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Abstract:

Observational results on the East-West effect are summarized and
discussed in the context of existing models of coronal propagation,
The variation of the number of events with solar longitude is
surprisingly similar for particles covering a large interval of
rigidities. Over large longitudinal distances, time delays to the
event onset and maximum intensity are independent of energy and
velocity. This has important implications and will require probably
a transport process wvhich is determined by fundamental properties of
solar magnetic fields, e.g. reconnection processes between open and
closed field configurations.

A £it of Reid's model for diffusive propagation in the corona to

the observed delay times gives a (Ewo-dimensional) diffusion
coefficient K_ corresponding to r_ </« _~100 hours (r = distance

of the thin dfffusing shell from fhe Eenter of the ssn). Limitations
of the diffusion model are given by tge existence of a fast gropagation
region vhich may extend up to 40...50 from the flare site, by the
possible existence of an energy independent drift process, and by the
influence of solar sector boundaries. The relative role of open and
closed field configurations is extensively discussed. Some evidence

is presented that the acceleration of protons to higher ( %10 MeV)
energies is related with a shock wave traveling in the solar atmosphere.

The importance of measurements performed from spacecraft out of the
ecliptic plane is stressed, in particular with respect to the
fundamental problems of particle acceleration in the flare process

and for understanding fundamental dynamical properties of large-scale
solar magnetic fields.

*Extended version of a talk presented at the "Symposium on the
Study of the Sun and Interplanetary Medium in Thvee Dimensions",
Goddard Space Flight Center, USA, May 15/16, 1975.
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1. Introduction

The story of coronal propagation begins with the East-Vlest-effect
for solar cosmic ray events: with increasing longitude of the
parent flare on the Eastern hemisphere of the Sun the number

of events detected at the earth decreases considerably, aid,

for those events which are detected, the delay between the

flare and the arrival of particles at the earth increaces

(see Burlaga, 1967, for asummary of some earlier results).

The reason for the East-Vest-effect is obviously the asymmetric
nature of the interplanetary magnetic field with respect to

ilke central meridian on the Sun. For average solar wind
conditions, a bundle of interplanetary magnetic field (imf) lines
observed near the earth connects back to a point on the Sun

which is close to 60° W. However, the controlling nature of

the repgions close *o the Sun for the azimuthal propaga}ion

of energetic particles became only clear, when it was established
that the propagation of energetic particles in space occurs

preferentially along the imf. The arguments for negligible
particle mo*ion perpendicular to the imf have meanwhile been
summarized by various authors. In addition to the arguments
presented e.g. by Roelof (1374) we wish to point out that the
variation of delay times with solar longitude is indevendent

of energy, which is another stror. argument against interplanetary
perpendicular diffusion (Reinhard and Wibberenz, 1974, Ma Sung

et al., 1975).

These effects of "coronal propagation" whirh depend on the
relative azimuthal distance between a parent flare on the Sun

and the point in space where the energetic solar particles

are observed, could be studied so far only «s a function of

solar longitude. It is the purpose of this paper, (i) to
summarize the observational results and to «rder them with
respect to existing models, (ii) to point out which fundamentally
new results we should expect by studying va.iations with solar
latitude, i.e. by using observations in space out of the

ecliptic plane.
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We shall start in section 2 to summarize the methods, by

which various transport processes can be separated. In section 3
we discuss the statistical methods, where the variation of
characteristic parameters of solar events with solar longitude
is studied for a large number of events. Different models

have been developed to describe the average longitudinal
variations. An independent method described in section 4
ccnsists in detailed studies of individual events, including
multi-spacecraft observations at different heliocentric longi-
tudes, simultaneous intensity and anicotropy measurements, and
the relation to observations of solar surface structures. Some
indications to the acceleration process itself are treated
briefly in section 5. Finally we summarize the open questions

in section 6 and try tc relate them to studies of solar particle
events off the ecliptic plane.

2. Separation of various transvort processes

In the sequence of events tetween the first acceleration of
particles on the Sun and their final observation in space,

we can ask different questicns: How is the solar atmosphere
filled up with energetic particles foullowing the original
acceleration process? How do the particles escape into space?
How can the interplanetary propagation be separ:ted from the
solar transport processes? Let us start with some terminology
related to the different steps.

(a) The acceleration process is visualirzed in many models as
a pulse-like process limited in spatial extent to the flare
area itself, apprcximated by a delta-function in space and
time. In princinle, the ecceleration could also occur over

ar. extended area 1n the sclar atmosphere for long periods of
time [see below).

(b) The accelerated particles spend a certain time in the
vicinity of the Sun. We wish to make & distinction between
propacation when they move away from the acceleratior region

and finaily occupy a large area on the Sun, and storare when

the particles remain confined to a certain region. The difference
is depicted s2’ :matically in Figure 1. In reality, we may have

a mixture of roth processes.
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(¢} The number of solar particles observed in space is determined
by the probability per unit time that a particle will leave the
solar atmosphere by finally reaching an open field line leading
out into space (Reid, 1964; Newkirk, 1973). This release mechanism
has a very important influence on the azimuthal distritution

of particles, because it also determines how many particles are
left for further propagation along the solar surface.

(d) Sufficiently far away from the solar surface we only find
open field lines which lead out into the interplanetary :.ediumn.
Along this "source surface" (Mewiirk, 1972) the processe:

(a) to (c) define an injection “un-tion !(7 , =, t). Feuasure-

ments on a single spacecraft cornect back to a certeain soalur
longitude 7 close to the solzr eauator (&=xC), and fer a riven
solar wind velocity the conrection lonritude 7(t) 2s a function
of time may te determined (see e.z. lNolte and Roelof, 1973).



A single satellite therefore "sees®" an injection profile

I(t) = N{B(t), O, t). Roelof and Krimigis (1973) have described

an effective method to separate real longitudinal changes

3 /o9 from chenges in the injection function dN/Jt. Since

d1/at = (IN/op)dg/dat + IN/Jt, the relative contribution of

the two terms to the observed dI/dt depends on the motion

d@/at of the connection longitude. For a negative gradient

in the solar wind velocity V., a solar wind "dwell®, da@/at

ist very small, so that dI/dt &dN/Jt. For a positive gradient

in V,, d@/dat is large, the second term can be neglected, and

one may directly construct the coronal distribution N(@).

A more direct method for determining N(@) is of course the

use of multi-spacecraft observations (McCracken et al., 1971;
Bukata et al, 1972), in particular if combined with actual

solar wiad measurements for determination of the connection

longitude P(t). Results of this method are summarized by

Roelof (197Lk).

(e) It is clear that any attempt to determine the (corcnal)
injection profil. . t) or the related longitudinal distribution
N(f#) has to start from observations in space, and, therefore,
one first has to separate the effects of interplanetary
propagation. Methods available to perform this separation are
(1) statistical studies in which the properties of solar
particle events (maximum particle flux, times of onset
and of maximum flux, shape of energy spectrum etc.)
are ordered with respect to the longitude of the parent
flare;
(2) multi-spacecraft observations. by which longitudinal and

temporal changes can be sepsarated;

(3) simultaneous intensity and anisotropy measurements, which
allow to separate leng-lazsting solzr injecticn processes
from long-lasting interplanetary storage;

(4) the "mapping" of observed interplanetary particle fluxes
to the high coronal source longitude, by using the
simultanecusly measured solar wind velocity.

We shall start with a summary of results ohbtained by method (1),
since 1t makesvor the largest amount of olLiservational data and
gives insight into the average behaviour. ilethods (2) to (4) can
then be used to check predictions oi model:s which have been
developed and to provide additional insipht into the relation
with certain features observed on the solar surface.
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3. Statistical studies of longitudinal effects

Let us first discuss how the total number of observed events
varies with solar longitude. Figure 2 shows the longitudinal
distribution of solar particle events for four different sets
of observations. The dashed line is for non-relativistic
electrons (after Lin, 1974), the dotted line for relativistic
electrons (after Simnett, 1574a) plotted for longitudinal bins
of 10° or 30°. respectively, The full line is the original
curve of Van Hollebeke et al. (1975) for 20-80 MeV protons,

and the hatched area indicates results for ground level neutron
monitor data (GLEs), as taken from Pomerantz and Duggal (1974).

All four curves show the largest number of everts observed
when the parent flare is on the western hemisphere of the

Sun, with a broad maximum somewhere between 30 and 90%4. The
number of events clearly decreases as one goes to the Eastern
hemissphere and beyond the West limb. Note that because of

the difficulties of flare identification no electron data have
been plotted beyond 90°w.

The overall similarity of the curves is rether surprising;

only for the non-relativistic electrons the decrease in the
number of events seems to start for a more westerly longitide.
The similarity in the other three curves suggests a common
propagation characteristics for the different particle species,
which cover a range of Larmor radii of at least three orders
of magnitude. Apart from the clear decrrase of the distributions
of Figure 2 east ol about VW30 solar longitude, the functional
shape of the curves cannot be determined precisely. From a
different set of data, Smart et al. (1975) have fitted a
Gaussian distribution 1» the longitudinal distribution of 154
flares on the visible nemisphere of the Sun, which have
produced proton events. Therfind the hipghest irequency of

flares grouped between W30 and W40, and a standard deviation
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of the Gaussian of 55°. A Gaussian curve with these parameters
supplies a rather good fit also to the three similar curves

in Figure 2. From this fit, one can now extrapolate to the
invisible hemisphere of the Sun, with the result, that
roughly 20 ¥ of all events should not be associated with a
flare on the visible hemisphere of the Sun (for details see
Smart et al., 1975). A similer result has been found by

Van Hollebeke et al. (1975).

As we shall see below the decrease in the number of events is
mainly determined bty the escape rate of particles from the

Sun, so that distributions of the type shown in Figur~ 2 can

be used to determine the escape rate. ‘‘e note then thst tha
similarity in the distribution function for different particle
species suggests escape rates which do not depend strongly

on particle type and energy.ILet us turn now to the variation

of characteristic times of solar events with longitude. If

the parent flare of a s~lar particle event is located on the
Fastern hemisphere of the Sun, the arrivzl of energetic

particles becomes more and nore delayed with increasing solar
longitude (Burlaga, 19€7; Englade, 1971; Datlowe, 1971; Barouch et
Simnett, 1972; McKibben, 1972; Lanzerotti, 1572; Reinherd al., 197
and Wibberenz, 1974; Ma Sung et al., 1975).

As discussed above, azimuthal propagation »1 particles in

the interplanetary mediw: cannot acceunt iwr the otbservutions.
The first quantitative model for particle —ropezatien in

a surface layer around *he ~un vas developed by Leidé (1764)

and extended by Axford (150%). In Heid's nedel, the injfecticn
function can he writtaon as

6 ot
()’ T N———"Fi ‘fK"' 'CL- (1

here f] is the loss time which descrites +h2 escrre of

particles into interplanetary snace, l(ﬁ i the coroncld
diffusion coefficient, and r. the distance of the dilfuning
layer from the center of the Sun. 3o /K =T, .7 & Shirnctopictic

time jt takes the particles to diffuse h, tnoangular distance
267~



of ¥2'rad = 81° from the flare origin. In what follows, we
put the flare origin at ) = O and measure the angular
distance )Y from the flare to the root of a bundle of field
lines leading out into space where an observer is located

at longitude @y and latitude Gga0. Note that flares occur off
the sola. equator, say at longitude ¢F and latitude GF' so
thatz = 6p 2, (#p -%)".On thr average QR5320 in what follows,
we shall disregard the dependence on solar latitude and put

X = 9. - - Observationaliy it is not possible to find

systematic differences over a 20° angular interval.

Both T, and tc are assumed independent ofar. but may vary

with particle energy. Reid (1964) originally obtained an
eagtimate of tc = 3.+ hours and 'CLz1.2 hr. Applying Axford's
(19695) version of the coronal diffusion wmodel, Kirsch and

Milugh (1974) obtain values for the coronal diffusion coefficient
of the same order of magnitude for the event of Nov 2, :969.
Lanzerotti (1973) used the Reid mcdel to describe the

variation of onset times for 0.6 to 25 MeV proton; with
longitude. He esiimated 7 hr< T, €16 hr. These values are
probably underestimated because tc refers to the bulk of particles
to diffuse and nct to the "first" particles which define the
event onset. It is remarkable that‘tc shows almost no energy
dependence. This energy independence of the coronal transport
times over large longitudinal distances is meanwhile firmly
established (McKibben, 1972; Reinhard and Wibberenz, 1974;

Ma Sung et al., 1975).

The most careful study so far in applying the Reid/Axford model
to the East-West effect has been performed by Ng and Gleeson
(1975). They have replaced the plane approximation by diffusion
in a real spherical shell, and the coronal injection profile
is then used as the boundary condition for interplanetary
propagation, taking into account anisotropic diffusion along
the spira. shaped imf, convection, adiabatic deceleration,

and corotation of the flux tubes past the observer. With their
two stage propagation model they reproduce many features of
solar events. They have used in particular the results by
McKibben (1972) on the variation of the time-to-maxi.:um with

longitude.
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Their best estimates of the coronal parameters are

o€ T, €100 hr and 10$tL£.15 hr. For the interplanetary
propagation they obtain a value of the (radial) mean free
path, which corresponds to 0.03 AU for 10 MeV protons. This
value is probably too small (see Wibberenz, 1974), since in
many cases even for Western hemisphere events part of the
delaey is due to coronal, and not t> interplanetary propagation
(Reinhard and Wibberenz, 1974). But for the discussion of the
Bast-West effect this difference is not critical.

In Figure 3 we compare the computations of Ng and Gleeson (1975)
with t -values for > 10 MeV protons (Reinhard and Wibberenz, 1974).
For both curves (a) and (c) there is a well defined minimum
close to W60, and a systematic increase on both sides of this
ideal connection longitude. The apparent linear relation

between tm and ]’ results from the escape term, which largely
influences the coronal injection profile (1) for tth. The
minimum value of tm is related to the interplanetary propagation
and could be shifted downward by a factor of 2 or more, without
changing the gereral conclusions. We can see now the limitations
of the (modified) Reid model. For curve (a), a small value for
the coronal diffusion time has been taken, T_as 13 hours. This
gives the desired flat longitudinal dependence for western
events, but does not explain the large values of tm for eastern
events. In model (c), the larger value for the coronal diffusion
time, T, = 100 hr, gives the larger increase of t  on the

eastern hemisphere, but this increase now starts right away

at W60 and i= in strcng disagreement with ithe bulk of data
between 0 anu W90.

It had already bee=n pointed out by Reinhard and Wibtcrenz (1974)
that observational evidence speaks against a well defined
minimum in the propagation times somewhere between V40 and W60,
and that very fast propagation with small or negligible coronal
propagation times can be found for events where the parent
flares are located between about O and W1C0. The horizontal
lines in Figure 3 are meant to indicate the existence of a

fast propagation region®" (FPR) where minimal propagation

times can be found. The extent of this FFi{ may vary from one
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event to the other. The existence of a very efficient solar
propagation for certain longitude ranges had also been pointed
out by Fan et al. (1968). The "open cone of propagation® for
> 40 keV electrons found by Anderson and Lin (1966) and

Lin (1970), which also has an extent of about 100°, may be
identical with the FPR. A "region of preferred connection
longitudes" ranging from about W20 to W80 is defined bty the
work of Van Hollebeke et al. (1975). It may indeed be more
appropriate to talk about a preferred connection to the
acceleration region than about a fast propagation from it.
We shall return to this point in section §.

Let us return to the slow coronal propagation outside the FPR.
One will obviously get a better fit to the data (see Figure 3)
if e.g. curve (c) describing the coronal propagation coes not
start around W60, but with the same slope on both sides of

the FPR. Clues to the possible nature of this slow coronal
propagation may be found by a study of the dependence of t

on particle parameters. Reinhard and Wibberenz (1974) have
studies time histories for 38 events in the energy range

10-60 MeV and found that the most probable travel distance

vt is a2 linear relation of velocity, or with other words,

t, can be written as t = c, + c2/v. The velocity dependent

term in tm is found to be independent of solar longitude and
describes interplanetary propagation. On the average, cza:h.5 AU
(with variations between about 2 and 10 fli). On the other hand, ¢,
increases steadily with solar longitude East of central meridian
and is independent of proton encrgy.

These results have been confirmed by iz Sung et al. (1975) and
extended to higher velocities (near-relativistic electrons) and

to the inclusion of the ¢vent onset times o They shicw that

on®
for the onset times a similar relation hoclis, namely
ton = Bop * Aon/v' with two additional con:tants ., and Bop

which have to be determined for each event in additional to

c4 (= Bmax) and c, (=2 Amax)' Ay, and A 0 not vary
systematically with solar longitude, so that they can he taken
to describe interplanetary propagation. The numerical values
(CAgn) = 2 AU, (A .. ) = & AU) ronfirm that interplanctary
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propagation plays a relatively minor role up to the time of
maximum particle intensity at 1 AU. Bon and Bmax = ¢, describe
the onset time and the time of maximum of the solar injection
profile, respectively. Both parameters are relative small on
the Western hemisphere (of the order of 1 hour if averaged
over many events), but increase systeratically with increasing
longitude on the Eastern hemisphere. Both parameters are in-
dependent of energy and/or velocity of the studied particles
(0.5 to 1.1 MeV electrons, 4-80 MeV protons).

The energy independence of the coronal transport puts severe
limits on the possible physical mechanisms. Any particle motion
in a given static magnetic field configuration gives transport
times with (veloc.ﬁ;y)"1 as one factor. This excludes e.g.
gradient or curvature drift es one basic mechanism as well as
the current sheet diffusic.. (Fisk and Schatten, 1972), since

a diffusion mean free path A which varies inversely with
velocity (to give K~vA = const) independent of the particle
type is physically unrealistic. Ma Sung et al. (1975) propose
a "leaky box model" with a difrfusion coefricient k‘v(AL)zAgr ,
where AL is the scale size of the boxes vhich open randomly
on a time scale AT. The leaky boxes could be idealized nodels
o1 large coronal magnetic field loops, and the process of
field line reconnection provides the r=<ndom opening of the
boxes. In this model, the direction and speed of transport
processes is not governed by the particle parameters (lile
velocity or rigidity), but by funcamental properties of solar
magnetic fields; it is the randomness of tl.e reconnecticn
process which would be responsivle for a diffusion-lile

behaviour, whereas the particle rotion is deterministic. liote
that this concept night «lso lead to non-. ffusive processes,
if there is only a small number of boxes ¢r chunnels ulong
which the particles prop:gate. A more dele:ministic process,
namely an energy-independent drift, which :should act in

addition to coronal diffusion, has been proposed by Reinhard
and Wibterenz (1974). One of the original :supports for this
idea, namely the linear relationship between t, and X , can
no longer be maintained, since because of the escape processes
a quasi-linear rclation can also be simulated in a diffusion
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model (Ng and Gleeson, 1975). However, the total injection
time profile depends eritically on the nature of the processes.
Reinhard and Roelof (1975) have studied the relation between
onget times and maximum times and confirmed the necessity to
include solar drift processes. Their (linear) drift-diffusion
model contains a drift rate T, a diffusion time T = rczlxc,
and a loss time‘ti. When the corresponding injection profile
is convoluted with interplanetary diffusion processes, one
gets a good description of the measured time profiles of

10-60 MeV protons. The pafameters of the solar injection
profile and the interplanetary scattering mean free path

are independent of proton energy. From a fit to several Eastern
events, Reinhard and Roelof (1975) determirie average values
for the coronal parameters as'Cé = 0.42 hr/grad.!% = 4CO0 hr,
tL = 13 hr.

This choice of t; takes care of the observed widening of the
time profiles with increasing solar longitude, whereas it is
essentially the drift which determines the increase of the
absolute time delay with solar longitude. The corresponding
dependence tm(¢) for the drift-diffusion rmodel is indicated
by the dashed line ii. Figure 3. Here an extension of the

FPR of £ 40° has been assuned, centered around W50 longitude,
80 the increase sets in East of W10 and West of W90°. The
average contribution of the inte.planetary propagation
corresponds to a time deloy of 4.4 hr for 10 MeV protons.

The loss time of 13 hours is within the range assumed to be
realistic by Ng and Gleeson (1979). Let us see how the loss
time T; can be determined observationally.

There are in g2rnal two prozesses by whiclk for a given point
on the solar surface tlhe intensity is diminished, (1) the
lateral spread of pziticles causcs a corrcs;onding decrease
in surface density, (2) the injection intc the interplanetary
medium causes a general loss proportional to the number of
particles present. These two points also cd2termine the maximum
intensity Nmax in the injection function. 1f we take the
Reid/Axford model seriously, sec equ. (1), we can derive the
following predictions:
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(a) For small distances @ the propagation times are small
to that the escape tern exp(-t/rL) has no influence on the
time of the intensity maximum cm of the ccronal injection
function. In this case c, = (r? /o, ) ;r and we get from equ.(1)

Naax () = NG o) ~ 72 (2)

(independent of the coronal parameters). Thus, a strong dependence
of Nmax in the coronal injection profile on angular distance

from the flare is predicted by the Reid/Axford model, Its
verification by observations in space is limited, (a) by the
convolution with interplanetary propagation, (b) by the fact

that most flares occur remote from the solar equator (see above,

o
QFa:ZO ).

In addition, the existence of the FPR will initially fill up an
extended area close to the flare site, which will preclude the
sharp dependence of Npoax o0 X as suggested by (2). In any case,
the relatively flat distribution of the number of events with
longitude on the western hemisphere (see Figure 2) favors a
model with a moderate variation of Nmax over small distances

from the flare.,

(b) For large distances Y o it is meinly the exponential term
exp(- t/tl) in equ. (1) which deteruines the decrease of Nnax®
(It should be noted that in the more realistic version of the
Reid model treated by lg and Gleeson (1975), at late times
this is the only term in the temporal variation, because the
whole sonlar surface is covered with particles, there is no
1/t-factor left).

Let us describe the averapre decrease of the number c¢f particles
at the maximum of the injeclion function wi‘h P(@). P(¢#) is
allowed to vary with ener;y, but shall bte the same for every
event. Here we measure ¢ along the solar equatcr and let P(@)
be normalized to 1 for events close to fa0”, It is this
variation

Npax(®) = Mgy (0) P(R) (3)
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vhich determines how the number of avents detected varies with
solar longitude (Reinhard and Roelof, 1975). For normally an
"event" is identified when the number of particles during the
maximum phase exceeds & certain threshold, which is determined
by detector background and counting rate statistics. Let the
size distribution (the number W of events where the maximum
intensity of particles exceeds a given value Nmax) be a
separable function of Nmax and longitude, i.e. the longitudinal
distribution is independent of the size of the event,

W(Ngyr 8) = £0N,) E(9) (&)

With Nmax = 1 = threshold for detection of the event type under
study we get W(T,0) = total number of events above threshold
close to the preferred connection longitude 2round V40...U60,
and W(T,#) = £(T)g(®#) is the longitudinal flare distribution

(see Figure 2).

On the other hand, we have from equ. (3) W(v,8) = WE?/P(¢). é].
Equating the two expressions for W, we finzlly obtain

prgy) = £(De(#) (5)

Relation (4) has been verified by Reinhard =nd Roelof (1975)
for protons >10 MeV, » 30 MeV, and > €0 MeV, and they showed
that f(Nmax) can be described by a power low (NmnxSV‘ wéth
m= 0.36, Inserting this into (5) they get (%) = [i’(¢)] -36
as relation between the lengitudinal distritution g and the
size variation P. !lote that thkis relation i:zlies that g(#)
is rather insensitive 10 the size variation I'(#). This is
even more so, if we take an indevwendent detl: raination of the
size spectrum from Van lollebek: et al., (1¢7°9); they obtain
for the difierentiul size zpcctrum d“/d“un:"wmaxnoc with
o= 1.15 2 06, winich implies that the inte -ral spectrun U
is rather flat and/u::0.19 instead of 0. t .35 ahove.

The longitudinal distribution has been dete:.rined Ly Reinhard
and Roelof (1975) as g(@®) = exp(mi) with m - -0.M (denree)'1.
Insertion into the drift-diffusion model wiih the average
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parameters cited above leads to a loss time Ty = 13 hours,
independent of energy. In contrast, Van Hollebeke et al. (1975)
have concluded from a variation of the observed spectral shapes
of proton spectra with longitude, that the escape rate should
be energy dependent. They find an average loss time of

Ty = 1.85 hours for protons with a mean energy of 40 MeV, and
an increase in the loss rate of 35-45% from 20 MeV to £0 MeV.
The smaller loss time for the higher energies would then be
responsible for the observed steepening of the spectrum with
longitude.

Reinhard and Roelof (1975) do not find a systematic varistion
of the spectral slope with longitude. The reason for the
discrepancy is not clear, it should be partly related to the
use of a different set of data (difference in the threshold

T for event detection; different selection criteris for "solar
events"). In any case, it appears that a loss time of about 2
hours is too small to be compatible with ohservations; the
corresponding decrease in the injection function by a factor
of 10 every 4.5 hours would make events from the Eastern hemi-
sphere of the Sun praktically undetectable. Because of the
intensitivity of the size distribution on TL (see the discussion
following equ. (5) above) more direct deterninations will be
necessary (see section 4 for some indications),

Let us close this section on the variations of solar evwznt
parameters with solar longitude. Ve have ditscussed the delay
times (onset and time-to-maximun), .he general shape of the
intensity-time profiles, and the distributicn of the numrber

of events with longitude. ile have tried to i1elate the average
behaviour of a large number of cvents to specific coronal
propagation models. lLet us « nmarize ithe essential aspects

of the wvarious models, in particular with reepect to predictions
of latitudinal solur veriutions.

existence_of

¢ fast propagation region?
In the Reid/Axford-model there i:s just one sundamental process
acting thouphout the solar surface, characterized by a diffusion
coefficient Kc’ We had pointed cut the difficulty to describe
..2‘7!‘.-



simultaneously, with & unique value for b&o. the increase of

t, on the Eastern disk and the small values of t, over the
Western disk (see Figure 3). In principle, this difficulty
might be overcome by assuming a large variability of L and

by ascribing the small tm-values to occasional large values

of Kc‘ Tests of the Rei.d model from measurements in the

ecliptic plane are partly restricted because one never scans
X@O. A spacecraft measuring solar equatorial latitudes in
the range 20-30° should see the strong dependence with distances
from the solar flare predicted by the variation of Nipax (see
equ. (2)) or a well defined second maximum »elated with the
corotation for events East of the connection longitude (see Ng

and Gleeson, 1975).

On the other hand, small latitudinal variations would be
expected if the FPR (fast propagation region)exists. Reinhard
and Wibberenz (1974) have suggested that the extent of the FPR
is related to solar sector boundaries which have already bLeen
found to play an important role in determining the efficiency

of coronal propagation (Roelof and Krimigis, 1972). The azimuthal
distribution of the number of particles shows discontinuities

at certain solar sector boundaries, so that is has becone
possible to assign "access probabilities" to individual unipolar
solar cells (Gold and Roelot, 1974; Roelof, 1974). Studies on
spacecraft ~ff the ecliptic plane and the technique of mapping
intensities back to the high solur corona (sce Roelof, 1974)
should allow 1.0 observe tle very existence of * . FPLi, its
Jatitudinal extent and the influence of the polevards sides of
the unipolar solar cells,

(2) Provagation_over lurge distincusj diwcnoiorality of
trongpert?
A very schematic distinction betueen verion. wodels can ve

seen in Figure 4, where the broad time devetoptent over the
solar surface is plotted for the pure diffusion model (left)
and the drift-diffusion model (rigrht). For :riuplicity, ve
neglect the influcnce of the losa term and merely indiccte
how a characteristic angular extent ¢ and the average particle
density within ¢ are expected to vary with time,
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The essential point in the "drift" process is that! the transport
process in the corona is not totally statistical (like in a
diffusion process, where the net streaming of particles is
simply proportional to the density gradient), but that there
is a preferential bulk motion of particles intc one direction
superimposed. The filling up of one large "tox® which was
initially empty might be one such process (see the ab:ve
discussion about the "leaky box concept"™). i pure drift, where
all particles move intc the same direction, is depictzd schemz-~
tically in the outer right part of Figure 4. /n Ex3-drift of
the required order of magnitude (corresponding to velocities
of 7 km/sec if Y, =1 solar radius) is not very lilely.
However, a very direct proof would be the systemstic depletion
of particles from the region close to the coriginal flare (see
Fig. 4, right part). The shift of time intensity profiles
between spaceprobes separated in heliocentric longitude has
been shown to be consistent with norma2l corotation for four
individual solar events in 1968 (lMcKibben, 1973) and does not
require an additional drift. Horeover, the zzimuthal gradients
are in general positive when one approaches the heliocentric
longitude of the flare (see KcCracken and Rao, 1970; McCracken
et al., 1971).

So one should still regard the drift-diffucion model as
hypothetical and a convenient mathematical description to
describe coronal injection profiles at one longitude. fl.e
consequence of a depletion around #=( at lite times Las still
to be confirmed.

Let us turn now to the guestion of dinensicuality of traznsport.
The distinction is shown in the two left sc:.emes in Figure 2.
The question Is stilil open whether the coronal propegation is
relatcd to a fundamental zolar process whic: acts sinilarly
all over thie solar surface, of if it is re! :ted to specific
processes which are typic.l for the activity belts say. If the
propagation is somehow related to large scule magnetic field
loops, one should expect a preferentizl propagation along the
East-lieat direction because of the preferentinl orientation

of the loops in this way. This would favor n one-dimersional

-277-



propagation in a limited latitudinal range (see second sketch
from the left in Fugure 4). In this case, observations beyo:.d
about 40 or 50% in latitude would hardly show an detectable
amount of solar energetic particles, and the large coronal
holes found sometimes at the solar poles would be totally
free of solar flare particles.

On the other hand, coronal p:ropagation might te velated to

a process which is occurring all over the Sun, similar to

the supergranulation, or to the numerous current sheets and
minute dipoles with average strength of 500 - 1000 Gaufl and

12 hour lifetimes (see Newkirk, 1975, for discussion). In such
a universal process, weshould more expect a distribution
sketched in the outer left part of Figure 4. It is clear that
studies of particle populations at large heliocentric latitudes
offer a unique opportunity to distinguish between the two
fundamentally different possibilities.

4. Detailed studies of individual events

It is not intended to give a detailed account of the numerous
studies of longitudinal effects for single events or for
selected periods of time. Ve simply want to describe various
methods and to describe a few results which give the necassary
and important supplements to the statistical studies discussed
so far.
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McCracken et al. (1971) have studied data from four Pioneer
spacecraft separated by« 180° in heliocentric longitude. At
late times (2 4 days) in the events they still found strong
gradients in longitude, with e-folding angles for 10 MeV
protons of the order 7 = 30°. and no temporal change in the
relative gradient. This corresponds to a factor of 10 decrease
every 70°. Note that this value of 1 has only been directly
determined for two events. Van Hollebeke et al. (1979) from
the study of a much larger number of events conclude that on
the average the event sige for protons around 40 MeV decreases
by about two orders of magnitude every 60° awvay from the
preferred connection region. This value is also consistent
with an exponential gradient in longitude corresponding to

a change of two orders of magnitude over a longitudinal
distance of 40%...60° (Roelof et al., 1975) for MeV protons
and alpha particles. A comparison of these gradients with
specific coronal propagation models has not yet been per-
formed.

Persistent anisotropies along the imf from the general solar
direction have been among the first indicators that the solar
source has to be described by a long-lasting injection instead
of a delta-function in. time (Bartley et al., 1966; Fan et al.,
1968; Krimigis et al., 1971). The interpretation of these
persistent large anisotropies depends on whether or not inter-
planetary propagation can be neglected. Schulze et al. (1974)
gave an example where the simultaneous fit of intensity and
anisotropy data for 22-60 eV protons during the Nov 18, 1968,
event allows to determine the approximate duration of the solar
injection as well as the interplanetary mean free path. As
pointed out later (Schulze et al., 1975) the interplanetary
data are relatively insensitive to the form of the solar
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injection profile. A change in the form (not the characteristic
duration) of the solar injection profile can be canceled by

a suitable change in the interplanetary scattering mean free

~ path without changing essentially the intensities or anisotropies.

The situation is different when interplanetary scattering
within the inner solar system can be neglected. For the
scatter-free proton event of April 20, 1971, Palmer et al.(157%5)
could directly determine the solar injection profile and
obtained a solar decay time of about 7 hours for 7.6-55 MeV
protons. Roelof and Krimigis (1973) have pointed out that

for low energy protons (% 1 MeV) scattering in the inner solar
system is almost absent. Here the magnitude and the direction
of the anisotropies are used to infer the small interplanetary
scattering, and by use of the "mapping" technique conclucions
can be drawn on the coronal injection profiles. Various time
periods have been studies in a series of papers (Roelof, 1573,
1974; Gold et al., 1974; Krieger et al., 1975). Typical coronal
profiles are ramp-like structures, which are relatively smooth
as long as the observer is connected to the same unipolar cell
on the Sun, and sharp changes in intensity when a neutral
field line on the Sun is crossed. These results are seen with
corresponding time delays at spacecraft widely different in
heliocentric longitude, (Roelcf and Krimigis, 1973) which
confirms the spatial rather then the temporal sitructure of

the profiles.

The ordering of solar energetic particle data by solar
structures observable in Hoc-filtergrams becomes also clear
in the large solar events of August 1972, where Roelof et al.
(1974) have studied flux nistories for protons »17.5 leV
from Pioneers 9 and 10 and IMP 5. The different access of
particles to regions on hoth sides of a solar sector boundary
is clearly established. The crossings of solar sector
boundaries are therefore in many cases seen by abrupt changes
in the intensities of solar energetic particles, but they

can also lead to marked changes in the riese or decay times
of the total profile (see Reinhard, 1975b). It is very
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remarkable that the solar sector boundaries, which are
inferred from the H,.-filtergrams (McIntosh, 1972) and which
are found to play such an important role for the access
probabilities of solar energetic particles, do not in each
case coincide with interplanetary sector boundaries. A
possible explanation by chromospheric neutral lines which are
not continued into an interplanetary magnetic field sector
boundary, has been given by Roelof (1974),

The irregularities which are related with the solar cells of
different polarity certainly have to be superimposed on the
overall denendence on solar longitude which we discussed in
section 3. Formally this could be described by a variation
cf the coronal parameters with solar longitude. This < heme
might offer an explanation for the observations of "anomalous"
injection profiles of solar particles. Keath et al. (1971)
have shown that the favored path for cosmic ray propagation
in the March 12, 1969 event was about 40° east of the nominal
Archimedes spiral line of force from the flare location.
Palwer and Smerd (1972) also found a deviation from the
"classical" picture, where the best connection into snace
should be close to the flare site. They exvlain the annear-
ance of a promnt low energv oroton comnonent far away from
the original flare by the triggering action of a shock wave
travelling in the solar atmosphere. Cherki et al. (1974)
find by analyzing the March 29, 1970 event that particles of
different rigidity are ejected at different longitudes on
the Sun. Barouch et al. (1971) studied the onset times of
6-25 MeV protons for several flares from the sume active
rerion, and conclude that the marsnetic fields close to the
active region should be consideradbly distorted from the
nominal Archimedean field.

These exauples show that for individual events the release
mechanism from the Sun may become very complicated, and that
the models and coronal parameters discussed in section 3
only describe the average characteristics over manv events,
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In all cases, however, the unusual particle escape from the
Sun is thought to be related to processes occuring in the
vicirity of the Sun, in particular in the coronal magnetic
fielda. As discussed already in section 3, large coronal

nf loops probably play a prominent role. Over which lonait-
udinal range and how far up into the corona these loops extend
is not yet clear. Simmett (1974b) in case of the August 11,
1970 event has suggested the existence of a stable loop
extending several solar radii above the solar surface and
ahout 100° in longitude. Two release points should exist

for solar obrotons on both sides of this loop, with quasi-
stable travning inside the loov.

Observations from Skvlab have cast some doubt on the existence
of stable loops of this extent. Chasee al. (1975) have
studied one hundred l1nons detectable in soft X-ravs and

show that the number of interconnections decreases steeply

for longer distances; the longest interconnecting loop

extends over an angular distance of 779,

The question how far the loons extend and which portion of

the solar surface is covered with "closed" or "open" config-
urations is crucial for the whole propazation problem. The
energetic particles perform svrations about the field lines,
and the transport of particles from one field line to the
neighbouring one does not devend on whether the field lines
are closed (i.e. return to the solar atmosvhere) or ovpen

(i.e. lead out into interplanetary space). However, the

number of closed field lines determines the amount of trapning,
and once particles have been transmitted to open field lines
they will escane into space, This means that an efficient
storare mechanism, and a transmnort which Tinallv allows to
fi11 practically the whole solar atmosrhere (see MeCracken

et a81., 1971; McKibben, 1072) ourht to he onlv nossible if a
larre fraction of the solur surface is "closed". This is
confirmed by observational evidence; there should be a relative
amount of open field lines of the order 10-15 % in ecuatorial
regions, 25-40 % averaged over the whole Sun (Newkirk, private
communication). These figures are based on the potential
(current-free) coronul field calculated from the observed-
line-of-sight fields at the photospheric le¢veld (Altschuler
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and Newkirk, 1969) and mavy have to be modified by the
influence of the exnanding solar wind.

Newkivk (1973) concludes that the ambient field configuration
around active resions also determines whether or not protons
escape from a given flare. It is found that among all flares
proton flares have significantly more open field lines
emerging from the vicinity of the active region. Newkirk
assumes an "injection surface" of 726% x 362 centered on the
flare snd finds that the spread in longitude of open field
lines is characterized by a full-width-at-50 percent of 10°
to 20° which is insufficient to explain the observed longit-
udinal distribution of energetic particle events. One nossible
explanation for the discrepancy is that perhaps the original
injection surface must be larger. This would occur if shocks
are the principal sources of enerzetic protons in the corona.
We shall discuss this point in somewhat more detail in the
next section,

5. Relation to the accel¢rstion process in solar flares.

Let us first summarize some of the properties of coronal
propagation along the ideas of Simnett (1974) or licKibben
(197%). There is a "prompt component" or "phase 1" of solar
particle events. This i8 due to particles which either have
been directly accelerated on open field lines or nave been
injected onto open field lines shortly after the flare. The
longitudinal extent where these prompt narticles are found
should correspond to the "fast propagation region" discussed
above. These initially injected purticles give rise to a
relatively short decay time (licKibben, 1973).

There is a "delayed componrent™ or "phase 2" of solar particle
events., 1t is very probable thut these delayved puarticles have
been accelerated on closed {iecld lines, They then propagate
in the corona, from one cloged configuration to the next,
maybe according to the concept of the leaky boxes discussed
above, and from thereon there is only a grudual relcase of
these particles into space. If this release were instead vay
fast and efficient, we would never observe that flare
particles have finally occupied essentiully the whole inner
solar system!
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There are two different solar decay times for the two types

of perticle populations. Wibberenz and Reinhard (197%) and
Reinhard (1975a) show that by convoluting the solar decay
processes with interplanetary propagstion one can gquite
naturally explain the exponential or quasi-exponential nature
of the interplanetary decay, and that no "free escape boundary"
around 2...% AU is required, which would be difficult to be
reconciled anyhow with the Pioneer 10 and 11 observations.

We turn now to the phase-1 particles within the FPR. It has
been shown that the injeection profliles for these particles
are not of the delta-function type in time, but finite in
width (Palmer et al., 1975; Reinhard, 1975a). It is certainly
difficult to distinguish whether these finite injection
profiles stem from continuous release or continuous accel-
eration of particles. But if the decay in phase 1 is much
steeper than in phase 2 (McKibben, 1973), then the particles
cannot be replenished by the neighbouring storage region
through the same process as the phase-2 particles. There
might be a small storage region close to the flare with a
different release mechanism for the phase-1 particles (this
mechanism might exist because of the high degree of disturbance
in the solar atmosphere following the flare). Or we have to
assume that the injection profile directly gives the number
of perticles as they are accelerated.

The second possibility is very interesting with resvect to

the two~stage acceleration process, which is discussed in
detail e.g. by Lin (1974). In the first phase non-relativistic
electrons are accelerated. If a sufficiently large number of
electrons is damped into the chromosphere and lower corona,
explosive heating occurs and produces an ejection of material
and a shork wave which accelerates electrons and protons to
relavistic energies. This picture is confirmed bv Svestka and
Fritzova-Svestkova (1974). They present convinecing evidence
that proton acceleration to higher energies (3 10 MeV) is
closely connected with type II bursts, i.e. shock waves
travelling in the solar atmosphere. Our above interprectation
that the finite injection profiles wight resemble the finite
duration of the acceleration process itself would favor the
shock acceleration model for protons, and it also explains,
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why protons may be found on a wide longitudinal range of
open field lines.

The small longitudinal variation of the slopes of the
proton energy aevectrum discussed in section 3 implies that
the barticles of pvhase 1 and phase 2 have the same energy
spectrum, which means that the acceleration process should
work in the same wanner on open as well as on closed field
lines. In addition, any model of the acceleration proces
should explain why the spectral slomnes for high energy
protons and relativistic electrons are roughly the same,
k) (see Van . Hollebeks et a2l., 1975). 1t would also be
interesting to see if the energy dependence of the decay
times.as suggested by Reinhard (1975a) can be reproduced
by a shock model acceleration,

We close with a remark which emphazises the role which the
fast propagation region mav plav for the studyv of solar
acceleration processes. The Hez-rich events which are a novel
feature of solar cosmic rays (Serlemitsos and Balasubrahmanyan,
1975) apvear to be observed only for sufficiently small

events and are only found when the parent flare is on the
Western hemisphere (McDonald, private communication). This
might indicate a specific configuration near the Sun, where
the acceleration process supplies He3 nuclei only directly

to open field lines.

6. Conclusiona,

There are two important features of the interplanetary
nropagation which allow us to studv coronal transnort nhenomena:
(1) the motion of energetic particles vernendicular to the
inf 1s small, (2) the scatterins mean free path along the

imf 18 large, 80 that details of the solar injection profiles
can be rerained from measurements in apace,

We have tried to order the material bv models for accel-
eration, injection, and propoagation nrocersnes. None of thene
models has been oroven to give the real phyaical picture,
because the underlying processes could not yet be identified,
In this brief summary we shall concentrate on those onen nnints
which could dbe further clarified by spacecratTt measurements
performed out of the eclintic plane.
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{1) What is8 the nature of the "faat nranavation recion®
(nrobahly identical with the "onen cone af nronagation" or
the "repion of preferrad comnnection longitudes")? Is there
also a region of preferred connnection latitudes? If the
latitudinal extent is limited, what is the nature of the
boundary?

(2) If there is a trensport process involved within the fast
propagation region, what is the nature of this process?
Could it bhe a diffusive process with a sufficiently larse
diffusion coeffinient? In this case one shonld he ahle to
see the relativelv stronr denendenne of the maximum intensity
nn aneular distance f for small @ as discussed in section 3,
because the connection point of an ex-eclintic spasecraft
comes closer to the active resions.,

(%) Is the acceleration process directly resnonsible for the
longitudinal width of the FPR and for the faat access of
particles to open field lines? If particles are accelerated
on open field lines by a travelling shock and may then
escape into space, the extent of this "prompt" region should
be determined by the distance which the shock can travel in
longitude and latitude. Will we see particles arrive very
fast over the noles?

(4) Which role do the solar sector boundaries plav? Is there a
similar change in the access vrobabilities if one leaves a
unipolar cell on the northern or the southern houndarv?

If there is one laree univolar cell (e.g. a coronal hole)
extending from the pole to the equator, in there the snme
access probability all over this cell, or is there a-grndua]
or drastic change with latitude” Would one detect Heﬁ—rich
events over the poles?

(5) What is the nature of the eneryy-indonendent slow coronal
propacgation over large distances in lonsitude? 1la there a
drift nrocess (posasibly related 1o electric ficlas) involved?
Are the time delays and the intensitv decrenses mevely o function
of the absolute angular distance between flare and observer,
or are the varfations tyrically different into the Kasl-=West
and into the North-South direction® If the lirre scale mf
loops in the corona nlay an important role for the pronasation.
one would expect such systematic differences, and then the
preferred direction of the propagation and the latitudinal

~-286-



extent up to which particles are transported way vary

with the solar cycle, because of the difference in the
average orientation and location of the loops. If the
interpretation in section 3 on the importance of magnetic
reconnection processes is correct, the study of large scale
coronal particle transport should give insight into a
fundamental solar problem.

Acknovledgements:

I wish to acknowledge stimulating discussions with R. Reinhard,
C.~G. Ng, M.A.I. Van Hollebeke, G. Newkirk, Jr., 6. Simnett, and
D. Smart. I also thank R. Reinhard, M.A.I. Van Hollebeke, and
C.~G. Ng that I could make use of their results before publication.

-287-



Refereiices:

Altschuler, M.D. and G. Newvkirk, Jr., Magnetic fields and the
structure cf the solar corona, Solar Phys. 9, 131, 1969

Axford, W.I., Anisotropic 4iffugion of solar cosmic rays,
Planet. Space Sci., 13, 1301, 1965

Barouch, E., M. Gros, P, Masse, The solar longitude dependence
of proton event delay time, Solar Phys., 19, 483-493, 1971

Bartley, W.C., R.P. Bukata, K.G. McCracken, U.R. Rao, Anisotropic
cosmic radiaticn fluxes of solar origin, J.Geopkys. Res., 71,
3297-~3304, 1966

Bukata, R.P., U.R. Rao, K.G. McCracken, and E.P. Keath, Observation
of solar particle fluxes over extended solar longitudes,
Solar Phys., 26, 229, 1972

Burlaga, L.F., Anisotropic diffusion of solar cosmic rays,

J. Geophys. Res., 72, 4449, 1967

Chase, R.C., A.S. Krieger, Z. Svestka, and G.S. Vaiana, Skylab
obgervations of X-ray loops connecting separate active regions,
s;ace Res., XVI (COSPAR-Meeting, Varna 1975), to be published,

Cherki, G., J.P. Mercier, A. Raviart, L. Treguer,D. Maccagni,
F. Perotti,and G. villa, Effect of solar corona condition
on flare particle propagation, Solar Phys., 34, 223 s 1974

Datiove, D., Relativistic electrons in solar particle events,

Solar Phys., 17, 436 » 1971
Elliot, H., Particle diffusion in the solar corona, in Dyer (ed.),

Solar Terrestrial Physics, Part I, 1, 134 » 1970

Engtade, R.C., A computational model for solar flare particle
propagation, J. Geophys., Res., 76, 768 e 1M

Fan, C.Y., M. Pick, R. Pyle, J.A. Simpson, and D.R. Smith, Protons
asgociated with centers of solar acticity and their propa-

gat on in interplanetary magnetic field regions corotating
with the sun, J. Geophys. Res., 73, 1555 » 1968

Fisk, L.A., and K., H. Schatten, Transport of cosmic rays in the
solar corona, Solar Phys., 23, 204, 1972

cold, R.E., and E.C. Roelof, A prediction technique for low
energy solar proton fluves near 1 AU, Space Res. XVI (Cospar-
Meeting varna 1975), to be published, 1575

Xeath, E.P., R.P. Bukata, XK.G. McCracken, and U.R. Rao, The anomalous
distribution in heliocentric longitude of solar injected cosmic
radiation, Solar Phys., 18, 503, 1971

Lanzerotti, L.J., Coronal propagation of low energy solar protons,
J. Geophys. Res., 78, 3942, 1973

Kirsch, E. and J.¥. Minch, Intensities and anisotropies of low
energy solar protons measured aboard the satellites AZUR,
Explorer 35 and 41, November 1969~ April 1970., Solar Phys.,
39, 459, 1974

- 288~



Krieger, A.S., J.T. Nolte, J.D. Sullivan, A.J. Lazarus,
P.S. McIntosh, R.E. Gold, and E.C. Roelof, Relation of large-
gscale coronal X-ray structure and cosmic rays: 1. Sources
of solar wind streams as defined by X-ray emissior and H,-

absorption features, Proc. 14th Intern, Cosmic Ray Conf.,
Paper SP 4-4, Minchen 1975

Xrimigis, S.M., E.C. Roelof, T.P. Armstrong, and J.A. Van Allen,
Low energy (>0.3 MeV) solar particle observations at widely
separated points (>0.1 AU) during 1967, J. Geophys. Res.,
76, 5921, 1971

Lin, R.P., Observations of scatter-free propagation of ~40 keVv
solar electrons in the interplanetary mediwm, J. Geophys. Res.,
75, 2583 » 1970

Lin. R.P., Non-relativistic Solar electrons, Space Sci. Revs., 16,

Ma Sung, L.S., M.A.I. Van Hollebeke, and F.B. McDonald, Propagation
characteristics of solar flare particles, premint 1975

McCracken, K.G., and U.,R., Rao, Solar cosmic ray phenomena, Space
Sci. Revs., 11, 155 s 1970

McCracken, X.G.,, U.R. Rao, R.P. Bukata, and E.P. Keath, The decay
phase of solar flare events, Solar Phys., 18, 100 » 1971

McIntosh, P.S., Solar magnetic fields derived from hydrogen alpha
filtergrams, Revs., Geophvs. Space Phys., 10, 837, 1972

Mckibben, R.B., Azimuthal propagation of low enerdgy solar-flare
protons as observed from spacecraft very widely separated in
solar azimuth, J. Geophys.Res., 77, 3957, 1972

McKibben, R.B., Azimuthal propagation of low-energy solar flare
protons: Interp:retation of observations, J. Geophys. Res.,
78, 7184 s 1973

Newkirk, G.,Jr., Coronal magnetic :ields and energetic particles,
in jligh Energy Phenomena on the Sun, Symposiwn Proceedings,
GSFC X=-693-73-193, p. 453 » 1973

Newkirk, G. Jr., Solar activity, coronal observations, and
cot yos8ition,
Poc., 14th Intern. Cosmic Ray Conf., Invited Paper, Miinchen 1975

Ng, C.-G., and L.J. Gleeson, A complete model of the propagation
of solar-flare cosmic rays, prepint 1975

Nolte, J.T. and E.C. Roelof, Large-scale structure of the interplanc-
tary medium. I: High coronal scurce longitude of the nuiet-time
solar wind, Solar Phys., 33, 241 y 1973

Palmer, I.D. and S.F. Smerd, Evidence for a twvo-component injection
of cosmic rays from the solar flare of 1969, March 30,
solar Phys., 26, 460, 1972

palmer, I.D., R.A.R, Palmeira, and F.R. Allum, Monte Carlo Model of
the hichly anisotropic solar proton event of 20 April 1971,
golar Phys., 40, 449 y 1975

~289-



Pomerantz, M.A., and S.P. Duggal,
The Sun and cosmic rays,
Revs. Geophys. Space Phys. 12, 343, 1974

Reid, G.C., A diffusive model for the initial phase of a solar
proton event, J. Geophys. Res., 69, 2659, 1964

Reinhard, R., and G. Wibberenz, Propagation of flare protons in
the solar atmosphere, Solar Phys., 36, 473 s+ 1974

Reinhard, R., and E.C. Roelof, Drift and diffusion of solar flare
protons in the coroma, Premi:.", 1975

Reinhard, R., Thc¢ expoaential decay of solar flare particles. II.
Wwestern hemispkere events. Proc. 14th Intern. Cosmic Ray Conf.
Paper SP 4-1, Miinchen, 1975a

Reinhard, R., Die solare Ausbreitung flareerzeugter Protonen im
Energiebereich 10 - 60 MeV, Dissertation, Kiel, 1975b

Roelof, E.C., Coronal magnetic fields and the structure of low-

energy solar charged particle events, In: Svmposium on High
Enerday Phenosiena on the Sun, NASA P1bl. X-693-73-193, pp.
4856, 1973

Roelof, E.C., Coronal structure and the solar wind, In C.T. Russell
(Bd.), "Solar Wind Three®", Proc. Asilomar Conf., LOs Angeles 1974

Roelof, B.C., and S.M. Krimigis, Analysis and synthesis of coronal
and interplanetary energetic particle,plasma, and magnetic
field observations over three solar rotations, J. Geophys. Res.,
78, 5375 » 1973

Roelof, E.C., J.A. Lezniak, W.R. Webber, F.B. McDonald, B.J. Teegarden,
and J.H. Trainor, Relation of coronal magnetic structure to
the interplanetary proton events of August 2-9, 972,
In: D.E. Page (Ed.), Correlated InterplanetaXy and Magneto-
spheric Observations, Dordrecht 1574

Roelof, E.C., R.E. G014, S.M. Krimigis, A.S. Krieger, J.T. Nolte,
P.S. McIntosh, A.J. Lazarus, and J.D. Sullivan, Relation of
large-scale coronal X-ray structure and cosmic rays: 2. Coronai
control of interplanetary injection of 300 kevV protons,

Proc. 14th Intern. Cosmic Ray Conf., Paper SP 4-5, Minchen, 1975

Schulze, B.-M., A.K. Richter, and G. Wibberenz, The influence of
Finite injection periods cn anisotropies during solar particle
events, Proceedings of the HELIOS Scientific Colloquium,
Windberg 1974

Schulze, B.-M., A.X. Richter, and G. Wibberenz, On the influence of
injection profiles and of interplanetary propagation on the
time-intensity and time-anisotropy profiles of solar cosmic
rays at 1 AU, Proc. 14th Tntern. Cosmic Rav conf., Paper 5. 1-9,

Miinchen 1975
ol

Simnett, G.M., Relativistic electrons from the sun observed by Imp-4.

Simnett, G.M., Relativistic electrons events in interplanetary space,
space Sci. Revs., 16, 257 e 1974a

Simrett, G.M., A correlation between time-overlapping solar flares
and the release of energetic particles, Solar Phys., 34, 337
1974b

i Serlemitsos, A.T., and V.K. Balasubrahmanyan, Solar particle

eventn with anomalously large relative abundance of 3He,
Astrophys. J., 198, 195, 1975

~-290-



Smart, D.F., M.A. Shea, H.W. Dodson, and E.R. Hedeman,
Distribution of proton producing flares around the Sun,
Space Res. XVI (COSPAR-Meeting, Varna :975), to be published

Svestka, Z. and L. Pritzova-Svestkovi, Type II radio bursts and
particle acceleration, Solar Phys. 36, 417, 1974

Van Hollebeke, M.A.I., L.S. Ma Sung, and F.B. McDonald, The variation
of solar proton energy spectra and size distribution with
heliolongitude, Solar ths. 41, 189, 1975

Wibberenz, G., Interplanetary magnetic fields and the propagation
of cosmic rays, J. Geophys. 40, 667, 1974

Vibberenz, G., and R. Reinhard, The exponential decay of solar
flare particles.I .BEastern hemisphere events, Proc. 14th Intern.
Cosmic Ray Conf., Paper SP 4-1, Miinchen 1975

~291-



Figure Caption:

Figure 1: Schematic representation of "propagation® and ®“stcrage®
processes. The main difference is in the lateral
distribu-ion of particles, whereas an observer close
to the original acceleration region may see the same
injection function in both cases.

Figure 2: Number of solar events as a function of solar longitude,
for different particle types and en-rgies. Data have
been collected from Lin {1974), Van Hollebeke et al.
(1975), Pomerantz and Duggal (1974), and Simnett (1974).

Figure 3

The time of the intensity maximum (tm) zs a function
of solar longitude. The collection of experinental
points taken from Reinhard and l'itberenz (1974) is
compared with calculations. Curves (a; and (c¢) are
based on the coronal diffusion mocel (Reid, 19€4) in
the extended version of Mg and Gleeson (1975), curve
(DD, is based on the combination of z fast propagation
region with the drift-diffusion model (Reinnard and
Roelof, 1575).

Figure 4: Angular spread over the solar surface for different
coronal propagation models. Temporal developuent
from top to bottom. The influence of the escape
process is neglected. N is the average particle
density within the cross-hatched area, ¢ is a
charucteristic maximum distance {ion the flure site
reached after time t.
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MODELS FOR PROPAGATION OVER LARGE DISTANCES IN SOLAR LONGITUDE

DIFFUSION (REID’S MODEL) __[IDRIFT-DIFF. {REINHARD,ROELOF, WIBBERENZ)

TWO-DIMENS.

ONE-DIMENS. 4 TWO-DIMENS. ONE-DIMENS.

t 2 O(FLARE)

b~ t N=aconst. o~t






