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ABSTRACT

Data from nine high-latitude neutron monitors are used to deduce the intensity-time and anisotropy-
time profiles and pitch-angle distributions of energetic protons near Earth during the major solar event
on 2000 July 14 (also known as the Bastille Day event). In addition, particle and magnetic field measure-
ments from Wind, the Advanced Composition Explorer, and the Solar and Heliospheric Observatory
(SOHO) are used in the analysis. The observations are fitted with good agreement between two indepen-
dent numerical models of interplanetary transport. The rapid decrease of anisotropy from a high initial
value cannot be explained by a simple model of interplanetary transport. Hence, we invoke a barrier or
magnetic bottleneck consistent with an observed magnetic disturbance from an earlier coronal mass ejec-
tion that was located ~0.3 AU beyond Earth’s orbit at the time of the Bastille Day event. This work
includes the first treatment of focused transport through a magnetic bottleneck. We conclude that the
bottleneck reflected a major fraction (~85%) of the relativistic solar protons back toward Earth.

Subject heading : acceleration of particles — Sun: flares — Sun: particle emission

1. INTRODUCTION

Analysis and modeling of solar energetic particles pro-
vides vital information on particle scattering and transport
in the interplanetary medium and on the acceleration and
release of energetic particles near the Sun (Bieber, Evenson,
& Pomerantz 1986; Beeck et al. 1987; Debrunner et al.
1988; Ruffolo 1991; Shea et al. 1991; Cramp et al. 1997;
Droge 2000a). The very large particle event of 2000 July 14,
often called the “Bastille Day event” after the French
holiday, affords an excellent opportunity to extend our
knowledge of acceleration and transport processes in the
heliosphere.

After 10:30 UT on 2000 July 14, solar cosmic rays were
observed by the worldwide network of neutron monitors
and by particle detectors on near-Earth spacecraft. The
event was the largest in amplitude (at that time) since 1991
and was associated with a solar flare at 10:24 UT in NOAA
region 9077 located at N22° W07°. It also registered in soft
X-rays as a powerful X5-class eruption by the NOAA
GOES-8 satellite and as a full-halo coronal mass ejection
(CME) observed with the C2 coronagraph on board the
Solar and Heliospheric Observatory (SOHO) spacecraft. The
CME drove an interplanetary shock wave that passed
Earth about 15:00 UT on July 15 after a transit time of only
~ 28 hr, implying a mean speed of ~1500km s~ 1.

This work presents an analysis of solar energetic proton
data acquired by a network of high-latitude neutron moni-
tors and electron data acquired by the Wind spacecraft. The
neutron monitor analysis employs only monitors with good
directional sensitivity, and it uses a trajectory code to
provide accurate geomagnetic corrections to the monitor
viewing direction. Owing to these factors, we believe our
analysis achieves unprecedented accuracy in determining
the density and anisotropy of relativistic solar protons as a
function of time through the event.
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In order to determine the interplanetary scattering mean
free path and solar injection profile, we model the proton
and electron data using codes based upon the Boltzmann
equation. A feature of the analysis is the use of two separate
modeling approaches that were independently implemented
by different subsets of the investigation team. The excellent
consistency attained builds confidence in the validity of our
conclusions.

Section 2 describes the analysis of neutron monitor data
and also presents the Wind electron data. Section 3
describes our modeling efforts and the factors that led us to
invoke a magnetic barrier beyond Earth as an important
influence upon particle transport on Bastille Day 2000.
Section 4 discusses the implications of our work and sum-
marizes our conclusions.

2. OBSERVATIONS

2.1. Relativistic Solar Protons
2.1.1. Overview of Data

Figure 1 presents an overview of cosmic-ray activity
around the time of the Bastille Day solar particle event.! A
minor Forbush decrease early on July 10 was followed by a
much larger decrease on July 13. (The latter decrease was
associated with a solar event observed at 21:42 UT on July
10, as will be discussed in § 3.1.2.) As the larger decrease was
in progress, relativistic solar particles arrived at Earth,
causing a ground level enhancement (GLE) on Bastille Day
(July 14). Finally, on July 15, yet another large Forbush
decrease occurred. This decrease was caused by the CME
associated with the Bastille Day GLE. The observations in
Figure 1 were recorded by neutron monitors in Thule,
Greenland, and McMurdo, Antarctica. We note that the

! The data shown in Figure 1 available at

www.bartol.udel.edu/ ~ neutronm.

are http://
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F1G. 1.—Cosmic-ray activity observed around the time of the Bastille
Day (2000) solar particle event. Light lines show relative hourly count rates
recorded by neutron monitors in Thule, Greenland, and McMurdo, Ant-
arctica. The heavy line is their average. Each monitor was normalized to an
index value of 100 on the first day plotted.

neutrons detected are secondary particles caused by nuclear
interactions of cosmic rays with Earth’s atmosphere. The
primary cosmic rays initiating these interactions are pre-
dominantly protons.

Figure 2 provides a closer look at the GLE as seen by two
high-latitude neutron monitors. At this time, the monitor in
Thule, Greenland, was viewing particles arriving from a
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F1G. 2—Time variation of solar cosmic-ray intensity measured by
neutron monitors in Thule, Greenland, and Tixie Bay, Russia (top) plotted
together with the ratio of intensities (bottom). The viewing directions of the
two stations approximately represent the sunward (Thule) and anti-
sunward (Tixie) Parker spiral direction. Intensity is expressed as a percent-
age increase over the preevent Galactic cosmic-ray background.

direction near the sunward Parker spiral (Fig. 4), while the
monitor in Tixie Bay, Russia was viewing particles arriving
from the opposite direction, away from the Sun. (Although
Thule usually views toward the north, a combination of
seasonal factors and time of day can combine to give it a
midlatitude viewing direction, as happened for this event.)
The two monitors have essentially identical energy
responses. Therefore, the different traces in Figure 2 are
caused by anisotropy of the solar cosmic rays. Because
Thule was viewing toward the Sun, it observed an earlier
onset, more rapid rise, and a higher peak intensity. Owing
to scattering of particles in the solar wind, however, Tixie
Bay also detected solar cosmic rays even though it was
viewing away from the Sun. The ratio of count rates mea-
sured at Thule and Tixie is initially high (~7) but falls
rapidly to a value slightly larger than unity.

Spectrum information for this event was obtained from a
method that compares the count rate of the South Pole
neutron monitor with the count rate of a nearby “Polar
Bare” counter, which lacks the usual shielding of a standard
NM64 detector system (Bieber & Evenson 1991). Results
appear in Figure 3. As shown in the top panel, the Polar
Bare is relatively more sensitive to low-energy primaries,
and it records a higher percentage increase than the stan-
dard NM64 owing to the soft spectrum of solar cosmic rays.
With the aid of yield functions provided by Stoker (1985),
the ratio Bare/NM64 (bottom panel) can be translated into a
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F1G. 3—Top: Relative count rates recorded by a standard (NM64)
neutron monitor at the South Pole and by a Polar Bare neutron counter
that lacks the usual lead shielding. Bottom: Bare/NM64 ratio provides an
indication of spectral index y.
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spectral index. We assume a differential rigidity spectrum of
power-law form (P ™7, with P the rigidity and y the spectral
index) with an upper cutoff at 20 GV. The scale on the
right-hand side of the lower panel shows the spectral index
implied by the corresponding Bare/NM64 ratio. We see
that the spectrum gradually softened through the event. The
spectral index was 4.9 averaged over the interval 10:35—
11:00 UT, 5.9 over 11:00-12:00 UT, and 6.4 over 12:00—
13:00 UT.

2.1.2. Analysis Method

To determine the density and anisotropy of this event as
a function of time, data from nine high-latitude neutron
monitors were employed. High-latitude monitors (those
with geomagnetic cutoffs below about 1 GV) are preferred
for this type of analysis for two reasons (Bieber & Evenson
1995). First, their cutoff is determined by atmospheric
absorption rather than the geomagnetic cutoff. For this
reason the monitors have essentially identical energy
responses, and there is no need to disentangle spectrum
effects from anisotropy effects. Any difference observed can
generally be attributed to anisotropy alone. Second, the
high-latitude monitors have excellent directional sensitivity.
For a typical solar spectrum, the central 60% of particles
detected arrive from a region spanning 50° or less.

Figure 4 displays the viewing directions of the neutron
monitors used in this analysis at 10:30 UT on 2000 July 14.
The solid dots show the viewing direction of the median
(50th percentile) rigidity solar particle, which we estimate to
be 2.2 GV. To characterize the spread of viewing directions
with particle rigidity, we introduce the concept of percentile
rigidities. To say that the 20th percentile rigidity is 1.3 GV,
for instance, implies that 20% of the detected solar cosmic
rays have rigidities below 1.3 GV. Percentile rigidities were
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F16. 4—Viewing directions in GSE coordinates of the nine neutron
monitors employed in this analysis. The solid circles show the viewing
direction of the median rigidity solar cosmic ray, and the lines encompass
the central 60% of the monitor energy response (see text). O and X desig-
nate the position of the nominal sunward and antisunward Parker spiral
magnetic field. Station codes are the following: AP = Apatity, Russia;
GB = Goose Bay, Canada; IN = Inuvik, Canada; MA = Mawson, Ant-
arctica; MC = McMurdo, Antarctica; SA = Sanae, Antarctica;
TH = Thule, Greenland; TA = Terre Adelie, Antarctica; and TI = Tixie
Bay, Russia.
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computed for a solar particle spectrum varying inversely as
rigidity to the fifth power, taking into account the monitor’s
energy response. As will become apparent, our conclusions
rest heavily upon the evolution of particle intensities early
in the event, when a spectral index of 5 is a reasonable
choice according to Figure 3. (Choosing a spectral index of
6 would decrease the median rigidity of response from 2.2
GV to 1.5 GV. For stations used in this analysis, the
viewing direction of the median rigidity would shift by 12°
on average, and the median propagation speed would
change by 8%. Owing to the small size of these shifts, we do
not feel that use of a time-varying spectral index is required
for this analysis.)

The line through each dot in Figure 4 spans viewing
directions from the 20th percentile rigidity (1.3 GV) to the
80th percentile rigidity (3.8 GV). Thus the line encompasses
the central 60% of the detector response to solar cosmic
rays. Station viewing directions were computed with a tra-
jectory code that takes into account Earth’s magnetic field
and magnetosphere (Lin, Bieber, & Evenson 1995).

Figure 4 shows that a 100° wide latitude band centered
on the equatorial region is well sampled by the available
stations. The situation contrasts with many spacecraft
experiments, where the sensor aperture is fixed or a single
sensor scans a plane. The figure also illustrates the good
directional sensitivity of the high-latitude monitors. There is
no overlap between stations for the central 60% of the
monitor response.

Count rates from the stations were first corrected for
atmospheric pressure variations using separate absorption
lengths for Galactic and solar cosmic rays. Prior studies
have generally found that the solar cosmic-ray absorption
length is about 100 g cm ™2 (Duggal 1979), and we adopted
this value for our analysis. All stations were corrected to a
common standard pressure of 760 mm Hg.

To take account of variations in detector efficiency,
neutron monitors are typically calibrated “in flight” by
normalizing stations to a common value during an interval
prior to event onset. Ideally, the normalization interval
should be a time when the Galactic cosmic rays are rela-
tively quiet and nearly isotropic, thereby providing a stan-
dard calibration source. Because cosmic-ray anisotropies
are strongly enhanced during Forbush decreases
(Lockwood 1971; Duggal & Pomerantz 1976; Nagashima
& Fujimoto 1993; Bieber & Evenson 1998), we decided to
choose a normalization interval before the first of the
Forbush decreases shown in Figure 1. Specifically, we used
the 24 hr mean count rate on July 9. After the stations were
normalized with respect to one another, background was
subtracted using the Galactic background count rate
observed from 10:00 to 10:30 UT on July 14, ie., imme-
diately before the GLE. Finally, the solar particle excess
observed at each station was expressed as a percentage of
this Galactic background.

Using our trajectory code, we computed asymptotic
directions for each station as a function of time through the
event. Data from the nine stations were fitted to a first-order
anisotropy:

(6, ¢) =n(1 + &, sin 0 cos ¢
+¢, sin 0 sin ¢ + &, cos 0) , 1)

where f is the cosmic-ray intensity arriving from direction
(0, ¢), n is the cosmic-ray density, ¢, &, &, are the three
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components of the anisotropy vector, 0 is polar angle, and ¢
is azimuth. The anisotropy components as well as § and ¢
are measured in geocentric solar ecliptic (GSE) coordinates.
Longitude is equivalent to azimuth ¢, and latitude is
defined as 90° — 6.

To take into account the spread of viewing directions
with rigidity (Fig. 4), we included 10 directions for each
station in our fit, corresponding to the 5th, 15th, ..., 95th
percentile rigidities. However, we found that this produced
only small differences from the simple procedure of treating
each station as a perfect unidirectional detector viewing the
median rigidity direction. This demonstrates the advantage
of high-latitude stations for studying particle anisotropies.

2.1.3. Results

Results of the analysis are displayed in Figure 5, which
shows density, magnitude of anisotropy, and longitude and
latitude of anisotropy. In the lower two panels a 1 hr cen-
tered moving average of the negative magnetic field direc-
tion determined from Advanced Composition Explorer
(ACE) data is shown by the solid line. We used the negative
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of the field because Earth was in a region of “away ” mag-
netic field at this time, and the negative field direction is
more relevant for comparison with the particle anisotropy
direction. (Note that we define anisotropy as the direction
from which the particles are streaming, hence the anisot-
ropy vector generally points toward the Sun.)

The density displays the characteristic rapid rise and slow
decay of a solar particle event. The anisotropy is quite high
initially, but rapidly decays to a low, comparatively steady
level. For most of the time interval shown, the longitude of
the anisotropy is near ~ 330°. This means the particles are
flowing from the Sun, as expected. (Flow from the Sun
along the 45° Parker spiral would correspond to a longi-
tude of 315°) Late in the time interval shown, the longi-
tude and latitude points display considerable scatter.
This happens because the anisotropy and density become
small, and the direction of anisotropy cannot be precisely
determined.

The longitude and latitude agree reasonably well with the
measured magnetic field direction. It should be noted that a
2 GV proton has a Larmor radius of about 0.01 AU. A

30E [ I e T L I A
25¢ o000, ~2 GeV Solar Protons =

> 20% ° ..... 7;
= ®%ece =
(%] o LY 1Y i
c E LA PN 3
5 12; ) .....................—é
-5E i o1 [ [ PR B =
10 11 12 13 14 15
14;“\ T T I e T T L

- 1.2F . =
o 1.0 =
+ 08¢ . =
2 0.6F E
£ 04F ‘e . =
= ° B

8% ? | [ \.‘..\ .‘.\.‘.‘.\ ‘.‘.\.‘.‘.P‘.‘.\.‘.‘.\".’\.‘.‘.\.‘.‘.\.‘ ‘.\".‘.\.‘.‘.ﬁ.‘.\.‘o“\."‘?

10 11 12 13 14 15

£ T T T e e |

300 & . . =
(0] s =
o : .
%200;* .E
S 100 ) c .
; .. (] =

OE [ [P BN T m.\."\ | \.E

10 11 12 13 14 15

E T I T T T T T T T T ]

50 [ =

) C ]
© = |
2 0F .
5 ¢ . !
=50 ® ]
Cootvtv vt b v | NP I IR A B

12

N
o [
N
—

13

2000 July 14 Universal Time

F1G. 5—Results of fitting 5 minute average count rates from nine neutron monitors to a first-order anisotropy. Top to bottom are shown density,
magnitude of anisotropy, GSE longitude of anisotropy, and GSE latitude of anisotropy. The lines in the lower two panels show the negative magnetic field
direction measured aboard ACE (1 hr centered moving averages computed every 5 minutes).
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14 July 2000 Wind 3DP 107 keV electrons
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Fi1G. 6.—Particle and solar wind data for the 2000 July 14 solar event.
The upper panel shows intensity profiles of Wind ~107 keV electrons at
pitch angles of approximately 15°, 34°, 57°, 80°, and 100°, and the spin-
averaged intensity (thick line). Subsequent panels show anisotropy profile,
solar wind speed as observed on ACE, and Wind measurements of the
magnetic field azimuth and elevation angles. Note that solar wind speed
data are not available after ~11:00 UT.

single orbit of these particles thus encompasses a distance
corresponding to about 1 hr of solar wind flow. For this
reason we chose to display a 1 hr moving average of the
field, as higher time resolution data are not particularly
relevant for these particles. For the same reason, we should
not expect the flow vector to align exactly with the magnetic
field. There is no reason that the magnetic field measured at
a point should be the same as the average field sampled by
the particle over its orbit, given that the Larmor radius is on
the order of the coherence length of interplanetary magnetic
turbulence.

2.2. Solar Electrons

The electron observations in the energy range ~ 20-500
keV analyzed in this work were made with the Three-
dimensional Plasma and Energetic Particles (3DP) instru-
ment aboard the Wind spacecraft (Lin et al. 1995). The 3DP
instrument was designed to provide full three-dimensional
coverage with 36° x 22°5 angular resolution. In the present
work we use pitch-angle distributions (eight bins) with time
resolution of 1 minute. During the onset of the particle
event Wind was positioned at X = —3, Y = —70, and
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F1G. 7—Wind 3DP electrons during the beginning of the 2000 July 14
solar event, observed in seven energy channels in the range 27-510 keV.
After ~11:40 UT (dashed line) the data quality is affected by the high
particle flux.

Z = —6 (GSE coordinates, units of Earth radii), outside of
the Earth’s magnetosphere.

Figure 6 shows the time history of ~ 107 keV electrons,
together with Wind observations of the magnetic field
azimuth and elevation angles, and the solar wind speed
observed on the ACE spacecraft. Until ~10:55 UT, the
onset of the electron flux exhibits the characteristics of a
typical scatter-poor event: a rapid rise of electrons arriving
from the Sun, and a delayed but noticeable flux of electrons
scattered back from the antisunward direction, indicating
weak but finite interplanetary scattering in the event. After
10:55 UT, the intensity starts to rise again, though at a
much slower rate, and the anisotropy shows a second peak.
Coincident with these features are drastic changes in the
magnetic field azimuth and elevation angles, which might
indicate a sudden transition of the spacecraft into a flux
tube with different propagation conditions, or a different
connection to the particle source close to the Sun. After
11:40 UT, the total particle flux reaches a level where reli-
able data recording was no longer possible. Plasma data
from ACE, positioned at the Earth-Sun Lagrangian point,
240 Earth radii sunward of Earth, were affected by the
intense particle fluxes even earlier.

Some clarification might be obtained by taking a look at
the energy dependence of the features described above.
Figure 7 shows the electron fluxes in seven energy bins,
extending from 27 to 510 keV. It can be seen that at higher
energies the intensity profiles remain flat after ~11:00 UT,
or even continue to rise, although at a slower rate. This
might indicate that a second injection of electrons took
place that had a harder energy spectrum and occurred on a
longer timescale. On the other hand, the dips in the aniso-
tropy profiles (as will be shown later) do not show any time
variation as a function of energy and are therefore probably
alocal effect.
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3. MODELING

3.1. Fits to Relativistic Solar Proton Data

The intensity-time and anisotropy-time profiles of rela-
tivistic solar protons, derived from neutron monitor data as
described in § 2.1, have been fitted by means of computer
simulations of the interplanetary transport of solar ener-
getic particles, followed by optimization of injection and
transport parameters. In this work, we have subjected our
fits to a particularly stringent test: a “ double-blind ” experi-
ment in which different researchers independently per-
formed fits using two sets of simulation and fitting
techniques, referred to as models 1 and 2, which have both
been previously employed to fit solar energetic particle
data.

Though both models are based upon numerical solution
of the Boltzmann equation, they have several differences in
methodology as discussed below. Notably, they have quite
different fitting philosophies (fitting “by eye” in model 1
and by y* minimization in model 2). Each model was imple-
mented without knowledge of parameters used for the
other. The experiment was very successful in that the two
models yielded quite similar results. We first discuss model
1, then model 2. However, to facilitate comparison, results
from both models are shown together in the figures.

3.1.1. Model 1

The interplanetary magnetic field is described by a super-
position of a smooth average field, represented by an Archi-
medean spiral, and a random or turbulent component. The
motion of charged particles then has two corresponding
components, adiabatic motion along the smooth field
together with pitch-angle scattering by turbulence. Evolu-
tion of the particle phase space density f(z, y, t)is given by a
model of focused transport (Roelof 1969):

o 0 0=
a "MaT L Yo
o 9
- a <D ) %) =4q(z, p, 1), 2

where z is distance along the magnetic field line, u = cos 0 is
the cosine of the particle pitch angle, and ¢ is time. The
particle velocity v remains constant in this model. The sys-
tematic forces are characterized by a focusing length L(z)
defined by L™! = — B~ '0B/dz, where B(z) is the diverging
magnetic field, while the stochastic forces are described by a
pitch-angle diffusion coefficient D, (u). Injection of particles
close to the Sun is given by q(z, y, ?).

If scattering is strong, f(z, u, t) rapidly approaches
isotropy. Particle transport can then be described by a
diffusion-convection equation with a radial diffusion coeffi-
cient K,(r) = (1/3)A, v, where 4, is the radial mean free path.
For solar particle transport, it is usually possible to neglect
perpendicular diffusion, and the radial mean free path is
then related to the parallel mean free path by 4, = 4 cos2 y,
where y is the angle between the radial direction and
the magnetic field. The parallel mean free path, 4, is in
turn governed by the pitch-angle diffusion coefficient
(Hasselmann & Wibberenz 1968 ; Earl 1974):

3p [+1 1 — u2)?
A =§"f_1 ay LBV DM(’; )) : 3)
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The mean free path is a convenient parameter for character-
izing the varying degrees of scattering from one solar parti-
cle event to another, even in nondiffusive situations such as
when the observer is less than one mean free path from the
particle source.

The Bastille Day particle event was modeled with
numerical solutions of equation (2) obtained with a finite-
difference scheme (see Ng & Wong 1979; Schliiter 1985;
Ruffolo 1991; Hatzky 1996). Mean free paths were derived
by visually fitting the density and anisotropy predicted by
the simulation with the density, n, and magnitude of first-
order anisotropy, &, derived from observations (§ 2.1). Spe-
cifically, ¢ was compared to the theoretical anisotropy A4
defined by

1 duf(z, 1 1)
From the observed solar wind speed of 600 km s~ ! the
magnetic field spiral was mapped back to 0.05 AU, resulting
in a nominal distance of z = 1.07 AU along the connecting
field line that had its footpoint at N04° W36°.
The transport of particles away from the acceleration site
and their subsequent injection onto the connecting field line

at 0.05 AU were described phenomenologically by a Reid-
Axford profile (Reid 1964)

Az, t) =

o0 =S {-%- L, ©
L
where the rise and decay timescales z, and t; originally
were envisioned to represent coronal diffusion from the
flare and escape onto the connecting field line, respectively.
We use this functional form to conveniently parameterize
the source function in equation (2), but the actual transport
does not need to be coronal diffusion. In fact, equation (5)
can be regarded as a phenomenological representation of a
generic injection process in which there is a fast rise to
maximum, followed by a monotonic decay indicating injec-
tion close to the Sun over a finite amount of time. It can
thus describe not only coronal diffusion but also enhanced
scattering close to the Sun as well as particle acceleration in
the higher corona (out to 0.05 AU).
The pitch-angle diffusion coefficient was assumed to be a
separable function of z and y,

D;m(za ﬂ) = KI(Z)KZ(”) s (6)
thereby permitting equation (3) to be rewritten as
+1 2)2
M= g ()f Dt 7

The functional form of x,(u) and hence of the pitch-angle
dependence of D, is shown in Figure 8. The normalization
was chosen to make the integral in equation (7) equal to
unity. This form of «x,(u) features reduced but finite scat-
tering through u =0, as predicted by current models of
particle scattering (see Droge 2000a, and references therein).

The only remaining assumption to be made concerns the
spatial variation of x,(z) or, equivalently, the mean free
path. Helios observations of MeV electrons in the inner
Heliosphere (Kallenrode, Wibberenz, & Hucke 1992) as
well as multispacecraft studies (Beeck et al. 1987) indicate
that a constant radial mean free path often provides a good
fit of particle events. Accordingly, we assume that 4, is spa-
tially constant, which results in 4 (z) increasing with z as the
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F16. 8.—Pitch-angle dependence of the scattering coefficient D, (1)
assumed for model 1.

angle Y increases with radial distance between 0.05 and 3

AU, the outer (free-escape) boundary of the simulation.
With the above assumptions, it was possible to obtain a

good fit to the intensity-time profile of the neutron monitor
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data, with 4, =0.1 AU, 7, =0.1 hr, and 7, = 0.5 hr, as
shown by the blue curve in Figure 9. However, the fast
decay of the anisotropy could not be modeled. We could,
indeed, fit the high initial anisotropy by increasing the mean
free path, but this would worsen the discrepancy later in the
event. Correspondingly, a lower mean free path would
worsen the discrepancy in the rise phase of the event.

A plausible explanation for the rapid isotropization of the
near-Earth particle intensity would be the existence of a
reflecting boundary, not too far downstream of Earth,
which could be more efficient at scattering particles back
than pitch-angle diffusion between 1 and 3 AU. Referring
back to Figure 1, a large Forbush decrease occurred
approximately 24 hr prior to the Bastille Day event and was
still in progress at the onset of the Bastille Day particle
event. The interplanetary disturbance associated with this
Forbush decrease is a good candidate for providing the
necessary reflecting boundary beyond Earth.

More detailed information about the nature of this dis-
turbance can be gained from the behavior of the interplan-
etary magnetic field. As shown in Figure 10, a shock passed
Earth around 10:00 UT on 2000 July 13, as evidenced by
the fourfold increase in the magnetic field strength observed
by both ACE and Wind. This was coincident with a jump in
the solar wind speed from 500 to 700 km s~ ! measured by
ACE. By early morning of July 14, the magnetic field
strength was back to its value before the arrival of the shock
and the solar wind speed had dropped to 600 km s~ 1.
Another disturbance starting about 15:00 UT on July 14

F1G. 9.—Modeling results with a standard Parker magnetic field. Data points are density (middle) and anisotropy (bottom) derived from neutron monitor
data. Blue curves show the model 1 best fit, obtained with a radial mean free path A, = 0.1 AU. Red curves show model 2 best fit, obtained with 4, = 0.12 AU.

The upper panel shows the injection functions derived from the two models.
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Fi1c. 10.—Magnitude of the interplanetary magnetic field observed on
the ACE and Wind spacecraft during 2000 July 13-15.

may be related to a halo CME that was observed by the
Large Angle and Spectrometric Coronagraph Experiment
(LASCO) at 13:27 UT on July 11. The strong shock of the
July 14 event reached Earth the following day at around
~15:00 UT. From the transit time of approximately 28 hr a
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mean propagation speed of 1500 km s~ ! can be deduced for
this shock.

The shock that passed Earth at 10:00 UT on July 13, and
the following magnetic structures appear to have the
properties required for a reflecting boundary. We therefore
introduced a reflecting outer boundary at r = 1.27 AU, the
estimated position of the center of the field enhancement at
the onset time of the Bastille Day event. Different values of
reflectivity were tried, and it was found that a reflectivity of
85% optimized the fit. Figure 11 shows the resulting fit (blue
curve) to the intensity-time and anisotropy-time profiles of
the neutron monitor data assuming 4, = 0.18 AU, 7, = 0.2
hr, and 7; = 0.3 hr. For the parallel mean free path at 1 AU
we find a value of A(r) = 4,(r)/cos® Y(r) = 0.27 AU. Here
we have taken the nominal angle between the radius vector
and Archimedean field spiral for Vg =600 km s~ 1,
¥ = 35°, which is roughly consistent with the magnetic field
observations.

It should be noted that the above fit was obtained for the
median rigidity of the energetic solar protons causing the
increase in the neutron monitor count rate, estimated to be
2.15 GV. However, the spread of rigidity in a “typical”
solar cosmic-ray event at neutron monitor energies ranges
from ~1 to 10 GV, and one might ask whether neglecting
the corresponding velocity dispersion can affect the results
of the fit. Additional simulations were made for 1 and for 10
GV, not changing the other parameters. The intensity-time
and anisotropy-time profiles at 10 GV did not differ much

FiG. 11.—Modeling results with a magnetic barrier located beyond Earth. The format as in Fig. 9. Both model 1 (blue) and 2 (red) use a radial mean free
path 4, = 0.18 AU. The magnetic bottleneck has 85% reflectivity and is located at a heliocentric distance of 1.27 AU.



630 BIEBER ET AL.

from the ones at 2.15 GV, whereas at 1 GV they were shifted
in time by about 7 minutes. We find it reasonable to assume
that the rise phase of the event is dominated by the greater
than 2 GV protons and that the slower protons at most lead
to a broadening of the maximum. The above value of 4
should therefore be a good estimate for 2.15 GV protons.
(Note also that model 2, described below, explicitly includes
velocity dispersion and yields consistent results.)

Finally, we compare in Figure 12 the observed cosmic-
ray pitch-angle distribution with that predicted by the
simulation with the magnetic barrier. Each data point rep-
resents a 5 minute average count rate observed at an indi-
vidual neutron monitor station. The “pitch angle” for a
station was defined to be the angle between the symmetry
axis (defined by the direction of the anisotropy vector) and
the viewing direction of the station for a median rigidity
solar particle (2.15 GV).

We consider the agreement between modeled and
observed pitch-angle distributions to be remarkably good.
It should be emphasized that the modeled distributions
were exactly those obtained from fitting the intensity-time
and anisotropy-time profiles, as described above. No addi-
tional free parameters were introduced to facilitate the com-
parison in Figure 12.

3.1.2. Model 2

In model 2, we use a finite difference method to solve an
equation of pitch-angle transport, which in addition to
streaming, focusing, and scattering as in equation (2) also
considers adiabatic deceleration and solar wind convection
(Ruffolo 1995, eq [11]). The injection is treated as an initial
condition of particle density near the Sun. For the treat-
ment of streaming and convection, a generalized total varia-
tion diminishing algorithm has recently been developed
(Nutaro, Riyavong, & Ruffolo 2001). By implementing this
in the present work, the simulation accuracy has been main-
tained while reducing the run time by a factor of 5: Az has
been increased fivefold, while other finite difference parame-
ters and boundary conditions are as given by Ruffolo
(1995).

For the pitch-angle scattering coefficient, we use the stan-
dard parameterization A |u|?" (1 — u?) (Jokipii 1971) with
q = 1.5, which is in the range of 1.3-1.7 inferred by Bieber et
al. (1986). The resulting scattering coefficient is similar to
that used in model 1 (Fig. 8). The value of A4 is set so as to
achieve the user-specified value of 4, in our finite difference
representation of the transport problem (Ruffolo 1991). The
radial mean free path is again taken to be independent of
position for reasons described in § 3.1.1. The Compton-
Getting transformation (Compton & Getting 1935) of the
pitch-angle distribution from the solar wind frame, in which
it is calculated, into Earth’s reference frame has a negligible
effect on the anisotropy for the relativistic particles con-
sidered here.

In the calculation of adiabatic deceleration, we assume a
typical solar spectrum with a particle density oc p~>, where
p is particle momentum. In order to represent the momen-
tum distribution of the primary relativistic protons to which
the neutron monitors are responding, we perform simula-
tions for momentum values corresponding to the 5th, 15th,
..., 95th percentile rigidities described in § 2.1.2. Results for
these 10 momentum values are averaged to determine the
intensity and the weighted anisotropy expected near Earth,
where “weighted anisotropy” is defined to be the product
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F1G. 12—Model pitch-angle distributions (lines) are compared with 5
minute averaged neutron monitor count rates measured at individual sta-
tions (circles). The pitch angle corresponding to a station was computed
using the median rigidity of response (2.15 GV).

of intensity and the magnitude of anisotropy. However,
when the final fit was repeated for a single momentum value
(the 45th percentile), the results were essentially unchanged.
A complete simulation takes about 24 minutes on a 450
MHz Pentium II computer.

The deconvolution of interplanetary transport effects
from the neutron monitor measurements is carried out by a
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piecewise linear fitting method, which has been successfully
tested in comparison with fitting to a Reid-Axford profile
(eq. [5]) for impulsive and gradual solar particle events
(Ruffolo, Khumlumlert, & Youngdee 1998). We simulta-
neously fit data on the particle intensity versus time and the
weighted anisotropy versus time, taking into account mea-
surement uncertainties as estimated from preevent fluctua-
tions. Fits are performed for a variety of 4, values, with the
optimal /, taken to be the one that minimizes the x? value
of the fit. We use the magnitude of the measured anisotropy
(Fig. 5, second panel) because the anisotropy direction can
fluctuate, not necessarily in tandem with fluctuations in the
measured magnetic field, as discussed in § 2.1.3. The
weighted anisotropy (anisotropy times intensity) is used
instead of the anisotropy alone because the former is linear
in the distribution function derived from a transport simu-
lation, as required by the piecewise linear fitting method.
(Note that apart from a factor of particle speed, v, the
weighted anisotropy is proportional to the net streaming
flux.) This method determines an optimal piecewise linear
injection function (along with uncertainties) by linear least-
squares fitting. The fitting procedure has recently been
automated to truncate the injection function when it is
inappropriately long (see Ruffolo et al. 1998), vary the start
time, and expand or contract the injection function. Advan-
tages of this inversion technique include its complete objec-
tivity, speed, ease of use, ability to treat narrow injection
pulses, and flexibility in approximating general functional
forms. The technique can fail if the transport model is inap-
propriate, i.e., giving results inconsistent with the data, a
problem not encountered in the present analysis.

The best fit to the relativistic solar protons observed on
Bastille Day based on these techniques is shown in Figure 9
(red curves). We used a fitting interval from 10:00 to 15:00
UT, though in fact the optimized parameters are very
strongly influenced by the early phase of the event, where
the most rapid variations occur. The injection function of
particles released near the Sun has a peak at 10:18:30 UT
and a FWHM of 5 minutes. This is similar to the peak time
of the X-ray flare at the Sun, 10:16 UT (or 10:24 UT as
observed near Earth), given that the data are in 5 minute
intervals. There is good agreement with results from model
1, including a similar injection profile and virtually the same
derived scattering mean free path, 4, =0.12 AU. (This fit
gave a x? value of 361 for 111 degrees of freedom [dof].)
However, from either model one can conclude that the
rapid drop in the anisotropy cannot be explained by a stan-
dard picture of interplanetary transport.

The magnetic field data presented in Figure 10 suggest an
explanation of the rapidly decreasing anisotropy in terms of
magnetic mirroring. The data indicate a magnetic
“bottleneck,” i.e., a localized constriction of the magnetic
field lines, which at the time of interest was located approx-
imately 1.3 AU from the Sun, just downstream of an inter-
planetary shock. As mentioned in § 3.1.1, this shock passed
Earth around 10:00 UT on July 13.

The parent solar event was identified with the help of
on-line data from the Space Environment Center? and ACE
Science Center.®> Most CME-driven interplanetary shocks
arrive 3—4 days after the CME, though this time can be

2 See http://solar.sec.noaa.gov.
3 See http://www.srl.caltech.edu/ACE/ASC.
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shorter for a fast event. Type II and IV radio bursts and
long-duration X-ray events are known to be associated with
interplanetary shocks (e.g., Cane & Stone 1984).

The major solar event of July 14 occurred in active region
9077 at N22° W07°, and this same region dominated solar
activity on previous days as well. The only solar event
during July 9-11 from which both type II radio emission
and X-ray emission were observed was the event with an
X-ray peak at 21:42 UT on July 10 and Hoa emission at
N18° E49°. This event, also from region 9077, produced
long-duration (>1 hr) X-ray emission of intensity M5.7 as
well as type II and IV radio bursts. Considering ACE/SIS
data for ions of ~3-30 MeV nucleon ™!, a nondispersive
onset of ion fluxes began late on July 10, followed by a
gradual, energy-independent increase typical for ions accel-
erated at a traveling interplanetary shock, until a peak on
July 13 near the time when the interplanetary shock passed
ACE. This provides the most convincing evidence for an
identification of the interplanetary shock of July 13 with the
EA49 solar event at 21:42 UT on July 10.

Figure 13 illustrates the likely configuration of the inter-
planetary magnetic field at the time of the July 14 event.
CME ejecta from the July 10 event, located at longitude
E49 with respect to Earth, drove an interplanetary shock
and compressed magnetic field lines at their western edge,
as observed near Earth on July 13. Solar particles emitted
near the Sun on July 14 would mostly be reflected by this
magnetic bottleneck. More specifically, the process of mag-
netic mirroring (also known as adiabatic focusing) approx-
imately conserves the magnetic moment (first adiabatic
invariant), p2/(2meB), thus conserving (1 — u?)/B, where u is
the cosine of the pitch angle. In the absence of scattering,
the minimum value of u for which particles could pass
through the bottleneck would be R = (1 — 1/r)'/?, where
r is the maximum magnetic compression. Conversely,
particles with 0 < 4 < R would not penetrate the magnetic
bottleneck. Then R can be interpreted as a reflection coeffi-
cient, because in a near steady state the distribution func-
tion would be nearly uniform (isotropic) in g, and this value

Sun

F1G. 13.—Schematic configuration of the interplanetary magnetic field
at the time of the solar flare/CME of 2000 July 14. A previous flare/CME
event from the same active region on 2000 July 10, then at 49° east longi-
tude, led to the interplanetary shock and magnetic compression observed
near Earth, which was at the western side of the CME ejecta. The neutron
monitor data provide strong evidence for the reflection of relativistic solar
protons from this magnetic bottleneck.
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files of 27 keV electrons observed on Wind after the 2000 July 14, 10:24 UT
flare, assuming a constant 4, = 0.5 AU.

would represent the fraction of particles reflected by mag-
netic mirroring. In the present case, the magnetic compres-
sion ratio was &4, corresponding to a reflection coefficient
of ~0.87.
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The magnetic bottleneck has a nontrivial effect on the
particle transport. For example, the first particles arriving
at a given location (e.g., at the bottleneck) are highly aniso-
tropic because these are particles that have undergone
unusually little scattering and are moving almost directly
outward along the interplanetary magnetic field, i.e., with
u =~ 1; a large fraction of these particles will actually pass
through the bottleneck. Furthermore, this is not merely a
“leaky box,” with rapid equilibration within the bottleneck
followed by slow leakage through it. In fact, “leakage”
through the bottleneck is typically rapid, a fraction of the
particles outside can penetrate back in, and detailed simula-
tions show that the omnidirectional intensity near Earth is
hardly affected by the bottleneck, which mainly dams the
outflow of particles in its immediate vicinity. However, the
anisotropy at Earth is substantially affected, with the bottle-
neck indeed helping to explain the relativistic proton data.

To take the above effects into account, we modify the
transport equation of Ruffolo (1995) for a magnetic bottle-
neck located within the simulation region. Although in
principle a change in the curvature of the magnetic field
lines requires changing and adding terms to the transport
equation (see Skilling 1971; Isenberg 1997; Kota & Jokipii
1997; Ruffolo & Chuychai 1999), such changes are of order
(solar wind speed)/(particle speed) and are weak for rela-
tivistic particles, with the exception of the change to the
focusing term that we consider here. For computational
convenience, we still relate z, the arclength along the mean
magnetic field, to r as for an Archimedean spiral, and con-
sider a compression in (1n B) of Gaussian form:

)2
In B = (In B),,., + 17 €Xp [—u} ,

20?2
% = —%lnB
= <Z>Ar0h + ncos Y d ;27‘0
<o | -2, ®)

where “ Arch” refers to values for an uncompressed Archi-
medean spiral field; r, is heliocentric distance at the center
of the bottleneck; ¥ is the “garden-hose” angle between 7
and Z; ¢ is a measure of the width of the bottleneck, taken to
be 0.05 AU; and the amplitude # is chosen so that the
discrete sum of focusing occurring at each grid point corre-
sponds to the desired reflection coefficient, R. This rep-
resents the first treatment of focused transport for a
magnetic bottleneck inside the simulation region.

We first set r, to 1.3 AU, the bottleneck location esti-
mated from magnetic field data (Fig. 10). These simulations
indeed provided a much better fit, in particular to the
rapidly declining anisotropy. We then explored what values
of the reflection coefficient and scattering mean free path
would best fit the data, as a test of whether the inferred
properties of the bottleneck were consistent with the mag-
netic field measurements. The best fit was for R = 0.8, close
to the value expected from the magnetic field data, provid-
ing further evidence for the explanation of mirroring associ-
ated with this magnetic field structure. This fit had a x2
value of 179 for 110 dof, 4, = 0.13 AU (4, = 0.19 AU), an
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injection peak at 10:19 UT, and an injection FWHM of 5
minutes.

Finally, another fit to the relativistic solar proton inten-
sity and weighted anisotropy was performed for the same
parameters as used in the final fit with model 1: r, = 1.27
AU, R=085, and 4, =0.18 AU (4, =0.27 AU). The
results, shown in Figure 11 (red curves), had an improved y>
of 162, again for 109 dof. The best-fit piecewise linear injec-
tion profile implies a single peak at 10:21 UT with a
FWHM of 7 minutes. This injection width is somewhat
narrower than that obtained for model 1, but the difference
is less than the 5 minute resolution of the observations.
Overall, the excellent fit to the neutron monitor data pro-
vides strong evidence for the reflection of relativistic solar
protons from a magnetic bottleneck beyond Earth.

3.2. Fits to Solar Electron Data

Model 1 was used to simulate the supposed first injection
of electrons observed on Wind, until about 11:00 UT, with
similar boundary conditions as the neutron monitor data
except for allowing different 4, values and injection profiles
for different energy ranges. We have assumed that the dip in
the anisotropy profiles from ~10:45 to 10:57 UT was due
to a local effect and tried to optimize the modeling of the
intensities and anisotropies until 11:00 UT. Because of
complications from this local effect and the possible second
injection, it is difficult to draw conclusions from electron
data about the reflecting boundary beyond Earth. However,
the electrons do provide information on scattering condi-
tions between the Sun and Earth.

Figure 14 shows the best fit to the 27 keV electrons under
these restrictions, obtained with 4, = 0.5 AU, 7, = 0.4 hr,
and 7, = 0.7 hr. For the parallel mean free path of the
electrons at 1 AU we find a value of A, = 0.75 AU. The
simulation models the data well during the rise phase of the
event until 11:00 UT or so. Because the useful data extend
only to 11:40 UT we have not attempted to model a pos-
sible second injection. A fit to the Wind 179 keV electrons is
shown in Figure 15, obtained with 4, = 0.36 AU (4, = 0.54
AU), 7, =0.16 hr,and 7;, = 0.33 hr.

4. DISCUSSION AND CONCLUSIONS

A principal result of this work is that transport of rela-
tivistic solar cosmic rays during the Bastille Day event (2000
July 14) was strongly influenced by a magnetic mirror or
reflecting boundary located some 0.3 AU beyond Earth. A
notable feature of the Bastille Day event was the very rapid
decrease from an initially high value of anisotropy. Trans-
port models using a conventional Parker magnetic field
were unable to produce a satisfactory fit to this feature, but
revised models that included a reflecting magnetic field
structure beyond Earth yielded an excellent fit to time pro-
files of both the intensity and anisotropy.

Concurrent ACE and Wind measurements of the mag-
netic field provide additional support for this scenario. A
strong (~ 4 times) enhancement of the magnetic field magni-
tude was observed approximately 20 hr prior to onset of the
Bastille Day event. The field enhancement was related to a
prior CME shock that also produced a Forbush decrease.
The expected location and reflection coefficient of this field
enhancement are excellent matches with the properties
inferred from modeling the cosmic rays.

Evidence for magnetic mirroring of relativistic solar
protons has been presented previously (e.g., Cramp et al.
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1997). In fact, the configuration shown in Figure 13 may not
be particularly unusual; it merely requires that the same
active region produced a CME-driven interplanetary shock
a few days earlier, when it was in a more easterly location.
In such a case Earth may well be located near the western
margin of the CME ejecta, where magnetic field lines are
compressed as illustrated in the figure.

An ability to include magnetic mirroring in transport
codes improves the reliability and accuracy of the ordinary
mean free path resulting from scattering by turbulence. Our
initial modeling with a Parker field yielded a best-fit parallel
mean free path of 0.15 AU. Adding a magnetic mirror
improved the fit dramatically, but the best-fit mean free
path nearly doubled, to a value of 0.27 AU. In a certain
sense, then, the magnetic mirror was contributing approx-
imately half the total amount of scattering affecting cosmic
rays on Bastille Day 2000.

We also modeled low-energy electrons observed by Wind.
The derived parallel mean free paths are 0.75 AU at 0.17
MYV (energy of 27 keV) and 0.54 AU at 0.46 MV (energy of
179 keV). Remarkably, low-energy electron mean free paths
are larger than relativistic proton mean free paths at 10,000
times higher rigidity (~2 GV).

This result is consistent with the observation by Droge
(2000b) that the rigidity dependence of the mean free path
changes surprisingly little from event to event, even though
the level of scattering in the interplanetary medium varies
greatly. Plotted versus rigidity, the mean free path displays
a broad minimum at intermediate rigidities and rises both
for low-rigidity electrons and for high-rigidity protons.
Such a rigidity dependence is predicted in recent theoretical
treatments that combine effects of a turbulence dissipation
range with effects of dynamical turbulence or wave damping
(Bieber et al. 1994; Schlickeiser 1994).

A feature of the present analysis has been the use of two
independent transport simulations to model the data. Very
similar results were obtained from models 1 and 2, which
employ somewhat different methods to simulate solar injec-
tion and magnetic mirroring, and which also employ differ-
ent fitting techniques. Model 1 uses the traditional method
of fitting by eye, with an emphasis on the very early phase of
the event. Model 2 involves automated, objective fitting to
minimize a y> value. While in principle this gives equal
weight to each data point, in practice the very early points
again strongly constrain the fit, because simulations with an
inappropriate A, or injection profile tend to grossly misfit
these points. Our double-blind test has shown that these
very different fitting philosophies can yield nearly identical
results, giving one greater confidence in both methods.

We believe that the simulation described in § 3.1.2 above
(model 2) is the first implementation of automated y? fitting
in a state-of-the-art solar particle transport code. Further
development of such methods may permit near real-time
characterization of interplanetary transport parameters, for
use in making space weather forecasts of radiation inten-
sities and fluences in solar energetic particle events.
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