C‘ U q NIEDERSACHSISCHE STAATS- UND
-~ L UNIVERSITATSBIBLIOTHEK GOTTINGEN

Werk

Jahr: 1976

Kollektion: fid.geo

Signatur: 8 Z NAT 2148:42

Digitalisiert: Niedersachsische Staats- und Universitatsbibliothek Gottingen
Werk Id: PPN1015067948_0042

PURL: http://resolver.sub.uni-goettingen.de/purl?PPN1015067948_0042

LOG Id: LOG_0105

LOG Titel: Interaction of low-energy (>80 keV) protons with the January 6 and 8, 1975, shock waves: Helios-1 observations
LOG Typ: article

Ubergeordnetes Werk

Werk Id: PPN1015067948
PURL: http://resolver.sub.uni-goettingen.de/purl?PPN1015067948
OPAC: http://opac.sub.uni-goettingen.de/DB=1/PPN?PPN=1015067948

Terms and Conditions

The Goettingen State and University Library provides access to digitized documents strictly for noncommercial educational,
research and private purposes and makes no warranty with regard to their use for other purposes. Some of our collections
are protected by copyright. Publication and/or broadcast in any form (including electronic) requires prior written permission
from the Goettingen State- and University Library.

Each copy of any part of this document must contain there Terms and Conditions. With the usage of the library's online
system to access or download a digitized document you accept the Terms and Conditions.

Reproductions of material on the web site may not be made for or donated to other repositories, nor may be further
reproduced without written permission from the Goettingen State- and University Library.

For reproduction requests and permissions, please contact us. If citing materials, please give proper attribution of the
source.

Contact

Niedersachsische Staats- und Universitatsbibliothek Gottingen
Georg-August-Universitat Gottingen

Platz der Gottinger Sieben 1

37073 Géttingen

Germany

Email: gdz@sub.uni-goettingen.de


mailto:gdz@sub.uni-goettingen.de

Journal of
J. G hys. 42, 645—-657, 1977 -
cophys Geophysics

Interaction of Low-Energy (> 80 keV) Protons
with the January 6 and 8, 1975, Shock Waves:
Helios-1 Observations*

A.K. Richter and E. Keppler
Max-Planck-Institut fiir Aeronomie, D-3411 Katlenburg-Lindau 3, Federal Republic of Germany

Abstract. During January 6-8, 1975, both the fluxgate magnetometer (IGM,
Braunschweig) and the plasma experiment (MPE, Garching) on board HE-
LIOS 1 observed two shock-events separating certain regions in space, which
exhibit different structures as far as the type and the magnitude of interplane-
tary fluctuations are concerned. At the same time the low-energy charged
particle spectrometer (MPAE, Lindau) on board HELIOS 1 measured the
energy- and directional-distribution of 80-6150 keV protons in 16 different
energy- channels and in 16 different directions for each energy simul-
taneously. The influence of the observed interplanetary fluctuations on the
energy-, the spectral- and the directional distributions of these low-energy
protons are discussed in view of local acceleration mechanisms and inter-
planetary propagation effects.

Key words: HELIOS mission — Interplanetary shock waves — Proton obser-
vation in interplanetary space.

Introduction

On December 10, 1974, the solar probe HELIOS 1 was launched into a heliocen-
tric orbit with an aphelion of ~0.98 AU and a perihelion of ~0.3 AU, respec-
tively. The spaceprobe is spinning at a rate of about 1 rev./s with its spin
axis normal to the ecliptic plane. The charged particle spectrometer (CPS) of
the Max-Planck-Institut fiir Aeronomie, Lindau, Germany, on board HELIOS 1
measures electrons and protons in the energy range 20 keV —1 MeV and
80-6150 keV, resolved in 16 quasilogarithmically scaled energy-intervals and
in 16 angular directions. The separation of the electrons and protons is performed
by an inhomogeneous magnetic field of ~800 Gauss. The instrument’s aperture
is pointing radially outwards of the spaceprobe in the ecliptic plane with an

*  Dedicated to Prof. G. Pfotzer on the occasion of his 68th birthday
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opening angle of 10° half angle. At the highest bitrate energy-integral, angular
distributions for electrons or protons are obtained every 13.5s, while a full
set of spectral measurements in all 16 directions takes 108 s (Keppler et al.,
1976 and 1977). Thus, the CPS instrument is marked by its high time-, energy-
and directional-resolutions and by the fact that it is the first instrument deep
in interplanetary space to observe protons and electrons as low in energy as
80 and 20 keV, respectively. In combination with the plasma- and magnetic
field experiments this CPS experiment is therefore favoured to study *wave-
particle-interactions” in interplanetary space well away from the influence of
the earth’s bow shock.

In this article we want to report on the interaction of two shock-waves
and associated magnetic field fluctuations, as observed both by the fluxgate
magnetometer (Institut fiir Geophysik und Meteorologie, Universitit Braun-
schweig)and by the plasma experiment (Max-Planck-Institut fiir Extraterrestrische
Physik, Garching), with low-energy protons, as detected by our CPS experiment
during January 6-8, 1975. We shall discuss the influence of these magnetic
fluctuations on the energy, the spectral, and the directional distributions of
these low-energy protons in view of local and global acceleration mechanisms
and interplanetary propagation effects.

Observations of the Interplanetary Medium

During January 6-8, 1975, HELIOS 1 was located at a distance of about 0.92 AU
away from the sun, and at a mean earth-sun-probe angle of about 8° east
of the earth-sun line. At this time the spaceprobe was therefore well away
from the influence of the earth bow shock. According to the observations
of the CPS and the high-energy cosmic ray experiments during this period
of time, HELIOS 1 was right at the trailing edge of a solar cosmic ray event
which was, most probably, associated with a flare that took place on the sun
at January 5, 08.00 UT. During the decreasing part of this event both the
fluxgate magnetometer and the plasma experiment observed two well defined
shock waves: The first one on January 6, at about 20.44 UT, and the second
one on January §, at about 00.22 UT. In Figure 1 we show the locations of
HELIOS 1 during January 6-8, 1975, and of the planes of the two shocks
in question projected into the ecliptic plane. The associated shock normals
are perpendicular to these two planes. Following Neubauer (1977, private com-
munication) the characteristic parameters of the first, the January 6 shock are:

AN, ~ 6.7 (cm™?)

AV, ~ 82.1 (km-s™ )

AF ~ 58 (y)

0. ~ 3352° 1)
0, =~ 30.1°

V. ~ 625 (km-sY)

B, .nx~ 0




Interaction of Low-Energy Protons With Interplanetary Shock Waves 647
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Fig. 1. Location of HELIOS 1, the earth and the two shock-planes during January 6-8, 1975

Thereby N, and V, denote the solar wind density and velocity as measured
for its proton component, respectively, F the magnitude of the interplanetary
magnetic field B, n the vector of the shock normal with its angles ¢, and
f,, where @ (Phi) measures in the ecliptic plane with ¢ =0° pointing towards
the sun, and @ (Theta) out of the ecliptic plane with 0=0° in the ecliptic
plane, and V, the shock speed in the direction of its normal. A stands for
the difference of the pre- (index 1) to the post-shock (index 2) values of the
parameters in question. For the second, the January 8 shock Neubauer et al.

(1977) quote the following values:

AN, ~ 312 (cm %)

AV, ~ 50.0 (km-s™ ")

AF ~ 59 (y)

o, =~ 254° (2)
0, = 19.7°

V. =520 (km-s™ Y

B, -n+ 0

Though these two shocks seem to have some similarities (e.g. in their shock
speeds and the changes in the proton densities, velocities and the magnitudes
of the interplanetary magnetic field across the shocks) there is, however, one
very important difference between these two shocks: The first shock-wave is
more or less perpendicular while the second one is oblique to the averaged
pre-shock field direction. This has, as we shall see, some important consequences

for the interplanetary low-energy ions.
In the two lower panels of Figure 2, labelled E2-IGM and E1-MPE, we

have plotted 40 s averages of the magnitude of the interplanctary magnetic
field (F) in gamma and its angles phi (¢) and theta (), and the solar wind
velocity (¥,) in km/s and its density (N,) in cm™?, as measured for the proton
component. From these figures it readily follows that these two shock waves
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separate different regimes in interplanetary space with different intensities in
the plasma and magnetic-field fluctuations: In the pre-shock regime of the first

shock (hour 0-6 of January 6) we find only little fluctuations in the magnetic

field magnitude, the solar wind velocity and the proton density. Only for the
period from hour 5-9 of January 6 there are some larger (N, is plotted logarith-

mically) irregularities in the density. However, taking the directions of the inter-
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planetary magnetic field into account, we first find large directional fluctuations
(especially of the angle phi) of increasing amplitudes for a decreasing distance
from the first shock front after approximately hour 6. For the subsequent
discussion we shall assume that these fluctuations are primarily of Alfvénic
type. After we have passed the first shock front we enter into a second regime
with enhanced density-fluctuations. These fluctuation could be due to ““acoustic”
waves most probably generated by the interaction of the shock wave with
the pre-shock Alfvén-waves: If the shock normal and the directions of both
the background field and the wave-vector of the Alfvén-waves are not co-planar,
acoustic waves are generated. This second region extends right up to the tangen-
tial discontinuity occuring at 22.18 UT of January 6. After this discontinuity
the fluctuations are smoothed out as far as the intensity and the direction
of the interplanetary magnetic field are concerned. The interplanetary medium
is now characterized by a large gradient in the magnetic field strength of about
12 gamma/5.5 h. At about 11.00 UT of January 7, we enter into a fourth regime
which exhibits a similar structure to the pre-shock region of the first shock
wave: This regime is again dominated by transverse, directional fluctuations
of increasing amplitude. After passing the second shock wave which occurs
at 00.22 UT on January 8 there are again superimposed density fluctuations,
which last until the tangential discontinuity at 12.13 UT of January 8 is reached.
Behind this discontinuity the interplanetary fluctuations are smoothed out nearly
instantaneously with a small magnetic field gradient being superimposed.

Observations of Low-Energy Protons

In the upper half of Figure 2 (labelled E8-MPAE) we have plotted 12 min
averages of the omnidirectional intensities (particles-cm™2?-s™!-sr~!-keV 1)
of the 80-190 keV, 190-730 keV and the 730-6150 keV protons as observed
by the CPS experiment on board HELIOS 1. The intensities of the medium-
and the high-energy channel have been multipled by a factor of 10 and 100,
respectively. Below these three curves the averaged ration of the ion-energy
channels 16 (730-6150 keV) and 15 (585-730 keV) is shown. If the spectral
dependence on energy of the protons is known, this ratio is a measure for
the proton-to-alpha ratio for alphas with energies greater than about 350 keV/
nucl. The fifth and final curve represents the counts/s-time profile of the 4 n-
omnidirectional cosmic-background radiation as observed by the background
telescope of the CPS experiment.

From on overall inspection of Figure 2 it readily follows that there is a
strong correlation between the different intensity profiles of the low-energy
protons and the large-scale fluctuations of the plasma and magnetic field parame-
ters: (1) The intensities of the >80 keV protons peak directly at the first shock
front. (2) Around the first shock front the intensities of the three energy intervals
indicated are more or less symmetrically distributed. This distribution is narrow-
est for the > 730 keV protons, and relatively wide-spread and asymmetric with
a much slower decrease toward the post-shock regime for the 80-190 keV pro-
tons. (3) In case of the first shock the intensities of, in particular, the >190 keV
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protons start to increase already far ahead of the shock front. This increase
starts at around 9 o’clock on January 6, and it takes place over exactly that
region in space where the magnetic field fluctuations are predominantly Alfvénic.
The intensities of the low- and medium-energy protons get flatter and gain
local maximum values at around 17.00 h. (4) Combining (2) and (3) we find
that the intensity increases in the pre-shock medium of the first shock-wave
seem to take place in two separate steps: First, there is the rather slow, long-
lasting increase starting well ahead of the shock. Secondly, there is the more
rapid, steeper well defined increase to the overall maxima ar the shock front
itself. Especially from the low- and medium-energy particles’ intensities it follows
that this second increase seems to take place shortly after the first increase
flattenes off. For the 80-190 keV protons this first-step increase is smallest
(a factor of about 3.7 in intensity) and largest for the higher energy ions (~11.3),
whereas the second-step increase is largest for the low-energy protons (~8.5)
and smallest for the 730-6150 keV protons (~3.1). (5) In case of the second
shock wave the situation is more or less inverse: Now, the intensities of the
low-energy protons increase ahead of the shock front, whereas there is nearly
no effect of the shock wave on the overall tendency of the intensities of the
>190 keV protons. This first step increase of the intensity of the low-energy
ions starts at about 16.00 h on January 7. Contrary to the first shock-wave
there is no pronounced intensity increase associated with the second shock
for the >80 keV protons, i.e., there is no pronounced second-step increase.
(6) For the 80-190 keV protons, however, the first-step increases ahead of the
two shock-waves seem to have one common feature: In both cases the intensities
increase by the same factor of about 3.7 over the same period of time of
about 7.8 h. (7) Behind the first shock the intensities stay well above background
for at least another 10 h. Especially for the > 190 keV ions there are, however,
several sharp decreases of the corresponding intensities. The reason is that
during that time the interplanetary magnetic field turns out of the plane of
the ecliptic by 45° and more. Behind the second shock-wave the intensities
are roughly equal to the background intensities observed at around 0-6 h on
January 6. (8) Between the overall intensity decrease after the first shock and
the following increase ahead of the second shock, all intensities gain locally
their background values: For the 80-190 keV protons from about 12.00-16.30 h
on January 7 and for the 190-730 keV ions from about 14.15-17.45 h. Thus,
the two intensity-time histories associated with the two shock-waves are well
separated in space and/or time. (9) The intensity-time profile of the P16/P15
ratio indicates that there is an increase of the alpha-to-proton ratio ahead
of the first shock. This ratio exhibits roughly the same time history around
the first shock-wave as the 730-6150 keV protons. (10) The overall background
radiation shows a well defined, long lasting decrease after the first tangential
discontinuity has passed the spaceprobe. This is known as a Forbush decrease.

As the background radiation is very smooth and steady and as no extra-
ordinary solar activity has been observed over the time period in question,
we may conclude that the strong correlation mentioned above is due to interac-
tions of the ions with the shock waves and associated fluctuations. Thus, in
order to study the spectral dependence of the protons on energy, the anisotropy



Interaction of Low-Energy Protons With Interplanetary Shock Waves 651

and the direction of anisotropy, we have to transform the corresponding inten-
sities, energies and characteristic angular directions from the spacecraft into
the solar wind frame. As there are observations available in 15 energy intervals
in the 80-730 keV range, we are able to undertake the most general, non-linear
Compton-Getting transformation between the two frames by making no assump-
tions about, for instance, the spectral shape, the dependence of the spectral
index y on the direction etc. After performing this transformation we calculated
the value A of the anisotropy from the maximum (I,,,) and minimum (I;,)
intensities of the angular directions respectively, via the equation

A=(lmax—Imin)/(lmax'i_[min)' (3)

As the CPS instrument is pointing in the ecliptic plane, the directional
information (intensity vs. direction) can be transformed into the angular informa-
tion (intensity vs. ecliptic angle ¢ (Phi)). Thus, we are able to plot intensity
vs. ¢ and time. Determining then the overall omnidirectional intensities of
the 15 energy-channels, we are able to calculate the spectral index y by assuming
a power-law dependence of the intensity on energy and by applying a least-
squares fit procedure.

In Figures 3a and b we have plotted the 12 minutes averaged values of
the intensities J (protons/cm?-s-sr-keV) of 100 keV protons wvs. the ecliptic
angle ¢ and time ¢ in the upper halves, and of the values A of the anisotropy
as defined by equation (3) vs. time ¢ in the lower halves. For the directional
plots of the intensities (upper halves) we have subjected the J-values to a grey-
shading scale of 6 settings, ranging from black (lowest intensities) to white
(highest intensities). On the right hand sides we have indicated the corresponding
threshold values. As the intensities associated with the first shock are, on the
average, much higher than for the second shock-wave, we had to make two
separate plots in order to show the effects. Figure 4 shows the distributions
of the magnitude and angles Phi and Theta associated with the interplanetary
magnetic field B (see Fig. 1) and of the exponent (spectral index) y for those
time-periods around the two shock-waves where the intensities are above their
background values.

From these three Figures we find: (11) In case of the first shock (Fig. 3)
the value of the anisotropy starts to increase and to gain overall higher values
in front of the shock wave, and to decrease more or less abruptly across the
shock front itself. In the pre- and post-shock regions the anisotropy is rather
high. However, it exhibits some longer-lasting depression around 9-12 o’clock
on January 6. This is about the time interval where the interplanetary magnetic
field starts to fluctuate in its direction, especially in the angle ¢. (12) In case
of the second shock-wave (Fig. 3b) the anisotropy increase is not very much
pronouned, nor its decrease across the shock front itself. In the pre-shock
regime the anisotropy stays at about 0.8 and is therefore rather high. (13)
Turning to the directional plots of the anisotropy, we find around the first
shock-wave: There is well defined bi-directional anisotropy in the pre-shock
region from hour 0 to about hour 17 on January 6. Note the enormous difference
in the intensity values, ranging from below 5 up to over 200 protons/
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Fig. 3a and b. Distribution of the directional anisotropy (intensity vs. time and ecliptic angle ¢)
and the anisotropy value vs. time for 100 keV protons transformed into the solar wind frame
around the two shock-waves observed on January 6 and 8, 1975
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Fig. 4. Time profiles of the magnitude and the directional angles of the interplanetary magnetic
field, and of the spectral exponent ; determined by a least-squares fit procedure of the transformed
omnidierectional intensities of 16 energy-channels ranging from 80-6150 keV

cm?-s-sr-keV. Over this period of time the maximum fluxes are separated
by about 180°, indicating a flow of the 100 keV protons towards and away
from the shock front at the same time. This type of a strong, bi-directional
anisotropy is also found in the post-shock region from about hour 23 onwards.
It should be noted that these two bi-directional regimes coincide with the pre-
and post-shock intensity distributions of the 80-190 keV ions in Figure 2. Over
that period of time, i.e., from hours 17-23, where in Figure 2 the low-energy
protons exhibit their second-step increase to their overall maximum, their aniso-
tropy distribution becomes more isotropic, and therefore the value of their
anisotropy decreases. (14) In case of the second shock wave we again find
a rather strong, bi-directional anisotropy distribution in front and behind the
shock plane. The directions of the corresponding maximum particle fluxes are
again separated by approximately 180°, i.e., the low-energy protons are streaming
towards and away from the shock plane at the same time. Around the shock
front itself the distribution of the 100 keV protons again gets more isotropic.
(15) We want to mention that for 300 keV protons, i.e., for particles belonging
to the second of our three energy intervals depicted in Figure 2, we find roughly
the same overall distributions around the two shocks what the directional aniso-
tropy as well as the anisotropy value is concerned. (16) Turning finally to
Figure 4 we find for the spectral index 7 that it gains overall higher values
of around 2.4 in the pre-shock regime of the first shock at around 14.00h
on January 6, and of about 2.3 in the pre-shock region from around hours
1-9 of January 7. Across the shock front itself y increases only slightly. Its
absolute maximum value of 3.4, however, the spectral index reaches well behind
the shock front at about hours 22.00-23.30. In case of the second shock-wave
we can state that y exhibits no systematic changes in front, at, or behind the
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shock. However, it should be noted that the mean overall value of y drops
from about 2.2 to a value of 2.0 across the shock plane with a change in
the maximum-to-minium values of about 2.6 to 1.7.

Discussions

According to the theory of, e.g., Scholer and Morfill (1975) and Morfill and
Scholer (1977a) (see also references cited in there), cosmic ray particles can
be accelerated by interaction with oblique shock waves due to the induced
electric field in the shock front (first order Fermi acceleration). If the particles’
mean free path in the pre-shock region of the shock is small enough, then
a repeated interaction with the shock front and thus a repeated acceleration
can take place, while the shock is propagating from the sun out to 1 AU.
The authors have shown that already 5-10 interactions per AU with a normal
strong shock wave and relatively high diffusion coefficients of the order of
(2-5) x 10*° cm?-s~! for the pre-shock region can already accelerate protons
from thermal energies to some hundreds of keV. It is stressed that this type
of acceleration is by more than an order of magnitude more effective than
any pile-up process ahead of shock fronts discussed by, e.g., Palmer (1972).
Monte-Carlo model calculations have led to the following results: First, the
repeated acceleration leads to a maximum intensity of the accelerated particles
which occurs at some time t (hour) before the shock arrives. Roughly it is
toc 1/V, and energy-independent, where V is the shock velocity. Then the inten-
sity decreases rather rapidly behind the shock by about an order of magnitude
within one hour. Second, the actual maximum value of the intensity depends
on the value of the diffusion coefficient in the pre-shock region. If this value
is, e.g., too high the particles being accelerated once can easily ‘disappear’
into interplanetary space. Third, the anisotropy value A increases in front of
the shock-wave and then decreases across the shock front itself. Fourth, due
to the acceleration process itself the anisotropy distribution in the pre-shock
regime should be bi-directional with a difference of 180° in the streaming direc-
tions of particles of maximum intensities, indicating that particles are propagat-
ing towards and away from the shock at the same time. Particle increases
due to this type of acceleration process are sometimes called ‘ESP (Energetic
Storm Particle) Events’. From the discussion on the ESP-acceleration mecha-
nism it directly follows that it has to operate for a rather long time (fgsp)
in order to produce significant increases in the particles’ intensity to be observed
above certain energy-thresholds (e.g., 80 keV for our CPS instrument) and well
above the instrumental background.

Following Sarris and Van Allen (1974) a very intensive acceleration of
charged particles can take place, if the shock wave is nearly perpendicular,
i.e., if the pre-shock magnetic field is almost parallel to the shock surface
itself. Schindler (1965) has shown that this acceleration is not of the type of
first or second order Fermi acceleration. In this case low-energy protons, e.g.,
can be accelerated nearly instantaneously up to e-times their initial energy,
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where ¢=B,/B, is the ratio of the averaged magnetic strengths in the post-
and pre-shock regions, respectively. If 7, is the time that the pre-shock magnetic
field stays parallel to the shock front, and if ¢ is the time spent by an ion
in the shock front, then the only restraint for this fast and strong acceleration
mechanism is that ¢ should be less than z,. Then for the peak-to-background
(p/b) intensities one roughly finds p/b=¢"+!, where 7 is the ion spectral index.
As the time ¢ is roughly proportional to the particles’ initial rigidity, this mecha-
nism is strongest for the low-energy ions. Due to fluctuations in the direction
of the interplanetary magnetic field in the pre-shock regime, both the background
field and the shock front will stay parallel only for a short time. Thus, this
acceleration mechanism is only a local effect, and it will mostly operate only
for a short time (fgg). Particle increases due to this kind of acceleration are
called “Shock-Spike Events”. From the discussions above it clearly follows
that tssg < lgsp-

Studying energetic charged particles in association with interplanetary
oblique shocks one rather often finds increases in their intensities in the post-
shock regimes. According to Morfill and Scholer (1977b) these ‘Post-Shock
Events’ could be due to the following post-shock acceleration processes: First,
after a shock wave there are out- and inwardly propagating waves present.
Thus, there is a strong possibility of second order Fermi acceleration behind
shock waves. Second, there are very often more acoustic waves present after
a shock than in the quiet solar wind in front of the shock. This could lead
to particle acceleration by nonlinear wave-particle interactions. Third, due to
an enhanced gradient of the solar wind velocity after the shock front the adiabatic
decceleration could be much smaller in the post-shock regime. Another, different
theory on the formation of these post-shock events has been discussed by Sarris
and Van Allen (1974): Whenever an oblique shock becomes a perpendicular
one, particles are instantaneously accelerated in the way discussed above. Due
to the directional fluctuations of the post-shock magnetic field these accelerated
particles very easily are able to penetrate into the post-shock regime and to
cause an increase in the overall particles’ intensity. However, there should be
at least two differences in the mechanisms mentioned: First, the time-scale
of the first process to operate (tpsg;) and of the second one (#psg,) should
be such that tpsg, <fpsg;. Second, if the first process is primarily a Fermi
process, then the directional anisotropy should be bi-directional for the first
mechanism, but primarily uni-directional for the second one.

Combining the observational results for the intensity-, the anisotropy-, and
the spectral index-time profiles of the >80 keV ions in Figures 2-4 together
with the theoretical studies summarized above, we propose that the particles’
intensity distributions during January 6-8, 1975, can be understood in terms
of classical ESP-, Shock-Spike-, and Post-Shock-Events in the following sense:
(A), the first-step intensity increases in front of the two shock waves are ESP-
Events in the sense discussed above. (B), the second-step intensity increases
at the first shock-wave a Shock-Spike-Event in the sense mentioned before.
(C), the high, but overall decreasing intensities behind the first shock are due
to post-shock acceleration mechanisms. In the following three sections we shall
briefly list our arguments and draw some implications:
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(A) The intensity of the >730 keV protons starts to increase already 10 h
before the first shock arrives, or of the >80 keV ions at least 8 h in front
of the second shock. In both cases there is a well defined bi-directional anisotropy
with a separation by 180°. This indicates that protons are propagating towards
the shocks and away from them into the pre-shock regions at the same time.
We want to emphasize that this holds even for the 100 keV protons. Thus,
even for these low energies some kind of ““diffusive” process has to take place
at least in the pre-shock regimes. In case of the first shock the anisotropy
value does increase in front of the shock-wave, and does decrease drastically
across the shock front. We find relatively high values of the spectral index
of ~2.4 over the time-periods in question, which might also indicate that some
kind of acceleration takes place. At least for the 80-730 keV protons we find
some local intensity maxima T ~4-5 h in front of the first shock-wave. Using
the relation of Morfill and Scholer, we find, because of equation (1), 1 =5.6 h,
and therefore some coincidence. However, in contrast to theory the t-values
are not energy-independent: The t-value for the 730-6150 keV protons is much
smaller than for the 80-730 keV ions. We believe that this is due to a strong
energy-dependence of the diffusion coefficient in the pre-shock medium in the
sense that this diffusion coefficient increases for decreasing energies. That this
could be indeed the case can also be deduced from the different values for
the p/b-ratios for the three energy-intervals depicted in Figure 2: In accordance
to theory, we find higher values (p/b ~11.3) for the 730-6150 keV protons,
however, only p/b ~3.7 for the 80-730 keV ions (for a second argument for
our hypothesis see also (B)). In case of the second shock the situation is inverse:
Now the ESP-type behaviour increases for decreasing energies. Thus, the mag-
netic fluctuations in front of the second shock should be such that the particles’
mean free paths should be smaller for the lower-energy protons. Another possi-
bility could be that the second shock was formed somewhere between sun
and earth, and therefore did not last long enough to accelerate thermal particles
to energies much larger than 200 keV.

(B) The intensities of protons of all energies >80 keV peak directly at the
shock. The anisotropy gets omni-directional. In accordance with the theory
the shock-spike acceleration is rigidity dependent: We find larger intensity in-
creases for the low-energy protons with p/b ~8.5 for the 80-190 keV particles
than for the higher-energy ions, for which p/b =~3.1 in the 730-6150 keV range.
Using Figures 2 and 4 we calculated a value for p/b predicted by theory of
~ 8.4, which is in excellent agreement with the value for the low-energy protons.
The more or less symmetric intensity distributions on the two sides of the
shock could be due to the following effect: The accelerated particles can pen-
etrate into the up- and down-stream medium whenever, due to the large-ampli-
tude directional fluctuations of the magnetic field, both the field direction and
the direction of the shock front are oblique and no longer parallel to each
other. These particles would then only steam away from the shock, i.e., they
would be characterized by an uni-directional anisotropy distribution. Following
Figure 3 a the clear bi-directional anisotropy gets indeed mixed up around 18.00 h
when, according to Figure 2, we find the onset of the second-step increase
of the intensity of the 80-190 keV protons. As was stated in (2), the intensity
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distributions directly at the first shock are much broader for the low- than
for the high-energy protons. Again (see also (A)) we believe that this is due
to an energy-dependence of the pre- and post-shock diffusion coefficients in
the sense, that they are larger for the 80-190 keV than for the 730-6150 keV
ions.

(C) If the first-step particles’ increases in front of the first shock are due
to an ESP event, then the intensities do not, as they should according to theory,
decrease by an order of magnitude within one hour behind the shock-wave.
Quite contrary, at least for the 80-190 keV protons the post-shock intensity
remains as high as for the maximum value of the ESP event itself. Thus, some
particle release into the post-shock regime and/or some type of post-shock
acceleration has to take place. We believe that at least about the time of observa-
tion the acceleration hypothesis should be favoured: First, the increasing value
of y could be some index for such a mechanism. Second, the clear bi-directionality
of the anisotropy over this region (Fig. 3a) is a strong argument for a Fermi-type
acceleration mechanism in the post-shock region. As was stated before (7)
the several sharp decreases of the intensities are due to the fact that during
these time-intervals the interplanetary magnetic field turns out of the ecliptic
plane by 45° and therefore out of the cone of acceptance of our instrument.
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