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The overall goals of this project were four-fold: 1) to investigate the processes of particle acceleration at
interplanetary shocks, 2) to clarify fundamental properties of magnetic turbulence and its effects on particle
transport in the solar system, 3) to work toward the establishment of a neutron monitor station at Doi
Inthanon, and {o analyze data from the worldwide neutron monitor network, and 4} to work toward advance
warning of space weather effects, and the dissemination of information about space weather effects to the
public, military, and private sectors in Thailand.
We have worked on 22 lines of research and trainedf/invoived 31 local participants. Highlights of our
results:
® Quantitative theory of effect of a finite time for shock acceleration, including charge-to-mass fractionation.
® Able to determine shock acceleration parameters from fits to data, with evidence in favor of proton-
amplified waves for a strong event.
® Discovery of hardening (increased acceleration efficiency) in the simulated steady-state spectrum of shock
acceleration at moderate particle energy, associated with a “mirroring peak” in the particle flux near a
shock or narrow fluid compression.
® Computational determination of the steady-state spectrum of particle acceleration due to a fluid
compression.

® Coliected statistics on magnetic field-shock crossings, with evidence for universal behaviors.

® Proposing a mechanism for explaining particle acceleration at nearly perpendicular shocks.

® Analytic expressions, confirmed by computer simulations, indicate particle transport is dominated by 2D
turbulence for strong non-axisymmetry, which is relevant to the outer heliosphere.

® Analytic expressions, confirmed by computer simulations, indicate regimes of slow diffusive and fast
diffusive separation of nearly field lines.

® Explanation of observed dropouts of solar energetic particles, and a new view of the transport of energetic
particles perpendicular to the mean magnetic field.

® Concept of a local trapping boundary within which turbulent field lines are temporarily trapped.

#® Discovery that a general, coherent two-dimensional random walk can be suppressed by a systematic flow,
which underlies the trapping of interplanetary field lines in filaments.

® Approval to set up the Princess Sirindhorn Neutron Monitor at Doi Inthanon.  Successful “MicroMonitor”
tests of hardware in Bangkok and at Doi Inthanon

® For solar energetic particle events with a strong anisotropy, the anisotropy x intensity profile is a good
proxy for the injection profile. '

® Solved a 16-year mystery: neutron monitor data are well explained by injection along both legs of a
magnetic loop.

® First detailed evidence of interplanetary magnetic mirroring of energetic particles.

® First simulations of the pitch angle transport of energetic particies in an interplanetary magnetic loop.



® First inference of a flat magnetic fluctuation spectrum (g<7) in the transport of solar energetic particles.

® Precise timing diagnostics of relativistic particle acceleration by solar events.

® Examined the accuracy of a widely used technique to infer the start time of solar particle injection.

® Successful dissemination of space weather knowiedge: Website ranked highly in Thailand for

physics/astronomy, lectures, newspaper and magazine articles, TV interview.

Output of the project includes 9 articles in leading international journals (7 published, 1 in press, 1
submitted), 25 intemational conference presentations, 6 completed theses (3 Ph.D.,, 3 M.Sc), and 2

completed B.Sc. senior projects.

Keywords: Cosmic rays, space physics, astrophysics, computer simulations, turbulence
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Chapter 1

Objectives

The overall goals of this project were four-fold:

1. To investigate the processes of particle acceleration at interplanetary shocks.

2. To clarify fundamental properties of magnetic turbulence and its effects on particle transport in the
solar system.

3. To work toward the establishment of a neutron monitor station at Doi Inthanon, and to analyze data
from the worldwide neutron monitor network.

4, To work toward advance waming of space weather effects, and the dissemination of information

about space weather effects to the public, military, and private sectors in Thailand.

The activities and results of our work are presented in the following sections, each section corresponding to
one of these objectives.

The principal investigator was intimately involved in all work by our group. Specific contributions by
others are noted in the following sections. All Thai research collaboraters are listed, even if they are not
official participants in this project (in which case their affiliation is listed in parentheses). Note also the
extensive cross-referencing between these four categories of work and between individual sub-projects,
indicating the strong synergy between performing all these categories of work in the same overail research

project.



Chapter 2

Particle acceleration at shocks and compressions

Objective: To investigate the processes of particle acceleration at interplanetary shocks.
Note: The Principal Investigator was also involved in all of these subprojects.

2.1. Finite time shock acceleration
® Researcher; Chanruangrit Channok
® Key Points: Quantitative theory of effect of a finite time for shock acceleration, including charge-to-
mass fractionation. Able to determine shock acceleration parameters from fits to data, with evidence
in favor of proton-amplified waves for a strong event.
® Status: Paper published
® Qutput: 7, 11, 17, 24, 40, 45; Ph.D. thesis (Chanruangrit)

This work was motivated by recent progress in identifying the “seed” population of suprathermal ions that
undergo acceleration at interplanetary shocks (e.g., Desai et al. 2003). In particular, we were invited by Mihir
Desai (Univ. of Maryland) to help think about how to explain spectra of energetic storm particles (ESP)
observed by the ACE spacecrait (Desai et al. 2004). Chanruangrit, a Ph.D. student at CU, spent 5 months in
2004 visiting U. Maryland (with support from the Commissicn for Higher Education} to work with Mihir and his
supervisor Prof. Glenn Mason. Since then (June, 2005) Mihir has moved to the Southwesi Research
institute, a non-profit research organization in San Antonio, Texas, and Glenn has moved to the Johns
Hopkins University Applied Physics Laboratory in Maryland.

In this project we have developed a theory for finite-time shock acceleration, in contrast with the classical
approach of an infinite available time and the assumption of a steady state. The key idea is that the
residence time of particles at the acceleration site (e.g., at the shock) cannot be longer than the total duration
of the acceleration process (i.e., the age of the shock). We point out that this should be the key mechanism
explaining spectral rollovers of 0.1-10 MeV/nucleon in ESP ions. We have also developed a formalism in
which a seed spectrum (particle density vs. momentum) is accelerated for a finite time.

In addition the total duration, other important parameters are the acceleration rate and the escape rate.
For censtant rates, we can use a combinatorial approach, which yields results with a simple interpretation.
For more realistic, energy-dependent rates, we analytically and computationally solve the initial-value problem
of a system of ODEs, (The analytic result is cumbersome, so we use it to check the computational results.)
We also derive an original formula for the charge-to-mass dependence of the rollover energy. Fits to
observed data provide estimates of the mean free path and its dependence on rigidity. Some events exhibit
mean free paths like those found in fits to SEP data (see Chapter 4), but one event indicates very small
mean free paths as hypothesized by Ng, Reames, and Tylka [1999, Geophys. Res. Leit., 26, 2145] for very

intense events, due to proton-amplified waves. This work has received substantial attention, e.g., a fuli



paragraph on our work in a review of the field by Eos, the newsletter of the American Geophysical Union

(Attachment 59). A paper has been published by Astrophysical Journal Letters.

2.2. Particle acceleration at fluid compressions
® Researcher: Kittipat Malakit
® Key Points: Discovery of hardening (increased acceleration efficiency) in the simulated steady-state
spectrum of shock acceleration at moderate particle energy, associated with a “mirroring peak” in the
particle flux near a shock or narrow fluid compression. Computational determination of the steady-
state spectrum of particle acceleration due to a fluid compression.

® Status; Completed

® Qutput: 13, 38; M.Sc. thesis (Kittipat)

This work was begun some years ago, but was recently brought to a satisfactory conclusion by the hard
work of Kittipat Malakit, as reported in his M.Sc. thesis. We present the first systematic study of steady-state
particle acceleration at (non-relativistic) continuous fluid compressions.

Particle acceleration at shocks and fluid compressions is examined by numerically solving pitch angle
transport equations for various magnetic field angles. The recently discovered jump in the steady-state
particle density just upstream of an obligue shock (Ruffolo 1999, Gieseler et al. 1999) is much strenger for
lower energy particles or greater shock obliquity. For narrow, oblique compressions the analogous feature is
a peak in paricle density in the compression region. We refer to both as “mirroring peaks” because for a
compression we clearly see that the peak arises from magnetic mirroring and reflection of particles. Steady-
state spectra of particles accelerated at an oblique shock or compression are hardened at low energy in
association with the mirroring peak; magnetic mirroring leads to more effective acceleration. The spectral
index at a given particle energy increases.approximately linearly with compression width. Steady-state
spectra from compression regions can also harden at high energy.

Kittipat presented this work at the 28lh ICRC in Tsukuba, Japan. It attracted extensive interest, especially
among scientists who are interested in the spectral index yielded by this novel acceleration mechanism and
also the possibility of a novel mechanism of charge-to-mass-dependent fractionation.

At one point, we planned to draft two international journal papers based on this work. However, they
have been delayed so long that we have recently “written them off” (the only viable paper ideas that we have
written off during the course of this grant). As stated in our proposal, there are many activities listed in our
Methodclogy that could lead to output in international, refereed journals, so we have a sort of Darwinian
selection process as to which actually “survive," producing the most important results and most worthy of
spending time to prepare an article for a major journal. With output exceeding our stated goals, we can aim
not only to publish, but to produce output with the strongest impact on the field that we can achieve. A
related issue is that to maintain vitality, a research group should spend a major fraction of their time on new
research of present interest to the scientific community. These particular papers were “written off’ on the
basis that, at this point in time, preparing journal articles on these older, more technical results (which are
already documented in our conference papers and Kittipat's thesis}) would draw too much time away from

ongeing work that could have a substantial impact on new pregress in the field.



2.3. Multiple magnetic field-shock crossings and shock drift acceleration
® Researcher: Peera Pongkitiwanichaku!
® Key Points: Collected statistics on magnetic field-shock crossings, with evidence for universal
behaviors. Proposing a mechanism for explaining particle acceleration at nearly perpendicular
shocks.

® Status; Ongoing

® Qutput: 41, 50; M.Sc. thesis (Peera)

This work is in some sense an extension of the M.Sc. thesis of a previous student, but Peera has taken
the work to a much higher level, producing fruitful results well beyond those envisioned by the Principal
Investigator. We have developed a new computational algorithm for tracing turbulent magnetic field lines,
which we believe to be faster for the same level of accuracy. This algorithm has been combined with a well-
tested field-tracing code provided by Prof. William Matthaeus of the Bartol Research institute, Univ. Delaware,
USA (partiaily developed by Piyanate Chuychai during a trip to Bartol supported by a TRF Royal Golden
Jubilee fellowship}. _

This project also involves new theoretical ideas, or more specifically, developing a new theory of shock
acceleration of upstream energetic particles at a nearly perpendicular shock. In recent work we have
improved our ideas of how to properly define the statistics of shock-magnetic field crossings, made use of the
scattering mean free path as a scale length for defining whether crossings are single or mutftiple, and found
muitiple examples of universality in the results, which we are able to explain physically. These results should
be of great interest to the community. In further work, Peera will develop these results, including connections

with previous work, to the level of an international journal article.



Chapter 3

Magnetic turbulence and particle transport

Objective: To clarify fundamental properties of magnetic turbulence and ifs effects on particle transport in the

solar system,
Note: The Principal Investigator was also involved in all of these subprojects.

3.1. Field line random walk in non-axisymmetric 2D+slab turbulence
® Researcher: Piyanate Chuychai

® [Key points: Analytic expressions, confirmed by computer simulations, indicate particle transport is
dominated by 2D turbulence for strong non-axisymmetry, which is relevant to the cuter heliosphere.
® Status; Paper submitted

® Qutput: 9, 37; Part of Ph.D. thesis (Piyanate)

This work is partially analytic and partially computational. The computational work has verified the
analytic expressions for the ensemble average diffusion of magnetic field lines (field line random walk} in
2D+slab turbulence that is non-axisymmetric. To expand on what we mean by this, the slab model of
turbulence assumes wave vectors along the mean magnetic field direction, z. The 2D+slab model was
motivated by observations of solar wind turbulence (Matthaeus, Goldstein, and Roberts, 1990). It more
realistically includes a "2D” component with wave vectors along the x and y directions. That model has also
been shown to provide a better explanation of the transport of cosmic rays parallel to the mean magnetic
field {Bieber et al., 1994). While Matthaeus et al. (1995) considered the random walk of magnetic field lines
for 2D+slab turbulence that was axisymmetric, i.e., had the same properties in the x and y directions, we now
relax that assumption to consider non-axisymmetric turbulence. This has immediate application for the
modulation of galactic cosmic rays in the outer heliosphere, where solar wind turbulence is indeed expected
to be substantially non-axisymmetric. The analytic expressions are more complicated but still yield interesting
conciusions.

Given the experience with a journal referee for related work (see 3.2), we have inciuded computational
work to confirm the analytic expressions. Piyanate, a Ph.D. student, completed the computational work
during her visit to U. Delaware, with support from her TRF Royal Golden Jubilee fellowship, and with
improved computer hardware purchased and set up with her Basic Research Grant. We have submitted an

international journal article on this work.

3.2. Field line separation in axisymmetric 2D+slab turbulence
® Researcher; Piyanate Chuychai

® Key Point: Analytic expressions, confimed by computer simulations, indicate regimes of slow

diffusive and fast diffusive separation of nearly field lines.

® Status; Paper published



® Qutput: 3; Part of Ph.D. thesis {Piyanate)

In our previous Basic Research Grant, we completed the analytic work on the separation of magnetic
field lines in axisymmetric 2D+slab turbulence. This is the first non-perturbative work on field line separation
that considers a realistic form of turbulence with very different properties for iongitudinal and transverse
turbulence. We diq an extensive literature search and compared and contrasted our results with those of
many previous authors. A paper was submitted for publication in Astrophys. J. in the final days of the
previous granting pericd.

imagine our surprise when the referee stated that our paper is not ready for publication because it is
analytic work, without computer simulations! {(Usually one might expect the reverse comment ...) Essentially,
we had to undertake an additional research project, to do computational work, before the analytic results
couid be published.

We have successfully developed this fundamentally new type of computer simulation, and the results are
quite similar to the analytic results. Piyanate has finished the computational work during her visit to U.
Deiaware. We added another section to the paper as well as three additional figures and another table. The

paper has now been published by Astrophys. J.

3.3. Field line random walk int isotropic turbulence

® Key point: Derived analytic expressions for the magnetic field line random walk in isotropic

turbulence, with or without a DC field.

® Status: Analytic work completed

This analytic theory work was carried out by the Principal Investigator during a recent visit to U.
Delaware in Oct.-Nov., 2004 (supported by an NSF grant to U. Delaware) in the context of work on particle
transport in isotropic magnetic turbulence. The analytic theory for the magnetic field line random walk can be
related to simulation results in progress by Prof. William Matthaeus at U. Delaware and his post-doc Pablo
Dmitruk. The Pl has written up the analytic results as one section of a future paper.

The results are also of theoretical interest when compared with previous results for 2D+slab turbulence.
This led the PI to a general framework of intrinsic driven or extrinsically driven decorrelation, which allows
one to describe in what situations exponential separation might be expected. Bill Matthaeus is encouraging
me to develop a new paper on this topic, also in relation to classic results of Taylor and McNamara [1971,

Phys. Fluids, 14, 1492].

3.4. Trapping of particles by small-scale topology of solar wind turbulence
® Researcher: Piyanate Chuychai
® Key Points: Explanation of observed dropouts of solar energetic particles. New view of the transport
of energetic particles perpendicular to the mean magnetic field.
® Status: Paper published
®  Qutput: 1, 12, 15, 36; Part of Ph.D. thesis (Piyanate)
This idea was fully explored and a paper was prepared for publication during 2003. A paper was

submitted to Nature but was rejected (afler 12 days) on the basis of not being of general interest. The paper



was then revised and re-submitted to Astrophysical Journal Letiers, the most prestigious specialized
publication for astrophysics {IF=6.237). The paper has now been published there.

This work presents a fundamentally new view of the perpendicular transport of energetic particles (i.e.,
their transport perpendicular to the mean magnetic field) in a magnetized plasma, such as in space or in
controfled fusion experiments. It also has implications for studying the topological structure of any sort of
magnetohydrodynamic turbulence. Furthermore, the problem is mathematically identical to a forced
Hamiltonian system in 2D phase space and thus is relevant to understanding such systems in general.

This work expresses ideas supported by computer simulations. #t seeks to explain two apparently
contradictory observations: 1) The ACE spacecraft has recorded “dropouts” of solar energetic particles,
indicating a filamentary distribution in space, and also seeming to indicate very little perpendicular diffusion.
2) The Ulysses and IMP-8 spacecraft have observed many solar events with very similar profiles of solar
energetic particles while the spacecraft were located on opposite sides of the Sun. This seems to indicate
very rapid perpendicular diffusion.

While for over 40 years the perpendicular transport of energetic particles has been considered to be a
diffusive process, we can resolve the above observations by considering a non-diffusive process associated
with conditional statistics of field line motion. While our other work (3.1 to 3.3} has considered ensemble
average statistics, we now consider the different behavior from different starting points. In a realistic 2D+slab
model of turbulence, field lines can be temporarily trapped near O-points in the 20 turbulence. On the other
hand, field lines near X-points are rapidly carried away, accounting for the dropouts. Over longer scales, all
field lines have escaped their temporary topological traps and then diffuse at the ensemble average rate.
There are no free parameters in our theory.

Furthermore, this view gives rise to a "core-halo” picture of energetic particle transport. Solar energetic
particles are initially mostly in a “core” region with a filamentary structure, while field lines escaping from
regions near X-points escape to form a less dense “nalo” of particles to distant locations. This can explain
other observations that have previously been viewed as contradictory. There is great interest in the cosmic
ray community (our results were presented and highlighted in the rapporteur session of the ICRC meeting in

Japan), and we plan to widely disseminate these new concepts.

3.5. Local trapping boundaries and topology of trapping regions
® Researchers: Jakaphan Meechai, Nimit Kimpraphan

® [Key Points: Concept of a local trapping boundary within which turbulent field lines are temporarily

trapped. Statistical measurements of trapping and filamentation of magnetic field lines.

® Status: Ongoing
® OQutput: 18, 34, 42; B.Sc. senior project (Jakaphan)

Recent work by a B.Sc. student, Jakaphan Meechai, resulted in the concept of a local trapping boundary
(LTB), a sharp boundary within which tufbu!ent field lines are temporarily trapped. An LTB is defined by a
local maximum in the average 2D field along a contour, and phenomenclogically the LTB corresponds to
trapping boundaries in the simulation results. This points to a new physical mechanism in addition to our

previous concept that field lines are topologicaily constrained to regions around O points in the 2D



turbulence. The new concept is that the field lines are seen to be actively trapped within sharp boundaries.
in further work (see 3.8) it has been shown that a strong 2D field can suppress the slab random walk by
which field lines escape, so we need to verify that this suppression can explain the LTBs seen in simulation
resuits. This result will have immediate application in explaining the very sharp dropout features in ACE
observations of SEP and solar electron bursts.

We also aim to ;:iescribe the trapping and filamentation of magnetic field lines. We have made substantial

progress in developing ideas for how to do this quantitatively.

3.6. Suppression of random walking by systematic flow in two dimensions
® Researchers: Piyanate Chuychai

® Key point: A general, coherent two-dimensional random walk can be suppressed by a systematic
flow, which underlies the trapping of interplanetary field lines in filaments.

® Status: Paper published

® Qutput: 6, 18, 26, 42; Part of Ph.D. thesis (Piyanate)

This was a serendipitous discovery by Piyanate Chuychai while under the supervision of Prof. Bill
Matthaeus at the Bartol Research Institute, U. Delaware during her visit in early 2004 (supported by a TRF
Royal Golden Jubilee Fellowship). it is a clear demonstration that a straong 2D field suppresses a coherent
(slab) random walk, a surprising resuit. In this case, the 2D field is not turbulent, but rather a systematic field
(a.k.a. flow} for demonstration purposes, comprising the field generated by a Gaussian potential function
a{x,y). Based on possible industrial applications, we hoped to reach a wider audience and submitted the
paper to Physical Review Letters (which typically does not publish pure astrophysics), which rejected the
article without review on the basis of not being of general interest. A journal article has now been published
in Astrophysical Journal Letters {IF=6.237).

At Bill's suggestion, Piyanate has developed a quasi-linear theory that provides a good explanation of the
suppression found in her simulations. The Pl has generalized this to any contour (not necessarily circular),
e.g., for islands in 2D turbulence, for which the suppression should be even stronger for a given 2D field

amplitude.

3.7. Improved algorithm for transport of particles in a turbulent magnetic field

® Researcher: Achara Seripienlert

® Status: Ongoing

While our work to date has been on the trajectories of magnetic field lines, what is really of most interest
is the motion of the particles themselves. There is also a possible connection with the issue of exponentially
decaying intensity profiles of solar energetic particles as seen in our fitting work (see 4.3). Therefore, our
further computational work will stress the tracing of particle orbits. Achara is working on an improved
algorithm for numerical determination of particle orbits analogous to that developed by Peera for field line

trajectories (see 2.3).



3.8. Transport of particles in a turbulent magnetic field and dropouts

® Researcher: Paisan Tooprakai
® Key point: Investigating particle motion aiong temporarily trapped magnetic field lines.
® Status; Ongoing
This is another “spin-off’ of the work earlier in this project about topological trapping of magnetic field
lines. indeed, at a meeting, the author of a competing thecry, Randy Jokipii, said he would believe ours if we
demonstrated dropouis with particle orbits. Therefore, we have started an investigation of particle orbits in a
turbulent magnetic field, involving a Ph.D. student, Paisan Tooprakai (also a faculty member at Chulalongkaorn
U. and a previous participant in our Basic Research Grants), who has a TRF Royal Golden Jubilee
fellowship. In a recent trip to U. Delaware (supported by that fellowship), Paisan and others have already
demonstrated trapping effects in statistics of particle motion in a Gaussian 2D + slab turbulent field in a
Cartesian geometry. Next, we aim to examine motion in a radial mean field with turbulent fluctuations, which

is more similar to the true interplanetary magnetic field.
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Chapter 4

Setting up a neutron monitor and data analysis

Objective: To work toward the establishment of a neutron monitor station at Doi Inthanon, and to analyze data

from the worldwide neutron monitor nefwork.
Note:; The Principal Investigator was also involved in all of these subprojects.

4.1. Work toward establishing the Princess Sirindhorn Neutron Monitor {PSNM)

® Researchers: Alejandro Saiz, Manit Rujiwarodom, Paisan Tooprakai, Kanin Aungskulsiri, Preeksingh
Anan, Tanin Nutaro (Ubon Rajathanee U.}, Supon Samran (Ubon Rajathanee U.), Burin
Asavapibhop (Chulalongkorn U}, Chakri Changchutoe (Chulalongkern U.)

® Key Points: Royal Thai Air Force approval to set up the PSNM at the Doi Inthanon Control and
Reporting Center. Successful "MicroMonitor” tests of hardware in Bangkok and at Doi Inthanon.
Progress on Monte Carlo simulations.

® Status: Ongoing

® Qutput: 48; M.Sc. thesis (Kanin)

After our criginal request in July 2003, the Rovyal Thai Air Force has recently granted permission to site
the PSNM at their Control and Reporting Center (radar base} at the summit of Doi Inthancn, the most
suitable location in Thailand. An excellent site is available, with a strong base (the neutron maonitor weighs
37 tons, or 41 tons if we include the planned housing in 2 shipping containers}). It is good to hear that there
are no termites at the mountain-top, as they are a serious problem during storage of the equipment (in
wooden crates) at CU!

This project is to be mostly funded by sources other than TRF, and sufficient funding has recently been
pledged by Mahidol Univ. that the financial future of the project is no ionger in doubt. The project is to be
managed in the framework of an MoU signed by the Presidents of Mahidol Univ., Chulalongkorn Univ,, and
Ubon Rajathanee Univ.

Our group was also active in pursuing national-level cooperation with the CMS collaboration at CERN, the
European organization for particle physics research. Indeed, the Pl is the national scientific coordinator of
this effort. In the short term PSNM is a key project/facility for familiarizing Thai students with particle
detection hardware, electronics, and softiware. Recently Preeksingh Anan, an M.Sc. student at MU, has
traveled to attend a Summer School to learn more about gas counters (such as neutron monitor tubes) at
CERN. However, this was on the whole disappointing, and it is possible that we may not pursue such
collaboration further.

In work led by Dr. Alejandro Saiz, we have tested individual monitor tubes (each a proportional counter
without the surrounding lead and polyethylene — a so-called "bare counter”} at CU in Bangkok and at Doi
inthanon, representing our first hardware work on energetic paricle detection in Thailand.  Great

improvements have been made to the point where this so-called MicroMonitor can run for weeks on end.
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More importantly, it produces the characteristic signals of neutron capture by the 10BF3 gas in the proportional
counter. The signals from the Li and He reaction products include 2 peaks for the two reaction channels and
wall effects for both Li and He.

There has also been substantial progress on Monte Carlo computer simulations of particle interactions in
a neutron monitor, by Kanin Aungskulsiri {M.Sc. student) in collaboration with Burin Asavapibhop, a facuity
member at CU (who has received a Young Research Grant from TRF). Those researchers chose to use the
GEANT 4 package, which apparently has some problems with low-energy neutron simulations. In further
work, Preeksingh Anan (M.Sc. student} is starting to collaborate (by long distance) with John Clem at U.
Delaware, a world leader in state-of-the-art simulation of atmospheric peutrons and neutron monitor
response, to use the well-tested FLUKA package.

Another student, Chanoknan Banglieng, has begun work on the analysis of possible future solar neutron
signats in PSNM, with the goal of developing a priori statistics with which to determine the significance of any
future solar neutron-iike signal at PSNM. Without such a priori statistics, some other groups in the world are
making claims that strain credibility, based on a posteriori statistics designed specifically for the specific type

of fluctuation they observe.

4.2. Fitting SEP data: September 29, 1989 event
® Researcher: Monchai Nimsuk

® Key Points: For strong anisotropy, anisotropy x intensity profile is good proxy for injection profile. An
exponential escape mechanism is necessary to fit the data.

® Status: On hold

® QOutput: B.Sc. senior project (Monchai})

For a long time, the Principal Investigator and Prof. John Bieber of the Bartol Res. Inst., U. Delaware
have been considering fitting the neutron monitor data on solar energetic particles (SEP) above ~ 1 GeV from
this event. The event is special in that it was the largest relativistic solar particle event since 1956, and there
was a very strong particle anisotropy. The initial anisotropy estimate of the Bartol group was rather crude,
and they have not had time to prepare mere accurate estimates. Therefore, we decided to go ahead with an
analysis of the existing intensity and anisctropy estimates as a student project for Monchai.

The main technical advance was an application of simulations of particle transport in a closed
interplanetary magnetic loop (one suggestion for this event), previously devefoped by the Principal
Investigator.

Although the data are not of publication quality, the analysis yielded two interesting, qualitative
conclusions:

1. When the anisotropy is strong (indicating a fong scattering mean free path), the anisotropy times
intensity is almost identical to the relative injection profile. The idea of examining intensity and
anisotropy times intensity (first Legendre coefficient) was pioneered by Ruffolo, Khumlumiert, and
Youngdee (1998).

2. To fit the data well, one must postulate an exponential escape mechanism. This is exciting in that it

may tie in with the trapping of particles in interplanetary turbulence (see 3.4 - 3.6).
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A publication-quality analysis will be postponed until better intensity and anisctropy data are available, and
until we have a better understanding of this exponential decay, which is observed in many other events (see

4.3) — an explanation of that would be an important discovery in its own right.

4.3. Fitting SEP data: April 15, 2001 event
® Researchers: Manit Rujiwarodom, Paisan Tooprakai, Thiranee Khumlumlert {(Naresuan 1J.)

& Key Points: Most detailed directional data ever obtained for relativistic sclar particles. Our analysis
permits the most precise timing to date of high energy particle emission from the Sun.

® Status: Paper accepted for publication

® Qutput: 2, 14, 39

We were invited to participate in this analysis of data from the first relativistic SEP event observed by the
full “Spaceship Earth” set of polar neutron monitors. This follows our collaboration to analyze data from the
July 14, 2000 event (Bieber et al. 2002), in which there was a successful double-blind test of analysis
techniques developed in Thailand (Ruffolo 1995; Ruffolo, Khumlumiert, and Youngdee 1998) against a
program used in Germany {actually developed by a group in Malaysia many years ago). Spaceship Earth is
a concept of using neutron monitors near the Earth’s poles to detect GeV-energy particles of similar energy
distribution coming from different directions in space {so the Earth functions like a scientific spacecraft). Note
that Spaceship Earth aims to detect particles at the low-energy end of the range available to ground-based
neutron monitors; in contrast, the PSNM at Doi Inthanon will measure the highest-energy particles available
to neutron monitors, due to its location at the Earth’s magnetic equator.

in addition lo its excellent directional sensitivity and counting statistics {much better than those available
from spacecraft), Spaceship Earth monitors (some of which were specifically set up or upgraded for the
project) also have excellent one-minute time sensitivity.

The Bartol group was responsible for the raw data and for an initial analysis of the directional distribution
to derive the intensity and anisotropy. We in Thailand were responsible for simulating the interplanetary
transport of SEP and for simultaneously fitting the intensity and the intensity x anisctropy to determine the
injection function at the Sun. We also performed an F-test of the chi-squared of the deviation of our fit from
the raw station data. In addition to those of us at Chulalongkorn University {at that time), Thiranee
Khumlumlert also participated in the analysis as part of her Young Research Grant from TRF. Furthermore,
John Bieber was able to visit us with support from a TRF Royal Goiden Jubilee fellowship, so he was able to
see and discuss our analysis methods first-hand.

Scientifically, the rmost interesting point is that the onset of particle acceleration is consistent with
indicators of CME shock formation and somewhat tater than indicators of flare activity, apparently supporting
the idea of acceleration by a CME-driven shock — directly addressing the goals of this research project.
Another interesting point is that the spectral index of interplanetary turbulence was apparently different than
that in our analysis for the July 14, 2000 event (Bieber et al. 2002). John decided to submit our paper to
Nature but it was rejected (after 1 day) on the basis of not being of general interest. We then sent it to
Astrophysical Journal Letters (IF=6.237), the top rapid-publication forum for astrophysics research, where it

has been published.
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4.4. Fitting SEP data: October 22, 1989 event

® Researchers: Manit Rujiwarodom, Paisan Tooprakai, Thiranee Khumlumlert (Naresuan U.),
Maneenate Wechakama {Kasetsart U.)

® Key Paints: Solved a 16-year mystery: neutron monitor data are well explained by injection along
both legs of a magnetic loop. First inference of a flat magnetic fluctuation spectrum (g<7) in the
transport of solar energetic particles.

® Status: Paper in press

® OQutput: 8, 16, 21, 25, 29, 46, 49

This event is interesting in the sense that there is a second peak in relativistic solar proton intensity with
bidirectional flows {Cramp et al. 1887}, which may indicate propagation within a botlleneck (as in the analysis
of Bieber et al. 2002, for which we studied the event of July 14, 2000) or inside a closed magnetic loop.
Prof. John Bieber has analyzed the intensity and anisotropy of solar energetic particles detected by various
neutron monitors. The new aspects of our analysis in Thailand are the development of simulations of
transport inside a magnetic loop and fitting some lower limits provided by John in addition to the usual data
points with error bars.

The neutron monitor observations of relativistic solar particles from this event have been an unexplained
mystery for 16 years! Our analysis initially seemed to indicate that transport within a bottleneck provides a
better expianation of the data than transport inside a closed magnetic loop. (It is interesting thal our
simulations and fits strongly distinguish between these possibilities.) However, the required reflection
coefficient (99% mirroring) was unphysical.

The solution: imagine a closed magnetic loop with two footpoints at the Sun. If particles are injected
nearly simultanecusly along the two legs of the loop, this implies a mirror symmetry plane in space - perfect
mirroring! Thus the 99% reflecting bottleneck was mimicking this mirror symmetry plane. When we tried
injection along both legs of a loop, the fits were greatly improved, and we can now explain all the unusual
features of this event. (The Pi is proud that he thought of this idea while holding his young baby,
demonstrating that research and fatherhood are not incompatible.)) Thus we can infer the large-scale
magnetic configuration from neutron monitor data at Earth.

This explanation has been well accepted by the community. For example, Don Smart, one of the authors
of a previous interpretation of the event, said we have now correctly solved the mystery of this event.

Further, refined fits also allow us to identify a parameter g, corresponding to the spectral index of the
turbulent power spectrum. The hard work of a new collaborator within Thailand, Maneenate Wechakama
(Kasetsart U.) to perform many fits was crucial to establish this result. (Note that Maneenate was not a
research student of the P!, but had an interest in astronomy and volunteered to join our research.} To our
knowiedge, this is the first finding of g<7 in the transport of solar energetic particles. The implication is that
closed magnetic loops have unusual magnetic fluctuations.

John Bieber has suggested that the PI be the first author, so it will now be possible for us to generate
papers with a lead author in Thailand from our work analyzing neutron monitor data from abroad. A paper on

this analysis has been accepted by the Asfrophysical Journal.



4.5, Fitting SEP data: October 28, 2003 event

Researchers: Alejandro Saiz

Key Point: Investigating the mystery of the fast peak and main peak in neutron monitor data, which

had unusual directional distributions.
Status: Paper published in Astrophys. J. {IF=6.604); further work in progress
Qutput: 4, 19, 23, 28, 33, 43, 44

This major event apparently disabled two Japanese satellites, caused 50,000 people in Sweden to go

without electric power, and led to aurorae as far south as Arizona (but not Thailand). It triggered a wave of

public interest abroad and in Thailand.

In addition to the implications for society, there is a scientific mystery as to why the worldwide neutron

monitor network showed an early peak of relativistic sclar energetic particles that was beamed in a very

precise direction, followed by a main peak with a wider angular spread but from a very different direction

about 90 degrees away! Furthermore, the fast peak was moving foward the Sun, whereas the main peak was

almost perpendicular to the measured local magnetic field. This is very different from the usual behavior of a

peak directed away from the Sun along the local magnetic field, followed by diffusive spreading. Prof. John

Bieber of U. Delaware has invited our feam to provide theoretical support for their analysis.

So far the best hypotheses to explain the fast peak are:

1.

Different magnetic structures passed the observer, corresponding to filaments in Section 2.2.4.
These can naturally have different axes of symmetry. New corroboration comes from our new
collaborators, Bernie Blake and Tamitha Mulligan at Aerospace Corporation, who have an
instrument on the POLAR spacecraft.

injection from the Sun along both legs of a closed magnetic loop.  This would require injection
first along the far leg, yielding the fast peak moving toward the Sun. Just as these particles
approach the Sun and are reflected (or perhaps reaccelerated by the still-active shock), they are
joined by fresh injection of particles along the near leg. These two populations together come
back out along the loop and result in the main peak. This interpretation does not explain the
sharp 90-degree change in the axis of symmetry between the early peak and the main peak.
Neutron decay protons (NDP) are deposited far from the Sun by fast-moving solar neutrons
{themselves produced by nuclear collisions of solar energetic particles moving downward into the
solar atmosphere) are rotaled by a large-scale magnetic field (on a larger scale than that
measured locally) and generate the fast peak, whereas the main peak represents simple injection
along an Archimedean spiral field. One drawback is that the two peaks on Oct. 28, 2003 had
similar magnitudes, whereas previous events believed to exhibit NDP (including those studied in
the Pl's Ph.[. thesis; Ruffolo 1991) had NDP peaks about 10,000 times less intense than the
main peak. We think we have ruled out this possibility for relativistic solar particles, although

there is a possible observation at lower energy in data from the POLAR and SAMPEX satellites.

In any case, this is an exciting mystery that needs to be solved, and we continue to explore these and

other ideas. We have published a summary paper in Geophysical Research Letters as part of a special issue
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on the major solar events of Octocber-November, 2003. We may develop one or more further publications

based on our ongoing analyses on different aspects of this exciting event.

4.6 Fitting SEP data: August 24, 2002 event

® Researchers: Thiranee Khumlumlert {Naresuan U.)

® Key Point: Able to determine interesting timing data even from a small Ground Level Enhancement.

® Status: On hoid

® QOutput: 20

This analysis project was suggested by the Pl in order for us to join a large "campaign” of analyses by
many research groups on the same soiar events. Our collaborators at the Bartol Research Institute, U.
Delaware agreed, and our joint analysis was presented by Paul Evenson in a poster at the Solar,
Heliospheric and Interplanetary Environment (SHINE) Workshop 2004 at Big Sky, Montana, in June, 2004.
Unfortunately, the campaign evenis received rather little attention at the workshop. Nevertheless, we are
interested that we were able to derive meaningful timing information {with 2 min. precision) from this rather
tiny GLE (only a 5% increase in polar neutron monitors), a result that was recently cited in a paper by the
leader of the campaign. John Bieber also points out an interesting rotation in the axis of symmetry during the

course of the event.

4.7 Fitting SEP data: January 20, 2005 event
® Researchers; Alejandro Saiz, Manit Rujiwarodom

® Key Points: Largest relativistic solar particle event in 50 years. Possible explanation in terms of
nonlinear transport of relativistic solar particles.

® Siatus: Ongoing

®  Cutput: 27, 31, 32, 35, 51

Despite the decline in the solar cycle, the Sun produced one last ground ievel enhancement {(GLE) of
relativistic solar particies on January 20, 2005. This was a huge event, the largest GLE in 50 years! (Cddly,
this event did not excite much interest among the popular press.)

We have been invited to help analyze the data from polar neutron monitors - in Antarctica, Australia,
Greenland, Canada, and Russia - maintained by the Bartol Research Institute and collaborators. In addition
to the directional distribution of cosmic rays, there are data from a bare monitor (similar to our MicroMonitor)
maintained by Bartol at the South Pole, which provide spectral information. A ship-borng mobile monitor
operated by Bartol and collaborators in Australia, for an ongoing latitude survey, was by chance at McMurdo,
Antarctica at the time and also provides spectral information based on multiplicity distributions for this huge
count rate,

Interestingly, the data exhibit an unusual second spike superimposed on the decay'of the first. This is
corroborated by a spectral feature (possibly indicating energy dispersion) in the bare counter to neutron
monitor ratio. Remarkably, the second peak has a lower anisotropy than the first, indicating a change in

interplanetary transport conditions after 10 minutes!
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We believe this is a manifestation of self-amplified waves, in which the first particles lose some of their
energy to wave generation that resonantly scatters the following particles. Such effects have been inferred
previously only from compositional changes [e.g., Ng, Reames, and Tylka 1999, Geophys. Res. Left., 26,
2145] and from our own work on the spectra of shock-accelerated ions (2.1). To our knowledge it has never
been seen in features of SEP time-intensity profiles, and heralds a novel nonlinear transport of relativistic
solar particles. Why should it happen now? GLEs provide unparalleled timing precision to reveal such
effects, and previous GLEs were not sufficiently intense. Upon the suggestion of John Bieber of Univ.
Delaware, Alejandro has estimated the energy density of the particles and the existing waves. The energy
density of the particles is apparenfly only a few times greater, so that previous events could not have
substantially affected the existing wave spectrum at the relevant frequencies. |t is also very interesting that
the injection profile we infer from a crude analysis, with one injection function for a high value of the
scattering mean free path and one for a low value, is actually continuous with only one solar injection. This
is appealing because some of us view two injections as somewhat more radical than self-amplified waves.

We will continue to explore this interpretation.

4 8. Examining the onsets of SEP events

® Researcher: Alejandro Saiz

® Key Point: Examined the accuracy of a widely used technique to infer the start time of sofar particle

injection.

® Status: Paper published

® Qutput; 5, 30, 47

This work was suggested by our collaborator Paul Evenson of the Bartol Research Inst., U. Delaware.
Recently it has become popular, in the worldwide cosmic ray community, to draw graphs of (veiocity)'1 VS,
onset time, fitting a straight line to data points. The injection onset at the Sun is inferred from the x-intercept,
while the slope is said to indicate a “pathlength.” In contrast, we have detailed modeling metheds to simulate
the transport of cosmic rays and fit data to determine the injection time. We wonder how accurate the
method is and how to interpret that “pathlength.” Our approach is to run transport simulations for a certain
injection time and to examine the effects of solar wind convection, an extended injection function, and a
rigidity-dependent mean free path. Our work in Thailand has been led by our post-doc, Alejandro Saiz.

The results indicate that the effects of solar wind convection and a rigidity-dependent mean free path can
cancel out to some extended, helping to explain why those graphs tend to yield sfraight lines. In other
words, the straight line may be somewhat fortuitous, not an indication of a lack of any transport effects. We
have examined how badly the inferred injection time and pathlength can deviate from the frue quantities.

The Pl has presented these results in various presentations in China and the US, and has also
discussed this with various experts in the field. Our results are of great interest among those who use this
analysis technique, and have been published in Astrophys. J. (IF=6.237). As an example of the interest they
attract, Allan Tylka of the Naval Research Laboratory in Washington, DC asked Alejandro to perform further

simulations at a different solar distance for use in a NASA proposal for the so-called Sentinels mission.
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4.9. Minimum Free Energy Fitting

® Researcher: Jedsada Manyam, Alejandro Saiz

® Key Point: Improved determination of the solar energetic particle injection function

® Status: Completed

This work was inspired by a talk that Jedsada Manyam gave at the 8" Annual National Symposium on
Computational Science and Engineering at Nakorn Ratchasima in July, 2004. Jedsada presented his M.Sc.
work in condensed matter physics at CU, in which he used a fitting technique that combined maximum
entropy and chi-squared fitting. We interpret this as finding the “minimum free energy.” We therefore hired
Jedsada for a few months to aim to deveiop an improved method for fitting SEP data to determine the
injection function. Several scientists abroad have inquired about the injection functions we report, which are
piecewise linear functions with rather wide time spacing (a method that is efficient computationally; see
Ruffelo et al. 1998). This is justified by the poor statistics, and the sharp triangular features are reascnable
proxies for the sudden injection of particles at the Sun by flare/CME events, but the piecewise linear profile is
admittedly not perfectly realistic.

We are satisfied with the results of Jedsada's work, supervised by Alejandro Saiz and the PI, in that the
new injection function is smoother, with error bars that are consistent with the piecewise linear injection
function for a test case (the April 15, 2001 event; see 4.3). We will implement this for future analyses that do
not involve nonlinear effects (i.e., not for January 20, 2005; see 4.7) as a single step of smoothing following

the usual optimization with the piecewise linear method.
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Chapter 5

Space weather

Objective: To work toward advance warning of space weather effects, and the dissemination of information

about space weather effects to the public, military, and private sectors in Thailand.
Note: The Principal Investigator was also involved in all of these subprojects.

5.1. Modeling Forbush decreases
® Researcher: Kanokporn Leerungnavarat

® Key Point: First modeling of Forbush decreases to include pitch-angle transport at the shock.

® Status: Ph.D. thesis (Kanokporn Leerungnavarat)

This is the Ph.D. thesis work of Kanckporn Leerungnavarat, also supported by a TRF Royal Golden
Jubilee fellowship. Technically, this work required extensive rewriting of our transport code. It also required
an extensive literature review.

This is the first modeling of Forbush decreases to include pitch-angle transport at the shock. The aim
was to comprehensively model Forbush decreases themselves, in addition to the precursors examined in our
previous work (Ruffoio 1999; Leerungnavarat, Ruffolo, and Bieber 2003), which have applications to space
weather forecasting. However, the Ph.D. student ran out of time, became pregnant, and decided to become
a homemaker. She did get the Forbush decrease maodeling program to work at some level, and had good
results from previous lines of work {including a first-author paper in Astrophys. J.), so she was allowed to
graduate. Such concerns aside, there were technical difficulties in making use of simulation output from
David Lario at Johns Hopkins U., USA, because such output was somewhat ragged and not amenable to the
kinds of numerical derivatives we want to perfform. Overall, it is clear that this line of research requires a
massive programming and computational effort without proportionate returns in terms of science, and we do

not plan o continue this type of modeling.

5.2. Dissemination and understanding of information on space weather
® Researchers: Ketkaew Saikerdsri
®  Status: successful dissemination of information and maintenance of website

® Output: website (www.thaispaceweather.com); invited lectures; television interview; radio interviews;

magazine article

This is the “outreach” portion of our research project. We have successfully established a public-interest

website, www.thaispaceweather.com, the first Thai-language wehsite devoted to space weather, and have
disseminated knowledge by other means as well. This has become one of the top websites in the nation
dedicated to astronomy. Complete details of our dissemination activities are provided in section 7.8 and

Attachment 52.
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Statistics on website hits (mostly from Thailand, but also from numerous countries around the world) are
also provided in Attachment 52. The peak interest came on June 7-8, associated with the Venus transit of
the Sun (we also organized a small cbserving party at Mahidol U., involving our collaborators from
Chulatongkorn U. as well, which attracted substantial interest). There were 128 hits on June 7 and only
slightly fewer on June 8. Specifically, most of these visitors to our website followed a link from the Manager
Online magazine. It turns out that site copied cur Thai-language news article on the transit (from some
months earlier), giving credit to us and providing a link to our site! (See Attachment 56.) That is quite a
compliment and demonstrates our effective contribution to space physics news in Thailand.

There are also links to our website from various major Thai web servers, such as www.pantip.com

and www.sanook.com. At present we have a steady readership of 15-30 hits every workday. We have also

received good questions, addressed to our website, from multiple high school students. In one case, this led
to contact with Pat Wongpan, then a high-schooel student, that led him to do a good-quality summer research
project with our group. He has even continued working with us throughout his first two years at Mahidal U.

We are quite proud that our website has inspired students to pursue research in this field.
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Chapter 6

Discussion

From the preceding chapters, it can be seen that our group undertakes a large number of
subprojects in paréllal {22 during this three-year period), some of which quickly bear fruit in terms of
international publications, some requiring a longer time before they are ready for publication, and some that
never lead to an international publication. Actually, each subproject that we take on is, at the outset,
potentiaily important enough for an international publication (or at the very least an international conference
presentation), but some do not work out or do not yield sufficiently interesting results.

We believe that our approach of performing a large number of subprojects is justified because:

& |t allows us to train a large number of students or other beginning researchers in research work that
has the potential to produce new scientific knowledge. Indeed, the number of local researchers
involved is greater than the number of subprojects (31, not counting some Thai coltaborators at other
universities) because most of them worked in teams, with new researchers learning from more
experienced researchers, and several have worked on more than one project for a diverse
experience. .

® While this approach leads to a substantial fraction of subprojects that do not lead to international
publications, we believe this “inefficiency” is justified by the intellectual stimuiation it provides.
Furthermore, some subprojects work out very well and indeed lead us into a new and fruitful line of
research. An example is the study of magnetic turbulence. In 2000, Prof. Matthaeus invited DR to
work on this topic during a visit to U. Delaware in the US. Originally DR joined this work ““for fun”
and intellectual stimulation; now this is one of our group's most productive lines of research, with a
strong synergy with our existing experience in SEP transport, and has proven to be good "brain
food" for our students.

® We really do not know at the outset which subprojects will bear fruit. A good example is provided by
our subprojects on fitting SEP data: Almost none of the key resuits were expected when starting to
fit the data. On the other side of the coin, not every data set yields a good fit, or is complete
enough to provide a unigue best-fit. Even when it does, just saying ““we were able to fit the data” is
not sufficient for international publication - for that, there must be convincing evidence for a non-

standard {more interesting or more detailed) transport madel or injection function.
Finally, the Principal Investigator would like to note that he is very happy with the Thai students who

have worked on this project, and is proud to have the opportunity to train them and work with them. In

addition to their actual research, our group aims to broaden their experience in various ways:

® A regular weekly meeting on student research, or for each research topic.
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® A weekly Group Meeting to discuss interesting reprints that colleagues have sent to us, articles from
the Astrophysical Journal that group members have selected, reports of solar activity during the past
week, recent news items concerning astrophysics or space physics, and other matters concerning
the lab.

® Graduate students typically present their work orally in at least one scientific meeting, often in
Engilish (in the case of the Annual National Symposium of Computationat Science and Engineering,
or meetings abroad). Before each seminar, research, or thesis presentation, everyone listens to the
speaker and gives extensive comments and criticism so that they learmn from the experience of

presenting their results to non-specialists.

Let us close the discussion by noting that our research activities have attracted increased attention from
the international scientific community. Our extensive international collaboration is evident in the author lists of
our journal publications and conference presentations. Our work was specifically cited and discussed for a
full paragraph in a summary of the field in E£os, the newsletter of the American Geophysical Union (see
Aftachment 59). We receive invitations to speak at international conferences and to review articles for major
journals. The Principal Investigator has been told by a senior US researcher that he accomplished more by
working in Thailand for 10 years (presumably because of our academic freedom and strong funding for basic
research) than he would have for 10 years in the US {(where he would probably have worked on multiple
post-doc jobs instead of working out his own ideas). ©One US researchet (with whom we have not yet
collaborated) recently paid us the kind compliment that he chose to attend a conference because our

research results would be presented there.
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Chapter 7
Output

7.1 International journal articles
Published '
1. D. Ruffolo, W. H. Matthaeus, and P. Chuychai, Trapping of solar energetic particles by small-scale
topology of solar wind turbulence, Astrophys. J., 597, L169 {2003) (IF=6.237)
2. J. W. Bieber, P. Evenson, W. Drige, R. Pyle, D. Ruffolo, M. Rujiwarodom, P. Tooprakai, and T.
Khumlumlert, Spaceship Earth Observations of the Easter 2001 Solar Particle Event, Astrophys. J,
601, L103 (2004) (IF=6.237)
3. D. Ruffolo, W. H. Matthaeus, and P. Chuychai, Separation of Magnetic Field Lines in Two-
Component Turbulence, Astrophys. J., 614, 420 (2004) (IF=6.237)
4. J. W. Bieber, J. Clem,.P. Evenson, R. Pyie, D. Ruffolo, and A. Saiz, Relativistic Solar Neutrons and
Protons on 28 October 2003, Gecphys. Res. Lett., 32, LO3S02 (2005) {IF=2.378)
5. A. Saiz, P. Evenson, D. Ruffolo, and J. W. Bieber, On the Estimation of Solar Energetic Particle
Timing from Onset Times near Earth, Astrophys. J., 626, 1131 (2005) (IF=6.237)
6. P. Chuychai, D. Ruffolo, W. H. Matthaeus, and G. Rowlands, Suppressed Diffusive Escape of
Topologically Trapped Field Lines, Astrophys. J., 633, L49 (2005) (IF=6.237)
7. C. Channok, D. Ruffelo, M. |. Desai, and G. M. Mason, Finite Time Shock Acceleration of Energetic
Storm Particles, Astrophys. J., 633, L53 (2005) {IF=6.237)

Accepted
8. D. Ruffolo, P. Tooprakai, M. Rujiwarodom, T. Khumlumlert, M. Wechakama, J. W. Bieber, P.
Evensecn, and R. Pyle, Relativistic Solar Protons on 1989 October 22; injection and Transport along

Both Legs of a Closed Interplanetary Magnetic Loop (accepted by Astrophys. J.)

Submitted
9. D. Ruffolo, P. Chuychai, and W. H. Matthaeus, Random Walk of Magnetic Field Lines in Non-

axisymmetric Turbulence (submitted to Asfrophys. J.)

7.2 International book article (non-refereed)
10. D. Ruffolo, Transport and Acceleration of Solar Energetic Particles from Coronal Mass Ejection
Shocks, in Coronal and Stellar Mass Ejections, Proc. |AU Symp. 226, ed. K. P. Dere, J. Wang, and
Y. Yan (San Francisco: Astron. Soc. Pacific), pp. 319-329
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7.3 International conference presentations {presented by first author unless otherwise indicated)

11. D. Ruffolo and C. Channok, Finite-Time Shock Acceleration, Proc. 28th Internat. Cosmic Ray Conf.,
6, 3681 (Tsukuba, Japan, August, 2003)

12. P. Chuychai, D. Ruffolo, and W. H. Matthaeus, Conditional Statistics of Magnetic Turbulence and
the Lateral Transport of Solar Energetic Particles, Proc. 28th Internat. Cosmic Ray Conf., 6, 3499
(Tsukuba, Japan, August, 2003)

13. K. Malakit, K. Klappong, K. Leerungnavarat, P. Chuychai, N. Sanguansak, and D. Ruffolo,
Particle Acceleration at Fluid Compressions and What That Teaches Us about Shock Acceleration,
Proc. 28th Internat. Cosmic Ray Conf., 6, 3677 (Tsukuba, Japan, August, 2003)

14. J. W. Bieber, P. Evenson, D. Ruffolo, W. Droge, R. Pyle, T. Khumlumlert, M. Rujiwarodom, and P.
Tooprakai, ‘Spaceship Earth’ Observations of the Easter GLE, Proc. 28th Internat. Cosmic Ray
Conf., 6, 3397 (Tsukuba, Japan, August, 2003)

15. D. Ruffolo, W. H. Matthaeus, and P. Chuychai, Trapping of Solar Energetic Particles by Small-
Scale Topology of Solar Wind Turbulence, Eos Trans. Amer. Geophys. Union, 85(17), Joint Assem.
Suppl., Abstract SH24A-05 (Montréal, Canada, May, 2004)

16. D. Ruffolo, P. Tooprakai, M. Rujiwarodom, T. Khumiumlert, J. W. Bieber, P. Evenson, and R.
Pyle, Relativistic Solar Particles on 1989 October 22: Injection along Both Legs of a Closed
Interplanetary Magnetic Field Loop, Eos Trans. Amer. Geophys. Union, 85(17), Joint Assem. Suppi.,
Abstract SH31A-04 (Montréal, Canada, May, 2004)

17. C. Channok, D. Ruffolo (presenter), M. |. Desai, and G. M. Mason, Finite Time Shock Acceleration
at Interplanetary Shocks, Fos Trans. Amer. Geophys. Union, 85(17), Joint Assem. Suppl., Abstract
SH31A-05 (Mentréal, Canada, May, 2004) .

18. D. Ruffolo, P. Chuychai, J. Meechai, P. Pongkitiwanichkul, N. Kimpraphan, W. H. Matthaeus, and
G. Rowlands, Sharp Trapping Boundaries in the Random Walk of Interplanetary Magnetic Field
Lines, Eos Trans. Amer. Geophys. Union, 85(17), Joint Assem. Suppl., Abstract SH31A-06 (Montréal,
Canada, May, 2004)

19, J. W. Bieber, P. Evenson, R. Pyle, D. Ruffolo, and A. Saiz, Unusual Features of the October 28,
2003 Ground Level Enhancement, Eos Trans. Amer. Geophys. Union, 85(17), Joint Assem. Suppl.,
Abstract SH33A-02 (Montréal, Canada, May, 2004)

20. J. W. Bieber, P. Evenson (presenter), R. Pyle, D. Ruffelo, and T. Khumlumlert, Spaceship Earth
Observations of the 24 August 2002 Event (Solar, Hetiospheric and Interplanetary Environment
Workshop 2004, Big Sky, Montana, June, 2004}

21. D. Ruffolo, P. Tooprakai, M. Rujiwarodom (presenter), T. Khumlumlert, J. W. Bieber, P. Evenson,
and R. Pyle, Relativistic Solar Particles on 1989 October 22: Injection along Both Legs of a Closed
interplanetary Magnetic Field Loop (35th COSPAR Scientific Assembly, Paris, France, July, 2004)

22. D. Ruffolo, Transport and Acceleration of Solar Energetic Particles from Coronal Mass Ejection
Shocks (Invited Talk, IAU Symposium 226, Coronal and Stellar Mass Ejections, Beijing, China,
September, 2004)
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24.

25,

26.

27,

28.

29.

30.

31.

32.

33.

34.
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. J. M. Clem, J. W. Bieber, P. Evenson, R. Pyle, A. Saiz, and D. Ruffolo, Investigation of the Solar
Neutron Event at Tsumeb on 28 October 2003, Eos Trans. . Amer. Geophys. Union, 85(47), Fall
Meet. Suppl., Abstract SH13A-1136 (San Francisco, December, 2004)

C. Channok, D. Ruffolo (presenter}, M. Desai, and G. Mason, Finite time shock acceleration and fits
to ESP ion spectra (invited talk, 2005 Solar, Heliospheric, and Interplanetary Environment Workshop,
Hawaii, July, 2005)

D. Ruffolo, P. Tooprakai, M. Rujiwarodom, T. Khumlumlert, M. Wechakama, J. Bieher, P.
Evenson, and R. Pyle, Relativistic Solar Protons on 1989 October 22: Injection along Both Legs of a
Loop {2005 Solar, Heliospheric, and Interplanetary Environment Workshop, Hawaii, July, 2005}

D. Ruffolo, P. Chuychai, W. H. Matthaeus, and G. Rowlands, Turbulence, dropouts, and
suppression of the fieid line random walk (2005 Solar, Heliospheric, and Interplanetary Environment
Workshop, Hawaii, July, 2005)

J. Bieber, J. Clem, P. Evenson, R. Pyle, M. Duidig, J. Humble, D. Ruffolo, M. Rujiwarodom, and A.
Saiz, Record-Setting Ground Level Ehancement: January 20, 2005 {2005 Solar, Heliospheric, and
Interplanetary Environment Workshop, Hawaii, July, 2005)

J. Bieber, J. Clem, P. Evenson {presenter), R. Pyle, J. B. Blake, T. Muiligan, D. Ruffolo, and A.
Saiz, Observation of Neutron and Gamma Ray Emission from the October 28, 2003 Solar Flare
(2005 Solar, Heliospherig, and Interplanetary Environment Workshop, Hawaii, July, 2005}

D. Ruffolo, P. Tooprakai, M. Rujiwarodom, T. Khumlumlert, M. Wechakama, J. Bieber (presenter),
P. Evenson, and R. Pyle, Relativistic Solar Protons on 1989 Qctober 22: Injection and Transport
along Both Legs of a Closed Interplanetary Magnetic Loop (29[h International Cosmic Ray
Conference, Pune, India, August, 2005)

A. 8aiz, P. Evenson (presenter), D. Ruffolo, and J. Bieber, On the Estimation of Solar Energetic
Particle Timing from Onset Times near Earth (29lh International Cosmic Ray Conference, Pune,
india, August, 2005)

A. Saiz, D. Ruffolo, M. Rujiwarodom, J. Bieber {presenter), J. Clem, P. Evenson, R. Pyle, M.
Duldig, and J. Humble, Relativistic Particle Injection and Interplanetary Transport during the January
20, 2005 Ground Level Enhancement (29th International Cosmic Ray Conference, Pune, India,
August, 2005)

J. Bieber, J. Clem, P. Evenson, R. Pyle, M. Duldig, J. Humble, D. Ruffolo, A. Saiz, and M.
Rujiwarodom, Largest GLE in Half a Century: Neutron Monitor Observations of the January 20,
2005 Event (29m International Cosmic Ray Conference, Pune, India, August, 2005)

J. Bieber, J. Clem, P. Evenson (presenter), R. Pyle, J. B. Blake, T. Mulligan, D. Ruffolo, and A.
Saiz, Observation of Neutron and Gamma Ray Emission from the October 28, 2003 Solar Flare
{accepted by 29" International Cosmic Ray Conference, Pune, India, August, 2005)

P. Chuychai, D. Ruffolo, W. H. Matthaeus, and J. Meechai, Trapping, Diffusive Escape and
Transport of Field Lines in Two-Component Magnetic Turbulence, Eos Trans. Amer. Geophys. Union,

86(52), Fall Meet. Suppl., Abstract SH11A-0247 (San Francisco, December, 2005)
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J. Bieber, J. Clem, P. Evenson, R. Pyle, D. Ruffolo, M. Rujiwarodom, A. Saiz, M. Duldig, and J.
Humble, Neutron Monitor Observations of the January 20, 2005 Ground Level Enhancement, Fos
Trans. Amer. Geophys. Union, 86(52), Fall Meet. Suppl., Abstract SH21A-03 (San Francisco,
December, 2005)

7.4 Local conference presentations (presented by first author unless otherwise indicated)

36. D. Ruffolo, W. Matthaeus, and P. Chuychai, Conditional Statistics of Magnetic Turbulence and the

37.

38.

39.

40.

M.

42.

43.

44,

45,

Lateral Transport of Solar Energetic Particles (7th Annual National Symposium on Computational
Science and Engineering, Bangkok, March, 2003)

P. Chuychai, W. Matthaeus, and D. Ruffolo, Computer Simulations of the Random Walk of
Turbulent Magnetic Field Lines (7th Annual National Symposium on Cemputational Science and
Engineering, Bangkok, March, 2003)

K. Malakit, K. Klappong, K. Leerungnavarat, and D. Ruffolo, Effects of Systematic Pitch-Angle
Changes on Cosmic Ray Acceleration on Shocks and Compression Regions: Contribution of the
Mirroring Effect (7th Annual National Symposium on Computational Science and Engineering,
Bangkok, March, 2003)

J. W. Bieber, W. Drisge, P. Evenson, R. Pyle, D. Ruffolo, P. Tooprakai, M. Rujiwarodom (presen-
ter), and T. Khumiumiert, Accurate Timing of Solar Energetic Particle Acceleration on April 15,
2001 (7th Annual National Symposium on Computational Science and Engineering, Bangkok, March,
2003} .

C. Channok, D. Ruffole (presenter), M. I. Desai, and G. M. Mason, Finite Time Shock Acceleration
at Interplanetary Shocks (8th Annual National Symposium on Computational Science and
Engineering, Nakorn Ratchasima, July, 2004}

P. Pongkitiwanichkul and D. Ruffolo, Effect of a turbulent magnetic field on the shock drift
acceleration of particles at a nearly perpendicuiar shock (8th Annual National Symposium on
Computational Science and Engineering, Nakorn Ratchasima, July, 2004)

P. Chuychai, D. Ruffolo, J. Meechai, P. Pongkitiwanichkul, A. S&iiz, N. Kimpraphan, W. H.
Matthaeus, and G. Rowlands, Inhibition of Random Walk by Systematic Flow in Two Dimensions
(8th Annual National Symposium on Computational Science and Engineering, Nakorn Ratchasima,
July, 2004)

J. W. Bieber, P, Evenson, R. Pyle, D. Ruffolo, and A. Saiz (presenter), Unusual Features of the
October 28, 2003 Ground Level Enhancement (8th Annuai National Sympesium on Computational
Science and Engineering, Nakorn Ratchasima, July, 2004)

J. W. Bieber, P. Evenson, R. Pyle, D. Ruffolo, and A. Saiz (presenter}, Unusua! Features of the
October 28, 2003 Ground Level Enhancement in Cosmic Rays (30th Congress on Science and
Technelogy of Thailand, Bangkok, October, 2004)

C. Channok, D. Ruffolo, M. |. Desai, and G. M. Mason, Finite-Time Shock Acceieration and lon
Spectra from Interplanetary Shocks (30th Congress on Science and Technology of Thailand,

Bangkok, October, 2004}
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46. D. Ruffolo, P. Tooprakai, M. Rujiwarodom, T. Khumiumlert, M. Wechakama, J. W. Bieber, P.

47.

48,

49

50,

51.

Evenson, and R. Pyle, injection and Transport of Relativistic Solar Protons along Both Legs of a
Closed Interplanetary Magnetic Field Loop (Q‘h Annual National Symposium on Computational
Science and Engineering, Bangkok, March, 2005)

A. Saiz, P. Evenson, D. Ruffolo, and J. W. Bieber, On the Estimation of Solar Energetic Particle
Timing fl‘Ol"I"l Onset Times near Earth (9ih Annual National Symposium on Computational Science and
Engineering, Bangkok, March, 2005}

K. Aungskulsiri, B. Asavapibhop, and D. Ruffolo, The Princess Sirindhorn Neutron Monitor
Simulaticn (91h Annual National Symposium on Computational Science and Engineering, Bangkok,
March, 2005}

D. Ruffolo, P. Tooprakai, M. Rujiwarodom (presenter), T. Khumlumlert, M. Wechakama, J. Bieber,
P. Evenson, and R. Pyle, Relativistic Solar Protons on 1989 October 22: Injection and Transport
along Both Legs of a Closed Interplanetary Magnetic Loop (31SI Congress on Science and
Technology of Thailand, Nakorn Ratchasima, October, 2005}

P. Pongkitiwanichkul and D. Ruffelo, Sawtooth Mechanism of Particle Acceleration at Shocks in
Random Magnetic Fields (31ST Congress on Science and Technology cof Thailand, Nakorn
Ratchasima, October, 2005)

A. Saiz, D. Ruffolo, M. Rujiwarcdom, J. Bieﬁer (presenter), J. Clem, P. Evenson, R. Pyle, M.
Duldig, and J. Humble, Relativistic Particle Injection and Interplanetary Transport during the January
20, 2005 Ground Level Enhancement of Cosmic Rays (3‘!St Congress on Science and Technology of

Thailand, Nakerri Ratchasima, October, 2005)

7.5 Completed Ph.D. thesis

Kanokporn Leerungnavarat, Piyanate Chuychai, Chanruangrit Channok

7.6 Completed M.Sc. theses

Kittipat Malakit, Kanin Aungskunsiri, Peera Pongkitiwanichakul

7.7 Compieted B.Sc. projects

Menchai Nimsuk, Jakapan Meechai

7.8. Invited talks, reviews, and other forms of dissemination

1.

Expanded www.thaispaceweather.com, which ranks highly among Thai websites for physics and

astronomy (see statistics in Attachment 52).

2. Lectures on space technology and internet training for schoolteachers, organized by the Institute

for the Promotion of Teaching Science and Technology, as part of the reorganization of school
curricula in Thailand:
a. Primary school teachers from central Thailand, on March 6, 2003

b. Secondary schoot teachers from central Thailand, on April 10, 2003
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11.

12.

13.

14.

15.

16.

17.

18.
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Lecture on solar storms, NECTEC Tech Talk No. 2, March 7, 2003.
Reviewer, April-July, 2003, for Journal of Geophysical Research A — Space Physics (IF=2.839)
Graduate seminar in physics (guest speaker), Mahidol University, June 17, 2003.
Lecture on “Principles of Satellites and Various Applications” as part of a TRF camp for Thai
schoolchildren (f1523rLin3sy Fudesauwelainge adef 7: vafntesanusasien), Octaber 29,
2003.
Newspaper articles related to the solar storm of October 28, 2003, with the help of the Public
Relations Division of TRF {Attachment 53}:
a. ©Aan1s online, October 31, “W'\qq’%n:“uﬁ’u@ﬁnﬁuuﬁﬂnmuhn
NTILINTINA online, October 31, ﬁnﬂ%nﬁﬁ’ﬂan%’ummqq%m ‘lmjLﬁoéT'aquﬁ%'ﬂma
afiad
c.  ®B1U3F, October 31, “lmné'lv’aamﬁﬁamaumnaau’ww‘q%u:'
d.  @u-Fa-an, October 31, ﬁm’mqq’%m‘szuuéamm{m
e. lwamat, October 31, WY asanfiadDeinelalan Aun1sreasEiwa e
f. @@fiad, November 4 (naduy lamAdedd), wiggios
g. #AuwWlne, November 6, inidn lnaiadonTuiia wiysios”
TV interview about solar storms for the program “168 hours” on Channel 3, aired December 18,
2003 at 1 AM. )

Feature about www.thaispaceweather.com in the magazine Science Today, which mentions TRF

{December 2003 issue; see Attachment 54).

Radio interview about Mars landers, organized by TRF, live on December 25, 2003, also aired on
December 28, 2003

Interview about research and other topics for GM Magazine — note the references to TRF on p.
124 and p. 133 (January 2004 issue; see Attachment 55).

Invited lecture for the NECTEC Knowledge Mart on "Elementary Particles: The Key to the Origin
of the Universe,” Feb. 18, 2004.

Presentation on "“Previous cooperation with CMS” (ﬁm’uaﬂmmi’mﬁaﬁu CMS), 1" ThaiCMS
Collaboration Meeting, at NECTEC, March 2, 2004,

Session chair, Joint Assembly of the American Geophysical Union, Montréal, Canada, May 19,
2004,

Article from www.thaispaceweather.com about the Venus Transit was reprinted in Manager

Cnline, June 7, 2004 (Attachment 56).

Organized public observation of the Venus Transit (‘avgniriwmiialsarfiad’) at Faculty of
Science, MU (Attachment 57).

On the Computational Physics Program Committee and a session chair, 8" Annual National
Symposium for Computational Science and Engineering, Suranaree U. Tech.,'JuIy 21-23, 2004
Reviewer, September, 2004, for Astrophysical Journal Letters, the world's premier letters journal

for astrophysics (IF=6.237)
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26.

27.

28.

29.

30.

31.

32.
33.

34.

35,
36.
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Invited speaker at International Astronomical Union Symposium 226 in Beijing, China on Solar
and Stellar Coronal Mass Ejections (Attachment 10).

Invited speaker, University of Maryland Space and Cosmic Ray Physics Seminar, Nov. 8, 2004.
Invited speaker, University of Delaware Fluids and Plasmas Seminar, Nov. 23, 2004.

Invited' speaker to introduce Prof. Sheldon Glashow (Nobel Prize in Physics, 1979) at the
seminar “Young Researchers Meet TRF Senior Research Scholars” organized by TRF at
Kanchanaburi, January 15, 2005 (Attachment 58).

Lead organizer for the 9" Annual National Symposium on Computational Science and
Engineering (ANSCSES) at Mahido! University, March 23-25, 2005. There were 3 intemational
invited speakers, 92 contributed papers from 7 nations, and 268 participants.

Invited panelist at Mahidol Wittayanusorn School on “Astronomy and the Spark for Students to
Become Scientists” to mark the opening of the MWIT-Swinburne Virtual Reality Theatre, June 17,
2005.

Radio interview, “Knowledge to the Community,” FM 92 MHz, July 7, 2005, on the Deep Impact
spacecraft's encounter with Comet Tempel-1

Reviewer, March-July, 2005, for Astrophysical Journal Letters, the world’s premier letters journal
for astrophysics (IF=6.237)

Invited speaker, Solar Heliospheric and Intefplanetary Environment {SHINE) Workshop, July 11-
15, 2005, Hawaii, USA

Reviewer, July, 2005, for ScienceAsia

Radio interview, August 7, 2005, about the apparent discovery of a 10" planet

Highlight speaker, Open Heouse, Faculty of Science, Mahidol University, August 24, 2005

Invited speaker, August 26, 2005, Academic and Research Seminar on Thai Astronomy, at
Naresuan University

invited speaker, November 2, 2005, Science seminar for 1St-year students at Mahidol Univ.
Panelist, November 25, 2005, 1" Thailand International Science Fair, at Mahidol Wittayanusorn
School

Mentioned by name in the article “Workshop Highlights Progress in Sclar-Heliospheric Physics” in
the newsletter Eos, Transactions of the American Geophysical Union, vol. 86, no. 50, p. 525
December 13, 2005, along with a one-paragraph discussion of our work {(Attachment 58).
Reviewer, December, 2005 — January, 2006, for ScienceAsia

Reviewer, January, 2006, for Astrophysical Journal, the world's premier journal for astrophysics

(IF=6.237)
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Attachment 1

TRAPPING OF SOLAR ENERGETIC PARTICLES BY THE SMALL-SCALE TOPOLOGY
OF SOLAR WIND TURBULENCE

D. RuUFrFoLO,'? W. H. MaTTHAEUS,® AND P. CHUYCHATL
Received 2003 July 8; accepred 2003 September 19; published 2003 October 17

ABSTRACT

The transport of energetic particles perpendicular to the mean magnetic field in space plasmas has long been
viewed as a diffusive process. However, there is an apparent conflict between recent observations of solar energetic
particles (SEPs): (1) Impulsive solar flares can exhibit “dropouts” in which the SEP intensity near Farth repeatedty
disappears and reappears, indicating a filamentary distribution of SEPs and little diffusion across these boundaries.
(2) Observations by the /MP-8 and Ulysses spacecraft, while they were on opposite sides of the Sun, showed similar
time-intensity profiles for many SEP events, indicating a rapid lateral diffusion of particles throughout the inner
solar system within a few days. We explain these seemingly contradictory observations using a theoretical model,
supported by computer simulations, in which many particles are temporarily trapped within topological structures
in statistically homogeneous magnetic turbulence and ultimately escape to diffuse at a much faster rate.

Subject headings. diffusion — magnetic fields — Sun: particle emission — turbulence

. INFRODUCTION

In general, energetic particles in space plasmas gyrate in
helical orbits around magnetic ficld lines, and transport parallet
to the mean magnetic field is more rapid than perpendicular
transport (Parker 1963, p. 242). In particular, the interplanetary
magnetic field is dragged outward from the Sun in a spiral
pattern by the solar wind (Parker 1958), and the particles ac-
celerated by violent events near the Sun (such as solar flares
and coronal mass ejections) can rapidly travel to the observer
when there is a good magnetic connection between them. While
spatial inhomogeneitics in solar encrgetic particle {(SEP) dis-
tributions have been known for decades, they have generally
been reported as occasional, sharp features attributed to mag-
netic discontinuities, including shocks, magnetic scctor bound-
aries, tangential discontinuitics, fast/slow solar wind bound-
aries, large-scale flux tubes, and magnetic clouds (e.g., Scholer
& Morfill 1975; Evenson, Meyer, & Yanagita 1982; Droge,
Wibberenz, & Klecker 1990; Sanderson ct al. 2000). However,
the “dropouts” recently observed by the Advanced Composition
Explorer (ACE) spacecraft for a large number of impulsive
solar events occur so frequently and over such small scales
{~0.03 AU) that they cannot be attributed to large-scale features
but instead must be related to the small-scale structure of the
interplanetary magnetic field (Mazur et al. 2000). Indeed, we
argue that dropouts are a signature of the topology of magnctic
turbulence in the solar wind and therefore are relevant to un-
derstanding magnetohydrodynamic turbulence in general.

SEPs from impulsive solar ¢vents serve as a good probe of
lateral transport (in solar latitude and longitude) because they
arise from a localized source (Reames, Cane, & von Rosen-
vinge 1990) associated with a group of sunspots. Lateral trans-
port requires transport perpendicular to the mean magnetic field
as a function of time, which is in turn attributed to the random
walk of turbulent field lines as a function of distance along the

' Department of Physics, Chulalongkorn University, Bangkok 10330, Thai-
land; davidé@astro.phys.sc.chula.ac.th, piyanate{@corona.phys.se.chula.ac.th.

* Current address: Department of Physics, Faculty of Science, Mahidol Uni-
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mean field (Jokipii 1966). That substantial lateral transport oc-
curs over a timescale of days is dramatized by recent obser-
vations of the same set of solar events by two spacecraft: the
Interplanetary Monitoring Platform 8 (IMP-8) near Earth and
Ulysses at 2-2.8 AU (McKibben, Lopate, & Zhang 2001). The
inferred magnetic footpoints of the two spacecraft were nearly
opposite in solar longitude and also very different in solar
latitude (equatorial for /MP-8 and near the South Pole for Ulys-
ses). Those authors presented time-dependent SEP fluxes that
were very similar (in absolute terms) during the decay phases
of the majority of the observed events. While in at least one
of their events there was an abrupt change near the time of a
shock passage, heralding the onset of temporally and spatially
invariant spectra in the region downstream of the shock (e.g.,
McKibben 1972), some profiles were diffusive with no apparent
shock passage and simply converged at late times. This indi-
cates that SEPs can undergo rapid lateral diffusion, spreading
throughout the inner solar system within a few days.

However, perpendicular transport of a diffusive nature cannot
explain both the dropouts and the JAMP-8/Ulysses observations;
the latter, as well as previous multispacecraft observations (e.g.,
Palmer 1982 and references therein), imply such rapid diffusion
that the small-scale dropouts would be washed out. It has been
proposed that fluid motions at the solar surface lead to a field
line random walk that is consistent with the dropouts (Giaca-
lone, Jokipii, & Mazur 2000). As will be shown bclow, that
type of random walk is too slow to explain the IMP-8/Ulysses
observations. Here we propose to reconcile these observations
in terms of a two-component model of solar wind turbulence
that has provided a useful explanation of both its magnetic
statistics and the parallel transport of SEPs. We show that in
such a model, a certain fraction of low-energy SEPs is tem-
porarily trapped within small-scale topological structures in
statistically homogeneous turbulence, ultimately escaping to
diffuse at a much faster rate. This view of perpendicular trans-
port can explain both the ACE observations of dropouts, over
short timescalcs, and the JMP-8/Ulysses observations of rapid
dispersion after a few days.
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2. ENSEMBLE AVERAGE STATISTICS

We consider a two-compenent model of solar wind turbu-
lence as follows:

B = B,i+ 0"(2) + 57%(x, ), H

o Lz p° Lz ()

This assumecs a constant (or slowly varying) mean magnetic
field plus two components of transverse tfluctuations. The “slab”™
component of turbulence 5™*° depends only on z, the coordinate
along the mean field, while the “two-dimensional” component
5" depends only on the perpendicular coordinates, x and y.
The two-component model was motivated by the observation
that solar wind flucluations are concentrated at nearly parallel
and nearly perpendicular wavenumbers (Matthaeus, Goldstein,
& Roberts 1990}). Furthermore, this model provides a good
explanation of the parallel transport of SEPs (Bieber et al. 1994;
Bieber, Wanner, & Matthaeus 1996; Droge 2000), providing a
sotution to the long-standing discrepancy between theoretical
and observed scattering mean free paths.
For the two-dimensional component, we can write

5% (x, y) = V X [a(x, y) 7], (3)

where af is the vector potential for the two-dimensional com-
ponent of turbulence and «{x, ) can be called the potential
function. The arbitrary constant in the vector potential is chosen
so that {&) = 0.

For pure two-dimensional turbulence, with no slab component,
magnetic ficld lines can remain trapped near certain (x, y)-
coordinates because they always follow contours of constant a.
As an example, Figure 1 shows a contour plot of a(x, y) for a
specific representation of two-dimensional turbulence that was
generated to have desired stalistical properties, as will be dis-
cussed in detail in § 3. The circles in Figure 1 indicate O-points
[local maximu or minima in «(x, ¥)] where the contours remain
trapped within “islands” of the two-dimensional turbulence (or
fitaments in three-dimensional space). We also indicate X-points,
i.e., saddle points of a{x, y). This is an example of how turbulence
with homogeneous statistical propertics can have small-scale to-
pological struciure.

‘The ensemble average statistics of the field ling random walk
were caleulated by Matthacus et al. (1995). A diffusion coef-
ficient, D, is defined by {Ax”) = 2DAz, where Ax is the change
in a perpendicular courdinate over a distance Az along the mean
field. Each turbulence component is associated with a value of
D; the overall value is D = D72 + [{(D,,./2) + (D) ]
Under normal solar wind conditions, ), is very small
(=5 % 10 * AU). The total diffusion coefficient can be esti-
mated from the JMP-8 and Ulysses data sets.

For most solar events shown by McKibben et al. (2001), the
30-70 MeV proton time-intensity profiles at the two spacecraft
are very similar, in shape as well as in absolute magnitude,
immediately after the peak in particle intensity. Only the event
of 2000 November 8 shows a distinctly ditfusive rise at Ulysses
before matching /MP-8 data in the decay phase. Therefore, we
have fitted this most diffusive event, using a Reid profile (Reid
1964) cenfered at the Archimedean field line of the flare site
at the radial distance of Ulysses (2.35 AU), to provide a lower
bound on the particle difiusion coefficient «,. Based on this
conservative estimate, the /MP-8 and Ulysses observations
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Fig. | —Contour plot of the potential function for a representation of the
two-dimensional turbulence component. The magnetic field due to this com-
ponent tollows contours of constant potential. Field lines oear O-points are
rapped within topological “islands.” while fieid lines ncar X-points or outside
istands rapidly travel to other locations. In the solar wind, magnetic ficld lines
undergo an additional random walk as a result of the slab component of
turbulence, which allows them to eventually escape from islands surrounding
O-points.

require an SEP perpendicular diffusion coeflicient of x 2
13 x 10" em’s™, orx /B 24 x 10" cm®s™', where § is the
particle speed divided by the speed of light. This is of the same
order of magnitude as previous estimates (e.g., Parker 1963:
Palmer 1982). Using the field line random walk concept (Jokipii
1966), which in itself yiclds an underestimate of D (Matthacus
et al. 2003), one obtains a total field line diffusion coeflicient
of D >0.02 AU, which is much greater than D, .. Conversely,
since the model of Giacalone et al. (2000) uses slablike fluc-
tuations (in the sense that fluctuations propagate in z), their
model yields insufficient field line diffusion to explain the
IMP-8/Ulysses observations.

Therefore, the two-dimensional component of turbulence
dominates the ensemble average field line diffusion, and
Ax,.. = {Ax%)'? > 0.2 AU at Earth orbit. However, such en-
sernble average statistics carnot apply to observations of drop-
outs because the dropouts correspond to a filamentation over
~0.03 AU, which would be completely washed out by such
rapid diffusion.

3. CONDITIONAL STATISTICS

Instead of ensemble average statistics, let us now consider
conditional statistics, depending on the initial location of a
magnetic field line. if a field line is near an O-point. within an
island of the two-dimensional turbulence {sce Fig. 1), the two-
dimensional contribution to the random walk 1s suppressed.
The field line is temporarily trapped, with diffusion at the much
slower rate characteristic of slab turbulence. On the other hand,
magnetic field lines that start outside islands are rapidly carried
far away by the two-dimensional torbulence.

In particular, suppese that particles are jnjected in a spatially
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FiG. 2.—Scatter plot of the locations of magnetic field lings that are initially (atz = 0} located within a circle (simulating the region where particles are injected
as a result of an impulsive solar flare). At inlermediate-z values, field lines within 1slands of the wo-dimensional turbulence (around the O-points shown in
Fig. 1) remain trapped, while ficld lines in other regions spread rapidly. This explains the filamemary distribution of pariicies as indicated by dropout features.
At large z values, all field bines diffuse rapidly, which explains the Ulysses and /AMP-8 observations of SEP diffusion throughout the inner solar system.

localized region, say, a circle of radius p. Then z, = p¥/(4.)
is a characteristic distance over which ficld lines outside islands
diffuse out of the circle. 1f an island has diameter &, then
z, = d*(160,.) is the typical distance along the mean field
over which field lines escape from the island, given diffusion
due to the slab component. 11 slab diffusion 1s weak, we can
have z, <z, <z, where 2, is the distance of the observer.
We suggest that dropouts arc observed under these conditions.
Magnetic field lines (and the low-energy particles orbiting
them) that start deep within islands mostly remain trapped,
while those outside the islands rapidly escape [rom the injection
region, leaving gaps with a low density of particles. On the
other hand, after a long distance (z ,, > z,), essentially all field
lines have escaped their temporary topological fraps, corre-
sponding to a rapid lateral diffusion of field lines (with the
ensemble average diffusion coefficient D) and of particles.

This idea is confirmed by computer simulations that trace
field line trajectories in representations of two-dimensional +
slab turbulence for typical solar wind values, using Cartesian
geometry for simplicity. The field line random walk is then a
surrogate for particle gyrocenter motion. The simulations in-
volve two steps:

1. The first step involves generating representations of slab
and two-dimensional turbulence with desired statistical proper-
ties, such as the observed Kohmogorov power-law spectrum over
the inertial wavenumber range (Jokipii & Coleman 1968), using
the power spectrum of Ruffolo & Matthacus {2003) and random
phases, and then using inverse fast Fourier transtorms to obtain
b, () and B,,(x, p). The transform in z used 2% (=4.2 x 10°)
points, representing a length of 25 AU. The transform in x and
1 used 2048 points in cach dimension, corresponding to a length
of 2.5 AU. The simulations in the present work were for param-

eters believed to correspond to typical solar wind conditions:
biB, = 0.5, a fraction of slab turbulent energy (, = 0.2
(following Bieber et al. 1994), a slab correlation length € =
0.02 AU, and an ultrascale of two-dimensional turbulence
A= ((@){h7.,)"7 = 0.06 AU. The ultrascale is believed to
roughly correspond to the size of the largest islands, and this
value corresponds to D) = 0.02 AU, as a conscrvative lower
limit. This lower limit is consistent with a previous cstimation
of A (Matthaeus, Smith, & Bicber 1999).

2. The second step involves tracing magnetic field lines, i.e.,
solving the coupled ordinary differential equations

dx _b(uyz)  dv _ bnp o) "
& B,  d= B, (
We use a fourth-order Runge-Kutta method with adaptive time

stepping regulated by a fifth-order error estimate step (Press ct
al. 1992).

Our computer simulations for several representations
(several sets of random phases), different values of A, and
different spectral forms at low wavenumber yiclded qualita-
tively similar results, including structures corresponding 1o
dropouts of ~0.03 AU as in the ACFE observations.

The results shown in Figure 2 demonstrate the behavior de-
scribed above. The upper lefi-hand panel shows random inttial
locations within a circle, coresponding to the injection region
where field lines are populated with SEPs. Field lines are then
traced from those initial locations as a function of z. The sub-
sequent panels, cross sections at longer distances along the
mean field, show filamentary structures in the distribution of
SEPs. A spacecraft near Earth (z = | AU) samples a transcpt
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through this highly inhomogenecus distribution. The simulation
results are consistent with observed dropouts of ~0.03 AU. At
longer distances, essentially all field lines (and particles) have
diffused away, leading to the rapid propagation of particles
throughout the inner heliosphere at later times.

4. DISCUSSION AND CONCLUSIONS

Note that we identify dropouts with topological structures
that develop in solar wind turbulence, not with initial motions
at the solar surface. We see the effects of islands of various
sizes d due to the self-similar nature of turbulence, including
islands within islands, but those much wider than p do not
confine particles near the injection region.

For a wide injection region, z, > z,,., and dropouts should
not be seen, Indeed, another class of solar events, gradual flare/
coronal mass ejection events, inject particles over a much wider
region (Reames 1990} and do not exhibit dropouts (see the
similar argument of Mazur et al. 2000 and Giacalone et al.
2000). We confirm that our model explains the lack of dropouts
for gradual events by a “control run” in which field lines are
randomly distributed throughout the simulation region. The
distribution indeed remains uniformly random at all distances
(which in the context of our model is required by Liouville’s
theorem).

This new view of the perpendicular transport of cnergetic
particles in space plasmas can also reconcile another pair of
apparently conflicting observations. Impulsive solar events se-
lected for a strong SEP electron increase were shown to have
a narrow distribution in solar longitude (Reames et al. 1990).
This indicates only limited lateral spreading for the bulk of
SEPs, which we attribute to trapping within small-scale to-
pological islands, representing a “core” region of high particle
density (Fig. 3). On the other hand, recent spacecraft obser-
vations of type 1 radio bursts and associated SEPs indicate
that SEP electrons and ions can undergo broad lateral motion
{up to ~90° in solar longitude) during their transport from the
Sun to Earth orbit (Cane & Erickson 2003). In our view, this
laterally extended but less intense “halo™ of SEPs corresponds
to particles on field lines initially located outside local islands
of two-dimensional turbulence. (Note that particles observed
by Ulpsses do not necessarily correspond to this halo since they
may have undergone lateral diffusion beyond 1 AlJ.) Indeed,
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FiG. 3. —I1tustration of interplanclary magnetic field lines populated with
SEPs from a tocalized source region near the Sun, as expected for an impulsive
solar flare. In the two-dimensional +slab model of solar wind turbulence, some
field lines are trapped in filaments corresponding to the small-scale topology,
i.e., islands of the two-dimensienal turbulence, out to Earth orbit, while in-
terstitial field lines spread laterally to large angular distances. This leads to
the observed “core™ region of SEPs with dropouts and an exteaded “hale™
region.

the absence of these halo SEPs from the core region is manifest
as dropouts.

Finally, we note that the problem considered here is directly
analogous to the Hamiltonian flow of a dynamical system (in
two-dimensional phase space) with time-dependent, random
forcing (on the substitutions @ — #/ and z — ). Thereforc, our
qualitative conclusions apply to such systems in general.

The authors acknowledge useful discussions with Hilary Cane,
Joe Dwyer, and John Bieber This research was partially sup-
ported by a Basic Research Grant and a2 Royal Golden Jubilee
Fellowship from the Thailand Research Fund, the Rachadapisek
Sompoj Fund of Chulalongkorn University, and the NASA Sun-
Earth Connections Theory Program (grant NAGS5-8134).
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ABSTRACT

The largest relativistic (~1 GeV) solar proton event of the current solar activity cycle occurred on Easter 2001
{April 15). This was the first such event to be observed by Spaceship Earth, an 1!-station network of neutron
monitors optimized for measuring the angular distribution of solar cosmic rays. We derive the particle density
and anisotropy as functions of time and model these with numerical solutions of the Boltzmann equation. We
conclude that transport in the interplanetary medium was diffusive in this event, with a radial mean free path of
0.17 AU. The high time resolution of the Spaceship Earth network and the fast particle speed permit accurate
determination of particle injection timing at the solar source. We find that particle injection at the Sun began at
13:42 UT #1 minute, about 14 minutes before the first arvival of particles at Earth, in close association with
the onset of shock-related radio emissions and ~15 minutes after liftoff of a coronal mass ejection (CME). Our
results are consistent with the hypothesis that solar particles were accelerated to GeV energies on Easter 2001

by a CME-driven shock wave.

Subject headings: acceleration of particles — solar-terrestrial relations —
Sun: coronal mass ejections (CMEs) — Sun: flares — Sun: particle emission

I. INTRODUCTION

Spaceship Earth is a network of neutron monitors strategi-
cally deployed to provide real-time three-dimensional mea-
surements of the cosmic-ray angular distribution with excellent
statistics and T minute time resolution. As shown in Figure 1,
it comprises 11 stations on four continents sited to provide
good sky coverage of the equatorial region together with a
three-dimensional perspective from Thule and McMurdo. The
asymptotic viewing direction shown for each station is the
direction from which the primary cosmic rays were coming
before encountering the distorting magnetic fields of Earth’s
magnetosphere. The name Spaceship Earth recognizes both the
multinational scope of the project {US, Russian, Australian,
and Canadian participation) as well as the similarity of the
measurement strategy to that employed by modern particle de-
tectors flown in space.

Figure 2 shows count rates recorded by five selected stations
of Spaceship Earth during the solar particle event of 2001 April
15. This event was so large that it incrcased radiation levels
at Earth’s surface; hence it qualifies for designation as a
“ground level enhancement™ (GLE). The earliest onset was
recorded at 13:56 UT at Fort Smith, Canada. The minimum
detected encrgy is 0.4 GeV and is determined by atmospheric
absorption at these high-latitude sites; the geomagnetic cutoff
is below this and plays no role. Thus, all Spaceship Earth
neutron menitors have the same energy response, and the dif-
fering time profiles in Figure 2 result from anisotropy of the
particle angular distribution. Stations with a favorable viewing
direction (c.g., Nain and Fort Smith) exhibit a rapid rise and
comparatively high peak. Owing to scattering by magnetic tur-
bulence in the interplanetary medium, however, even stations

" Current address: Department of Physics, Faculty of Science, Mahidol Uni-
versity, Rama VI Road, Bangkok 10400, Thailand.
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with an unfavorable viewing direction (e.g., Apatity) measure
finite particle intensity.

2. MODELING RESULTS

The tull power of Spaceship Earth is realized when the in-
dividual stations are analyzed in concert and the network itself
becomes the observing instrument. For this event, we found
that a simple first-order anisotropy provides a good description
of the cosmic-ray angular distribution. Network data were fitted
to the function

S0, @) = n(l +£ sinffcosg + £, sinfsing + £ cosd),
(N

where f(0, ¢) is the intensity measured by a station with an
asymptotic viewing direction defined by 8 (colatitude) and ¢
(longitude), » is the particle density, and (£,, £, £,) are the
three components of the anisotropy vector '

Results of the first-order fit appear as data points in Fig-
ure 3. The second panel displays the cosmic-ray density ex-
pressed as a percentage of the preevent background of Galactic
cosmic rays. The bottom two panels display two representations
of the anisotropy, the “weighted anisotropy” defined as »£ and
the ordinary anisotropy defined as ¢ = (£2 + ] + £2)'".

The solid lines in Figure 3 represent a fit of the Spaceship
Earth data to a theoretical model. Specifically, the density and
weighted anisotropy in the second and third panel were modeled
with numerical solutions of the Boltzmann equation (Roelof
1969; Ruffolo 1995) using the method of least squares. (The
temporary suppression of weighted anisotropy from 14:17 to
14:32 UT is apparently a localized effect that cannot be de-
scribed by our model; hence this interval was omitted from the
fitting procedure.) Modeling the density and anisotropy to-
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FiG. 1. —Spaceship Earth neutron monitor network. All stations ( filfed cir-
cles) are at high geographic latitudes, but nine of them view the eguatorial
region after accounting for bending of particle trajectories in the geomagnetic
field, while Thuie and McMurdo generally view the northern and scuthern
hemispheres, respectively. Squares show asymptotic (see text) viewing direc-
tions for a median energy particle (1.3 GeV for this event), and the lines show
the range of viewing directions for the central 50% of the detector energy
response (0,7-2.3 GeV for this event). Two-letter station codes correspond to
the first two letters of the station name or the first letter of each word in the
case of a two-word name. Asymptotic directions were computed with the aid
of a trajectory code (Lin, Bieber, & Evenson 1995) for a time vear the start
of the Easter 200! solar cosmic-ray cvent.

gether is crucial for deriving the particle injection profile—
otherwise, effects of prolonged injection could not be separated
from diffusive delays in the interplanctary medium. The an-
isotropy contains key information on the strength of scattering
in the interplanetary medium.

The free parameters of the fit were the radial mean free path,
which was taken to be constant as a function of radius, and
several parameters’ describing a piecewise linear “injection func-
tion,” defined as the rate at which particles are injected onto the
solar footpoint of the Sun-Earth magnetic field line as a function
of time (Ruffolo, Khumlumlert, & Youngdee 1998).

The derived injection function is shown in the top panel of
Figure 3. The best-fit radial mean free path is 0.17 AU, which
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Fii. 2.—Neutron rates recorded at selected Spaceship Earth stations during
the GLE of Easter 2001. All stations are shown at a time resolution of
1 minute. The detected neutrons arc secondary cosmic rays generated by
cascades in Earth’'s atmosphere. The primary cosmic rays imitiating the cas-
cades are predominantly protons. See Fig. | for definition of two-letier station
codes.
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corresponds nominally to a parallel mean free path of 0.34 AU o
at Earth. Results from the x° minimization methed employed g
here are compatible with those obtained by the traditional tech- g
nique of matching density and anisotropy profiles by eye (Bie- ©
ber et al. 2002). sl &
o 20
3. SPECTRUM PARAMETER %’ *28 ir‘"‘.d,,‘:‘.f::lijjjii,_...“_._yuyy!._u‘l._‘uﬁ.:...._.#iuu.;_“.;._.l,‘,Ui.mwﬁ__

According to the gquasilinear theory of particle scattering, ® il o, O T3 sk
particle transport also depends on the spectrum of the scatiering § T ™
turbulence (lokipit 1966). Typically this is described via a spec- = f ]
tral index g of an assumed power-law dependence of the one- £ 3 3
dimensional magnetic power spectrum, P{k) o |£|™7, where k& 2
is the wavenumber of the turbulence mode. The model results 'y 3
in Figure 3 used ¢ = 1. Although turbulence in interplanctary o S T T L )
space often has a Kolmogoroff form (g = 5/3) at smaller 13:30 14:00 14:30 15:00

scales, there are reports of a possible shallower index atf the
large scales responsible for scattering particles of neutron mosn-
itor energy (Matthacus & Goldstein 1982; Bieber & Pomerantz
1983, Bicber et al. 1993).

’ The piecewise linear injection function is described by 5 amplitudes o, at
jomnt times f, where +, = +, + 2"'7 are specilied by /4, and 7.

Hours UT on 2001 April 15

Fic. 3. —Daa points {bottom three panels) show solar cosmic-ray density,
weighted anisotropy, and anisotropy derived by fitting Spaceship Carth data
lo a first-order anisotropy. Carves show predictions of a model based on
numerical solution of the Bolizmann equation with a best-fit radial mean free
path of 0.17 AU and with the mjection function shown in the top panel. The
x’ statistic is 110 with 90 degrees ol freedom, indicaling a pood fit,



