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ABSTRACT

Title of Dissertation: TRANSPORT PHENOMENA OF ANOMALOUS
COSMIC RAYS DURING THE RECOVERY
PHASE OF SOLAR CYCLE 22

Matthew Eric Hill, Doctor of Philosophy, 2001

Dissertation directed by: Professor Douglas C. Hamilton
Department of Physics

We study anomalous cosmic ray (ACR) transport phenomena in the
heliosphere during the 1991 to 2000 recovery phase, a period of positive
heliomagnetic polarity. Using measurements from the Low Energy Charged Particle
(LECP) instruments aboard the outer heliospheric Voyager 1 and 2 spacecraft and the
Low-energy Ion Composition Analyzer (LICA) on the low-Earth orbit SAMPEX
satellite, we calculate ACR H, He”, and O™ time-intensity profiles and energy spectra.
The 0.6- to 39-MeV/nucleon energy range reaches the lowest ACR energies studied,
Voyager 1 provides the most distant in situ observations made (~80 AU), and the
spacecraft cover the entire recovery phase, making this the most complete study of
low-energy ACRs to date.

We present a technique, the quasi-local gradient method, to simultaneously

determine radial and latitudinal intensity gradients using data from fewer than three



spacecraft, something not possible with the non-local gradient method. Both gradient
techniques are valid under different sets of conditions, but agree when conditions are
mutually satisfied. We study ACR transport with two additional methods, including a
time-dependent numerical solution to the spherically symmetric Fokker-Planck
equation, and these methods corroborate the results of the quasi-local procedure.
During ~1994 to 1999, for 1.3-, 6-, and 21-MeV/nucleon O the radial gradients from
50 to 70 AU are +11.2+1.1, +6.8+0.8, and -0.2+0.5 %/AU, respectively, and the
latitudinal gradients from ~10 to 30 degrees of absolute latitude are -5.5+1.2, -2.620.8,
and +2.9+0.3 %/degree, respectively.

In 1998 and 1999 a statistically significant periodicity of 150+10 days is
observed in the intensities of the three ACR species at Voyager 1, all three in phase.
This may be related to similar periodicities observed in solar and near-Earth
measurements, but never before reported in outer heliospheric or ACR data.

We show that the dominant ACR transport processes are convection and
diffusion and that a quasi-steady state is reached after 1994. A spherically symmetric
transport model with a constant ACR source at the termination shock is consistent
with the data, and gradient and curvature drift effects, away from the heliospheric

current sheet, are significant only for ACRs with rigidities above ~2GV.
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Chapter 1 — Introduction

1.1 — Anomalous Cosmic Ray (ACR) Phenomena
1.1.1 — The Heliosphere

The solar wind is the expanding upper atmosphere of the Sun, consisting
primarily of a hot tenuous gas of disassociated protons and electrons in the plasma
state. This nearly radially-emitted plasma flow pushes against the local interstellar
medium (LISM) resulting in a cavity in that medium called the heliosphere, where the
influence of the sun is dominant, and within which all of the Sun’s known planets
presently orbit. As predicted by Parker (1958) the magnetic field of the rotating Sun is
“frozen into” the expanding, highly conductive solar wind and carried outward,
forming the familiar Archimedian spiral shape of the magnetic field lines, as viewed
from above the solar poles. This idealized field configuration is often referred to as
the Parker spiral. In the meridional plane, it is useful to consider that the solar field is
a strongly modified dipole. Near the solar surface the magnetic field is roughly
dipolar, however, farther out along the equatorial plane, the dipolar loop structure is
distorted and stretched by the solar wind to form a neutral heliospheric current sheet
(HCS). For the distances from the sun considered here (1 to 80 AU) the dipole
features are unimportant and the Parker field is appropriate with field lines lying along
cones of constant latitude. outwardly directed north of the HCS and inwardly directed
south of the HCS, for positive solar polarity (the polarity reverses every 11 years).

Sunward of the heliopause (HP) region where the pressure of the LISM

balances that of the supersonic solar wind flow, there is expected to be a termination
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shock (TS), which is thought to surround the Sun at a distance of ~100 astronomical
units (AU), where the solar wind becomes subsonic. The Sun and heliosphere move
with respect to the neutral and charged particles of the LISM at roughly 25 km/s
(Bertin et al., 1993). Beyond the solar wind termination shock the subsonic solar wind
flow is expected to be modified by the influence of the relative motion of the LISM.
The charged LISM material should be diverted to flow around the heliosphere causing
the subsonic solar wind to change directions (e.g., near the apex of the heliosphere)
and flow back around the heliosphere, perhaps forming an extended heliotail in the
direction opposite the relative motion of the Sun. The neutral LISM material can flow
into the heliosphere, as its interaction with heliospheric matter and fields is much
weaker. The surface that separates the diverted LISM material from the redirected
solar wind flow is the heliopause and is perhaps ~150 AU from the sun. The region
between the TS and the HP is the heliosheath (or inner heliosheath if the LISM flow is
supersonic and a heliospheric bow shock exists, in which case the region between the
HP and the bow shock is called the outer heliosheath). The termination shock and the
heliopause form natural boundaries that serve to define the extent of the heliosphere.
The heliosphere is not static, as is not the sun. The Sun’s well-known 11 year
solar cycle was first observed in the sunspot measurements of Heinrich Schwabe in
1851, although telescopic observations of sunspots date to the seventeenth-century
(Russell, 1995). This periodicity drives the entire heliosphere—solar flares, solar
particle events, interplanetary magnetic field, and perhaps heliospheric boundaries—in
oscillations between relatively quiescent states and states of turbulent activity. Since

the Sun’s spin axis and axis of magnetic symmetry are not aligned, there exists an
2



angle between the HCS and the heliographic equatorial plane (defined with respect to
the Sun’s spin axis), called the tilt angle. This angle is also correlated with the solar
cycle, with larger tilt angles being associated with solar maximum and smaller tlt
angles occurring near solar minimum. Moreover, in some sense the HCS may be
thought of as “flipping” at solar maximum, corresponding to the bulk reversal of the
heliomagnetic polarity as the tilt angle reaches and continues past 90 degrees, although
this picture greatly simplifies the complicated and not very well understood process.
This interplanetary magnetic field reversal occurred for example in 1990; the inward
pointing northern heliomagnetic field reversed while the tilt angle was large during the
prevailing solar maximum-like conditions and became an outward pointing field with
a large tilt angle, followed by a decrease in the tilt angle as conditions approached
minimum later in the decade. The periods of the inwardly and outwardly directed
magnetic field in the northern heliosphere are known as periods with negative and

positive heliomagnetic polarity, respectively, often denoted 4 < Oand 4 >0.

1.1.2 — Cosmic Rays
From the perspective of Earth-bound observers cosmic rays can be neatly
divided into two classes: Primary and secondary cosmic rays. Primary cosmic rays are
energetic particles, mostly protons, that impinge upon the Earth’s upper atmosphere
from above, originating in some remote region of space (see below). Secondary
cosmic rays are those energetic particles that result from the collision of primary
cosmic rays with atmospheric particles; cosmic ray muons are a well-known example.

Primary cosmic rays do not preferentially seek out the Earth and in fact are believed to
3






