustrate the effect of acceleration, Cecchini et a/. (1980) have numerically solved the
transport equation (3) including the acceleration term under the special assumptions that the
input solar spectrum is of a power law shape and that D, oc T? rather than oc 7. However,
in this second assumption, the numerical value of Dy, at 10 MeV, the input energy for the
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calculations, was adjusted to correspond to that given by the theoretical estimates discussed
in §5. In the computations, the value of the spatial diffusion coefficient at 1 AU is fixed by
the value given by the Moussas—Quenby (1978) work but the radial dependence is allowed
to be a free parameter, subject to K; = K,r°. Some idea of the radial dependence expected
of Dy is afforded by Fisk’s theory which shows that D, oc (§B2)/B2% Experiment suggests
that {8B) oc B far out while theory suggests 8B oc r—% for Alfvénic fluctuations. Sari (1977)
puts forward experimental evidence that longitudinal interplanetary waves could be finite
amplitude, non-transverse Alfvén waves (| B| = const., B, 5 const.). Since Bocr—2 at r < 1 AU
and B o«c r~t at r » 1 AU, D, showing a peak in importance at ¢a. 1 AU or being inde-
pendent of r are two reasonable behaviour choices.

NS N
0.1 —Dpr =0
- ———Dpp = DyT?/(1+ R?)
: ..... Dpp = Do Tz/(0.5+R2)
0051~
< N
~
’< =1
\
\
. \
0.01 1 IR . Al
1 5 10 50

tmax / h

Ficure 3. Time of maximum particle flux at 1 AU plotted against parallel diffusion mean free path, A,, at 1 AU
for various radial dependencies of the spatial diffusion coefficient, K, = K,7* and values of energy diffusion
coefficient, Dpp. Dy = 10-7T2 MeV?s~1 and R is in AU.

101
5k
IONES
S
1l
0.5
0.2 1 1 I L BN
0.25 0.5 1 2 4 8
r/AU

FiGure 4. Form of radial dependence of the radial component of the spatial diffusion coefficient, K,(r), adopted
for computations leading to the predictions shown in figures 5-8,
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Figure 3 shows the computed time to maximum solar proton (10 MeV) flux against A, at
1AUfor b = 0, —1, 2 and

‘DTT = 0
10-6 72(MeV)2s—1 10-% T2(MeV)2s-1
and Dyyp = 5 or > ,
1.00 + R 0.5+R
10_4 B - T e
- ~
B // N - -
/ ~a
~ ~
R ~2AU A, Dyr
xxxxx (0,18 5x 10-872
ws o N e 0.03 0
. — 0.03 5x10-872
SO ——=0.03 10-8T2/(0.5+R?)
= - 2 AU
© | x |
L T A vory
x ' .......
10°%%
x 1
x|l
M
A
X
107 = L 1 1 1 I 1 ]
0 48 96 144

time/h

FiGuUrE 5. Predicted solar proton time profiles (ON/9T) (¢) at 2 and 4 AU for various values of the spatial diffusion
mean free path, A,, at 1 AU and of the energy diffusion coefficient, Dzr. A, is in AU; Dy in (MeV)2 51
_j 3-5 MeV, Zwickl

200 -~ 7 24-30 MeV, Zwickl

«osr*11-20 MeV, Hamilton

]: A, = 0.03 AU at 1 AU
A =

, = 0.04AU at 1 AU}DTT = 10-872/(0.5+ R?)

toax/h

x A, = 0.03 AU at 1 AU; Dpr = 5% 10-5T?2

o Ay =018 AU at 1 AU; Dpp = 5x 10872

1

R/AU

Ficure 6. Pioneer 10 and 11 data on the time of maximum of the solar proton flux measured at different radial
distances by Zwickl & Webber (1977) and Hamilton (19%%7). Theoretical predictions for various model
parameters as shown are also plotted. Units as for figure 5.
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where R is in AU. The value of D, adopted is actually 25 times larger than that given by the
Moussas—Quenby numerical experiment at 10 MeV. However, the effect of such values of the
acceleration does not appear to be dramatic, and for a given value of A, and 4 it would be hard
to distinguish experimentally the different times of maximum with and without acceleration.
The situation with regard to & is different and it is clear that the only way to obtain a time of
maximum of about 10 h or less, as required by observations, consistent with A, = 0.03 AU
as given by numerical experiment, is to employ & < —1. Although some decrease of K, with
r is expected on wave propagation grounds out to 1 AU, the asymptotic predicted behaviour
is K, = K,r® (Skadron & Hollweg 1976; Morfill ef al. 1976). Therefore it appears that some
additional interplanetary source of waves is required in the inner solar system, over and above

~ 35 MeV, Zwickl

-~

1= =7 24-30 MeV, Zwickl
w1 117 3-10 MeV, McCarthy
=
g
g A, = 0.03 AU at 1 AU e .
§ w0l I A, = 0.04 AU at 1 AU}DT’-" = 10-°77/(0.5+ K?)
k|
d -
B X A, = 0.03 AU at 1 AU; Dpp = 5x 10-872
B A A= 0.18 AU at 1 AU; Dpp = 5x 10872
1072 I 1 ] ‘l ]
0 2 4
R/AU

Ficure 7. Pioneer 10 and 11 data on the solar proton flux anisotropy at the time of maximum particle flux
measured by Zwickl & Webber (1977) and McCarthy & O’Gallagher (1976) at different radial distances,
together with the predictions of various theoretical models incorporating the parameters shown. Units as
for figure 5.

100
Q <}» 3-5 MeV, Zwickl
O 24-30 MeV, Zwickl
= {) O A, =0.03AUat1 AU; Dpp = 0
Iy
& s0p § 1 A =003 AU at 1 AU; Dgy = 10-5T%/(0.5+ R?
>~
: QO
3
x /\" = 0.03 AU at 1 AU; Dgyp = 5x 10872
A ), = 0.18 AU at { AU; Dpg = 5x 10-5T*
]
0

R/AU

Ficure 8. Pioneer 10 and 11 data on the decay time constant of solar proton fluxes as given by Zwickl & Webber
(1977) for different radial distances, together with the predictions of various theoretical models incorporating
the parameters shown. Units as for figure 5.
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those propagating from the chromosphere as envisaged in the aforementioned theoretical
papers. Hamilton (1976), in a study of Pioneer 10 and 11 data, finds K oc 7%4 at large distances.
In order to accommodate the required fall off of K, at small solar distances and the possible
slow increase further out, Cecchini e al. (1980) use the radial dependence shown in figure 4
which has a maximum at 1 AU.

Differences in the predictions according to the amount of acceleration present become more
pronounced at greater radial distances. Figure 5 shows the intensity time profiles at 2 and 4 AU,
all with K(r) given by figure 4. One set of curves adopts the previous values of A} AV = 0.03 AU
with Dy, either zero or Dy = 5x 108 T2 (MeV)2s—1 corresponding to the value favoured
in §5. An extreme case with A}AU = 0.18 AU, Dy = 5x 108 72 (MeV)2s-1 is also com-
puted, this large value of the parallel mean free path being one put forward by Zwickl &
Webber (1977) from analysis of Pioneer 10 and 11 data on the solar proton propagation but
without reference to the magnetic data. Note from the figure that the acceleration parameter
Dy = 5x10-8 T2 (MeV)? s~1 makes little difference to the time profile out to 4 AU but the
value 20 times larger significantly enhances the particle population at late times.

Following Hamilton (1976) and Zwickl & Webber (1977) it is useful to use data obtained
from prompt solar proton measurements on Pioneers 10 and 11 out to 4 AU on the time to
maximum flux, the anisotropy at peak flux and the decay time of the events as further con-
straints in the fitting of the model solutions to particle data. Figure 6 presents the experi-
mentally measured time of maximum for 3-5 MeV and 24-20 MeV protons determined by
Zwickl & Webber and for 11-20 MeV protons determined by Hamilton. Cecchini et al. (1980)
computations for the parameters used in figure 4 are also shown. While our favoured set
(A}AU = 0.03 AU, Dpp = 5x1078 T?) fits the Zwickl-Webber points well, a longer mean
free path seems to be demanded by the Hamilton results. Figure 7 shows the Zwickl-Webber
anisotropy at maximum flux data, together with McCarthy & O’Gallagher’s (1976) information
on 3-10 MeV protons. In this case, the favoured set lies at the low end of the experimental
spread while the A}AU = 0.18 AU curve is more central. Finally in figure 7, decay times,
measured 24 h after the peak by Zwickl & Webber are plotted, together with the model pre-
dictions. While all models and the data agree reasonably well at 1 AU, the experimental
decay times tend to be shorter than any model prediction at above 4 AU.

Points which arise from these comparisons are as follows.

1. Experimenters differ rather widely on the time of maximum and anisotropy values for
prompt solar events measured at Pioneer 10 and 11.

2. Experimental measurement of the decay time at large distances is very difficult or im-
possible without adequate azimuthal measurements because a typical event will have a 2-4}
day solar longitudinal e-folding structure, according to McCracken et al. (1971). This will
greatly distort the decay time measured on a single spacecraft. Theory only predicts the
particle behaviour on a magnetic flux tube that is well connected to the flare site and due to
corotation this moves past the spacecraft during the measurement. Hence when the predicted
decay times are 5 days or more, discrepancies such as shown in figure 8 are expected.

3. Rotational discontinuities in the magnetic flux tubes that represent a high — low field
transition will cause local increases of the particle anisotropy, persisting for several particle
cyclotron radii distance (sce Moussas ef al. 1975). Hence the observed anisotropy may tend
to be higher than predicted on diffusion theory and the rather low theoretical points in figure 7
may be reconciled in this manner.
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Taking into account the problems raised by the above three points, we may conclude that
the numerically calculated values of X, and D, produce particle intensity—time distributions
consistent with the known experimental particle fluxes. One important indication is that growth
of Alfvénic fluctuations seems to be required between ca. 0 AU and ca. 1 AU from the Sun.

Many fruitful discussions with my colleagues, Dr S. Cecchini and Dr X. Moussas are
acknowledged, together with Science Research Council support for visits of both of these
workers to Imperial College. Dr H. Griinwaldt of the Max-Planck-Institut fiir Physik and
Astrophysik, Garching, kindly supplied HEOS-2 plasma data for use in some of the compu-
tations while the magnetometer data were obtained through Dr P. C. Hedgecock from the
Imperial College experiment on board HEOS-2.
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