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ANALYSIS OF DATA FROM A CALIBRATION NEUTRON MONITOR AT DOI
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ABSTRACT

Neutron monitors are large ground-based detectors that provide accurate
measurements of variations in the cosmic ray flux from space. At any given location,
the magnetic field of the Earth blocks particles below a well-defined rigidity (momentum
per unit charge) known as the cutoff rigidity. By carrying a neutron monitor to different
locations, the Earth served as a magnet spectrometer. This work explores two topics
concerning portable neutron monitors. The first topic is to filter bad data from a
calibration neutron monitor (“calmon”) at Doi Inthanon. It was used to calibrate the
Princess Sirindhorn Neutron Monitor (PSNM), which is particularly important because
this has the world’s highest cutoff rigidity for a fixed station. From the raw data,
we have extracted the calmon/PSNM count rate ratio as a function of the calmon
location and environment. Another topic is to analyze data from a ship-borne neutron
monitor. The Galactic cosmic ray spectrum exhibits subtle variations over the 22-year
solar magnetic cycle in addition to the more dramatic variations over the 11-year sunspot
cycle. By repeating ship-borne latitude surveys with identical equipment, a sensitive
measurement of changes in the spectrum can be made. Here we analyze data from the
1994 through 2007 series of latitude surveys conducted by the Bartol Research Institute,
the University of Tasmania, and the Australian Antarctic Division. We show that the
curious “crossover” in spectra measured near sunspot minima during epochs of opposite
solar magnetic polarity is related directly to a sudden change in the behavior of solar
modulation at the time of the polarity reversal. We suggest that the crossover itself
results from the interaction of effects due to gradient/curvature drifts with a systematic

change in the interplanetary diffusion coefficient caused by turbulent magnetic helicity.

KEY WORDS: NEUTRON MONITORS / CROSSOVER / MODULATION /
GALACTIC COSMIC RAY SPECTRUM / LATITUDE SURVEY
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CHAPTER 1
INTRODUCTION

1.1 Background and Motivation

The overall topic of research is the analysis of data from portable neutron
monitors. A neutron monitor (NM) is a ground- (or sea-) based detector of the flux of
cosmic ray particles in space. High-energy cosmic rays interact in the upper atmosphere,
leading to a shower of subatomic particles, some of which reach Earth’s surface. This is
a key source of natural radiation. A neutron monitor is mostly sensitive to the neutron
component of the shower. The neutron monitor is a large detector containing lead that
fragments when hit by a high-energy neutron. Some of the fragments are neutrons,
which are moderated and trapped by polyethylene. These neutrons can be detected by
induced nuclear fission of 1°B in a '"BF3 gas proportional counter. In Thailand, we
have the Princess Sirindhorn Neutron Monitor (PSNM) at Doi Inthanon (high altitude
greatly improves the count rate). This has 29 tons of lead and 18 '"BF3 counter tubes to
provide one of the world’s top count rates, as well as the world’s highest energy threshold
due to its location near the geomagnetic equator. Neutron monitors typically make use
of Earth’s magnetic field as a magnetic spectrometer. Strictly speaking, passage through
Earth’s magnetic field depends on the “rigidity” (P) or momentum per charge, in units
of GV, which for protons of P > 1 GV is roughly equivalent to their energy in GeV.
Thus we say that the monitor at Doi Inthanon has the highest vertical cutoff rigidity,
16.8 GV, of any fixed monitor in the world.

In this research, the data analysis is divided into two sections since the
sources of data are different. The first data series came from the experiment of a
calibration neutron monitor that was located beside our station at Doi Inthanon for
almost a year. The experiment was performed from November 2009 to June 2010. The
second data series came from a latitude survey. The latitude survey was conducted
on an icebreaker ship carrying three neutron monitors (3NM64) that traversed a wide

range of latitudes covering a wide range of cutoff rigidity. We will give details about
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the scientific background for both experiments in this section.

1.1.1 Scientific Background of the Calibration Neutron Monitor

Two calibration neutron monitors were constructed by Prof. Harm Moraal’s
group at Northwest U. (NWU; formerly Potchefstroom U.), South Africa. They pro-
posed a concept that calibration monitors should have a small size and low mass (only
201 kg, not including the cart). The calibration monitor consists of one *He counter
tube (type LND25373 with 97% 2He and 3% CO,) surrounded by an inner polyethylene
moderator, lead producer, and outer polyethylene reflector (Kriiger et al. 2003). The
purpose is to calibrate some of the ~ 40 stationary neutron monitors around the world.
For this reason, the calibration neutron monitor (“calmon”) was sent to Doi Inthanon.
At Doi Inthanon, the calmon was used to calibrate PSNM, which has 18 1"BF3 counter
tubes. The count rate measured by the calmon is low compared with the PSNM count
rate because the calmon has only one counter tube. To achieve sufficient statistical
accuracy, it must be operated long enough to accumulate ~ 10° counts, which requires
about 4 days at the summit of Doi Inthanon.

An appropriate place for calmon collocation should have no obstructions
overhead, down to within 20° of the horizon in all directions. In order to shield against
environment dependent reflection of neutrons, we should put the calmon above a swim-
ming pool with a known water height, to moderate the effect of the surface below
(Kriiger et al. 2008b). The calibration data can be very useful if the calmon count rate
truly depends only on altitude, latitude, and longitude; at the same time, a similar
calmon was operated at Potchefstroom, South Africa, for comparison purposes.

In this experiment, we operated the calmon in several configurations with
varying height above the bottom of the pool (or height above the cement roof of the
bunker) and varying water height. We also moved the calmon inside the station. It
rests on a cart with steerable wheels. We need to determine the count rate for various
calmon configurations located both outside and inside the station in order to compare
these data, determine environmental effects, and also obtain precise calibration data.
During the experiment we contacted Prof. Paul Evenson from the Bartol Research
Institute to bring the electronics head called “Bartol electronics” to use in addition to
the electronics head from Potchefstroom U. called “Potch electronics”

In our scientific interpretation, we consider the cloud of neutrons that result
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Figure 1.1: Left panel shows a “cloud” of neutrons when there is no water in the
swimming pool and right panel shows a reduced “cloud” of neutrons when adding some

water in the swimming pool.

from interactions of atmospheric neutrons in the concrete and wood under the calmon.
In order to reduce the cloud of neutrons, which depends on the materials around the
calmon, we should raise the calmon and add more water to the pool (Kriiger & Moraal
2010) (see Figure 1.1). The water added will help to absorb the neutrons. Two things
that we did not know exactly when the experiment began were how much the heights of
calmon and water should be and how we can obtain the scientifically useful data. That
is why this research was interesting and challenging.

This research will be even more useful if Prof. Harm Moraal’s group can
derive a differential response function from the count rate of stationary neutron moni-
tors including PSNM, and then we can directly compare the results from experiments
with the results of Monte Carlo simulation, e.g., using software called FLUktuierende

KAskade or FLUKA.

1.1.2 Scientific Background of the Latitude Survey

From our previous explanation, we know that the count rate of a latitude
survey can be measured by a 3NM64 collocated on a ship. In this research we worked
toward deriving the Galactic cosmic ray spectrum, which is sensitive to the large-scale
structure of the heliosphere and cannot be measured directly. In this step, we need
to know the equation of the count rate, which is related to the Galactic cosmic ray
spectrum.

The count rate N(©,®, h,t) of a NM resulting from the impact of cosmic
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rays at the top of the atmosphere can be described formally by:

N(©,, h,t) :/
0

> Gi(P)M;(P,t)Y;(P,h)| T(P,®,®,t)dP (1.1)

where the function G; (as a function only of rigidity (P), momentum per unit charge
in units of GV) is the local interstellar Galactic cosmic ray spectrum for primaries of
particle type ¢, assumed to be time invariant. The cosmic rays are mostly composed of
protons, whereas approximately 40% of the cosmic ray nucleons are bound in helium
nuclei. The function M; (as a function of rigidity (P) and time (¢)) describes the time
evolution, which exhibits variations with the 22-year solar magnetic cycle, called solar
modulation for primaries of particle type ¢, due to interaction with the solar wind and
magnetic fields in interplanetary space. The function 7' (as a function of rigidity (P),
latitude (©), longitude (®) and time (¢)) describes transmission through the magneto-
sphere of the Earth. Seasonal and diurnal time dependences arise from the changing
relationship of the offset and tilted dipole axis of the Earth to the flow direction of the
solar wind. There is also explicit time dependence due to changes in the magnetosphere
in response to fluctuations in the solar wind velocity and embedded magnetic field. Then
Y; (as a function of rigidity (P) and atmospheric depth (h) represented by barometric
pressure) is the yield function for primaries of particle type i, related with the inherent
description of the atmosphere and the observed count rate from the neutron monitor.
We follow the usual approach of representing the geomagnetic transmission
T as a step function at a “cutoff” rigidity (P.), which depends on latitude, longitude,
and time. Actually, at a given latitude and longitude, the effective cutoff rigidity for
transmission through Earth’s magnetic field depends on the arrival direction of each
primary cosmic ray indicated by the local zenith and azimuthal angle. However, it is
more convenient to use a single value, P,, that ideally averages over all arrival directions;

we call such an average the “apparent cutoff rigidity.” The count rate relation becomes:
Pr,
N(P., h,t) = / > Gi(P)My(P,t)Y;(P, h)dP. (1.2)
L

We introduce a limiting rigidity (Pr) as a numerical convenience because
Y; (as a function of P) increases without bound and G; falls steeply at high rigidity.

In our work, taking T to be independent of arrival direction implicitly assumes that
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the incoming flux at the top of the atmosphere is isotropic, which it is not. We deal
with this by using the “apparent cutoff” (Clem et al. 1997). The apparent cutoff is
calculated individually at one hour intervals at the actual position of the ship with a time
dependent model of the magnetic field according to an “efficient” method (Bieber et al.
1997). Briefly, the apparent cutoff considers momentum per charge of both vertically
incident particles and obliquely incident particles. We used a particle propagation code
from the Bartol Research Institute (Lin et al. 1995) together with an accurate model
of the terrestrial magnetic field and K, index to calculate vertical and apparent cutoffs
at each location where the ship moved through the entire trip. The K, index indicates
variation of the horizontal magnetic field of the Earth with an integer in the range 0-9.
This indicates geomagnetic storm conditions, i.e., a lower number indicates no storm and
a higher number indicates a stronger geomagnetic storm. The program calculated the
apparent cutoff by an efficient method of averaging the vertical cutoff with the average
of cutoffs at 8 points at a zenith angle of 30 degrees and equally spaced azimuthal
angles, for a total of 9 points of calculation. In Figure 1.2, solid dots show the angular
directions for which cutoffs are calculated.

Figure 1.3 illustrates the difference between the apparent cutoff and the
vertical cutoff as calculated by Bieber et al. (1997). Figure 1.4 increases confidence
that we should use the apparent cutoffs to interpret latitude survey data because the
apparent cutoff supports more realistic physics (Clem et al. 1997).

In our analysis, we aim to determine the response function of the detector.
For this reason, we need to know that the count rate as a function of apparent cutoff
rigidity represents the integral response function of a 3NM64 neutron monitor and the
integrand of Equation (1.2) is referred to as the differential response function (DRF),
which can be measured from a latitude survey by transporting a detector through a wide
range of geomagnetic cutoff rigidity values. The response function of the detector can be
obtained from subtracting the observed count rate of a ship-borne neutron monitor at
two different cutoffs and dividing by the (assumed small) difference in apparent cutoff.

Figure 1.5 illustrates the most common type of determination of integral and
differential response functions from pressure-corrected data during part of the latitude
survey data in the 1997-1998 voyage of the latitude survey using the “Tasvan” (Bieber
et al. 2003). To deal with the scatter in the data, they fit with a “Dorman function”

(Dorman et al. 1970) which in turn has an analytic derivative, also shown in the figure.



Waraporn Nuntiyakul Introduction / 6

Figure 1.2: Skymap of cutoff rigidity vs. direction for a specific location (43.92S,
76.64W) where the vertical cutoff is 8.23 GV and apparent cutoff is 8.65 GV. Nine
solid dots indicate direcions used in the efficient method to calculate the apparent cut-

off. [Image credit: Clem et al. (1997)]

This derivative is exactly the DRF for the NM.

In our analysis, we have two methods for determination of response functions
from a series of latitude surveys. At first, we used a function developed by Nagashima
et al. (1989) in which the functions in the integrand of Equation (1.2) are parameterized
separately to create a model of the survey. Corrections for barometric pressure and
changing cosmic ray level are now implicit in the model. This should be aesthetically
a great improvement, since the corrections themselves are functions of cutoff rigidity.

Nagashima et al. (1989) also tried to make their parameterization have some physical
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Figure 1.3: The difference between the apparent cutoff and the vertical cutoff in GV for
a latitude survey [Image credit: Bieber et al. (1997)]

content, but there were some problems that were not solved. The model, with its many
parameters, can then be fitted to the data. The drawback of the approach is the amount
of computation required and some concern whether the fit obtained is an absolute or a
local minimum. This is a reason why this technique is interesting to perform. If we can
solve the problems for this technique, it can be deemed a success, and if we do it well
but are ultimately unable to resolve the problems, at least we have the experience and
learning. In the second method, we cleaned the data, e.g., using tube ratios, calibrated
using data from the McMurdo neutron monitor, and fitted to a Dorman function, which
we know has parameters with non-physical content. Eventually if we have to use Dorman
technique, the analysis should be advanced more than before. That means we are going
to develop optimal methods for extracting cosmic ray spectra from the latitude survey.

In order to show the broader viewpoint of Nagashima fitting, Figure 1.6
illustrates an example of the Nagashima approach applied to the latitude survey data
from the 3NM64. The boxes show 30 minute averages of the count rate (counts/second)
plotted against the apparent cutoff calculated at the center point of the averaging in-

terval. The solid line shows the model achieved after 61 iterations of our fitting routine.
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Figure 1.4: (a) Count rate recorded during the portion of the 1994-1995 Bartol/Tas-
mania latitude survey. The large dots indicate locations for which a cutoff sky map is
calculated. (b) Observed neutron monitor count rate vs. apparent cutoff. Large dots

indicate actual calculations and small dots indicate interpolated values. [Image credit:

Clem et al. (1997)]

The quality indicates the square of the accumulated count rate difference. The values
obtained for the Nagashima et al. (1989) parameters are indicated in the figure. Briefly,
~1 functions as an overall normalization while the other parameters describe the yield
function explained in Chapter 2. These are the only parameters we varied because our

objective is to characterize the response functions.

1.1.3 A Solar Modulation Mystery

Generally when we talk about the word “modulation” we will imagine to
the process of decreasing from one or more properties in a periodic waveform. But in
cosmic ray astrophysics, when we refer to this word it means “solar modulation”.

The solar modulation is the influence the Sun exerts upon the intensity of
galactic cosmic rays, e.g., as detected using a neutron monitor. When the Sun is active,
we get fewer cosmic rays. From Figure 1.7, we see that the count rate recorded by
a neutron monitor in Thule, Greenland decreases (bottom panel) when solar activity
rises. The period of most solar activity and highest sunspot number in the 11-year solar
cycle of the Sun is called “solar maximum,” which is contrasted with “solar minimum.”
Many people may wonder why it has to be every 11 years. There is no clear scientific
answer yet, but we knew that the cycle also involves the solar magnetic polarity, which

reverses every 11 years, and has a strong influence on heliospheric (solar) modulation,
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Figure 1.5: Sample fit of a response function from a segment of the 1997-1998 voyage
[Image credit: Bieber et al. (2003)]

since the magnetic polarity of the Sun becomes embedded in the large scale structure
of the solar wind.

The influence of solar magnetic polarity is seen in one way by comparing
the intensity of particles of the same charge to mass ratio but opposite charge sign. For
example, Bieber et al. (1999) compared the intensities of protons and antiprotons (see

Figure 1.8).
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Figure 1.6: Data (boxes) and model fit (solid line) for the ship-borne detector’s 1997

latitude survey. Fit parameters are discussed in the text.

Nowadays we can explain many things about modulation but one of the
most puzzling aspects of modulation phenomenology is the “crossover” in spectral form
during opposite magnetic polarity epochs, and its origin still is not clear.

We start with a basic definition of a “crossover.” Suppose we have two
functions, A and B, describing spectra (or DRFs), shown as blue and red curves in
Figure 1.9. They are said to have a crossover if function A is greater than function B
for some values of the independent variable and function A is less than function B for
other values of the independent variable. The “crossover” is simply the point at which
the graphs of the functions coincide. Thus in the sketches of Figure 1.9, the top drawing
(labeled 0) does not have a crossover, whereas the two middle drawings (labeled 1) each
have a crossover, and the bottom drawing (labeled 2) has two crossovers. We think it
may also be useful to distinguish between a crossover of type 1H, where the crossover
occurs at an energy above the maximum of (at least) one of the curves, and type 1L,

where the crossover occurs below the maximum of both curves.
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Figure 1.7: Solar modulation: As solar activity rises (top panel), the count rate recorded
by a neutron monitor in Thule, Greenland decreases (bottom panel). Effects of solar
magnetic polarity are manifest as differences in modulation during alternate count rate

maxima. [Image credit: http://neutronm.bartol.udel.edu/modplot.html]

From Figure 1.10, Moraal et al. (1989) illustrates the pairs of differential
response functions (DRFs) selected at 11-year intervals (two solar cycles of opposite
magnetic polarity) and 22-year intervals (two solar cycles of same magnetic polarity).
We clearly see the crossover effect at approximately 6 GV in DRFs taken during opposite
polarity epochs.

In this terminology, we think that what Moraal reports is a type 1H crossover
in “opposite polarity” solar minima, and no crossover in “same polarity” solar minima.
In some of the literature, mainly papers by Lockwood & Webber (1996), they talked
about a type 2L crossover. To reconcile Lockwood & Webber (1996) and Moraal et al.
(1989) might involve postulating two or even three crossovers. However for this work
we think we can just say we are considering energies above 1 GeV and not worry about
linking to the Lockwood & Webber (1996) results.

Such a crossover was confirmed by Lockwood & Webber (1996) and Bieber

et al. (2004) albeit with some questions as to the primary proton energy at the crossover.
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Figure 1.8: Predicted dependence of the proton and antiproton intensity (top panel)
and the antiproton/proton ratio at 1 AU upon the tilt angle of the heliospheric current
sheet for 1 GeV kinetic energy (bottom panel) covering the two solar cycles of opposite
magnetic polarity from the 2000 solar maximum to the 2010 solar maximum. [Image

credit: Bieber et al. (1999)]

The problem of the existence of the crossover effect, and that there could be two
crossovers, at least at some times, was addressed by Reinecke et al. (1997).

The analysis of Bieber et al. (2004) used a similar data set of a series of
latitude surveys to indicate clearly a change in character of the spectrum with changing
magnetic polarity. As shown in Figure 1.11, they performed Dorman function fits to
26 segments of latitude survey series. A segment is a transition from low cutoff (about
zero GV) to the geomagnetic equator or the reverse. These surveys were conducted
between Seattle and McMurdo. FEach round trip could produce four segments. This
condition for dividing the segments was also used in our research. Figure 1.11 plots

the rigidity at which the response function peaks vs. the relative value of the response
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Figure 1.9: Sketches of types of spectral crossovers

function at the peak, using the segment number as the symbol and connecting the

points by lines to make the time sequence clear. There are two clearly distinct clusters

of points divided by color, which indicates the solar dipole polarity during the segment.

Green color indicates the positive polarity and red color indicates the negative polarity.

However, there are some points, such as 18-20, that stray off the original correlation

line just before the polarity change. The authors hypothesized that these results could

arise from drift and/or magnetic helicity effects in solar modulation. We view this as an

indication that the relation between the interplanetary field and the solar dipole polarity

is not a simple one. There is obviously a change in the character of the spectrum, but

whether it is a crossover or not did not appear in this analysis.
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Figure 1.10: Illustration of “spectral crossover” effect of response functions at 11 and 22
year intervals. The curves are labeled by the year of the latitude survey. [Image credit:

Moraal et al. (1989)]

The conclusion is that there is a typical expectation that there is a 22-year
cycle of modulation whereby the polarity of the solar magnetic field switches every 11
years (more or less). It is expected that periods of one polarity have the same spectral
sequence with modulation, which is different from changes of spectrum as a function of
modulation of the other polarity. A “crossover” is one type of difference that authors
have claimed.

Another way to visualize the crossover is shown in Figure 1.12. Bieber
et al. (2007) compares modulation of helium nuclei at approximately 1.2 GV, indicated
by “flat-topped” and “pointy”, with that of the McMurdo neutron monitor. Both
show the classic observational support for the influence of gradient and curvature drifts
(Jokipii et al. (1977), Potgieter & Moraal (1985)) in heliospheric modulation. The
helium observations are presented on a simple linear scale with no offset while McMurdo
data have been adjusted in scale and offset to (approximately) coincide during the
“pointy” cycle of the 1980s. With this normalization it is easy to see that, while the
helium fluxes are lower at their peak in the 1980’s than they were in the decades on

either side, the neutron monitor was higher. This again is the “spectral crossover”.
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Figure 1.11: Rigidity of the DRF peak is plotted versus the relative flux at the maximum
for each of the 26 segments of the 1994-2002 survey years. Segments with positive solar
dipole polarity (shown in green in the plot), while the solar activity increased from 1994
to 2000, lie along a single trend line. When modulation increased, the flux at spectrum
peak became lower, but it appeared at a higher rigidity. Segments with negative solar
dipole polarity (shown in red in the plot), while the solar activity decreased from 2000
to 2002, moved off the trend line of the positive magnetic polarity results. [Image credit:

Bieber et al. (2003)]
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Figure 1.12: Comparison of the McMurdo neutron monitor count rate and 1.2 GV
helium flux from Interplanetary Monitoring Platform 8 (IMP-8) vs. time. [Image credit:
Bieber et al. (2007)]

Owing to the large detector mass required to detect high-energy cosmic
rays, ground-based instruments have remained the state-of-the-art method for studying
time variations of these elusive particles (Simpson et al. 1953; McDonald 2000). There
have been several direct observations of the full spectrum from balloon-borne and space-
based instruments for specific epochs. Typically measurements have not been available
for the same instrument and the same level of modulation in opposite polarities, so they
have not confirmed a crossover per se. Clem et al. (2003) presented a compilation of
proton and alpha particle spectra from several sources. The most direct comparison to
the present work is provided by the series of proton spectra from the BESS payload
(Mitchell et al. 2008) that span the year 2000 solar polarity reversal with observations
from the same instrument. Mitchell et al. (2008) also fit their data to a force field model
which, apart from normalization, has only one adjustable parameter. The fits to the

BESS data may be good, but they are not perfect. Close examination reveals that the
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Figure 1.13: Balloon and spacecraft measurements of primary cosmic ray spectra. Pro-
tons (upper spectra) and helium (lower spectra) compiled by Clem et al. (2004). [Image
credit: Clem et al. (2004)]

fits to spectra after the polarity reversal (BESS-2002 and BESS-Polar, in 2004) are not
as good as those to spectra before the reversal. The fits in fact fail by overpredicting
the data at low energy, just as we find in our results. We therefore consider that the
BESS data are consistent with our results.

A crossover would be significant because drift effects are clearly established
as an important factor in solar polarity dependence of modulation but they have not
been shown to be the only factor. In and of itself the drift picture does not predict a
crossover. However charge sign dependence is not the only modulation effect sensitive
to the interplanetary magnetic field polarity. There is also the “twenty-year wave”
observed in the phase angle of the cosmic ray diurnal anisotropy (Bieber & Chen (1991)).
Although this has also been attributed to particle drifts, Chen & Bieber (1993) showed
that it is related to their finding that the cosmic ray scattering mean free path is
systematically larger during epochs of negative solar polarity than during epochs of

positive polarity.
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Figure 1.14: Sequence of proton spectra from BESS spanning a polarity reversal [Image

credit: Mitchell et al. (2008)]

Diffusion coefficients can change radically with solar polarity because of
helicity in the solar wind magnetic field and systematically organized magnetic helicity
is actually observed in direct measurements of the interplanetary magnetic field. Bieber
et al. (1987a) reported that the net (that is, integrated over wave number) helicity of
the field has a definite dominant sign, negative north of the heliospheric current sheet
and positive south of it. The helicity dependence of the mean free path is a function of
the product of the sign of the helicity and the polarity of the large-scale field (Bieber
et al. (1987b); Bieber & Burger (1990)). This means that at any given time the effect
upon the mean free path is the same in both hemispheres (because the helicity and
polarity BOTH reverse sign across the sheet), however when the solar polarity reverses
the magnetic polarity reverses sign, but helicity does not. This will produce a larger
mean free path during negative solar polarity, consistent with the Chen & Bieber (1993)

result.
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Figure 1.15: Normalized magnetic helicity fluctuates in sign for frequencies above 10~°
Hz, but displays a definite dominant sign at lower frequencies. [Image credit: Smith &

Bieber (1993)]

An indication that magnetic helicity may become more important at neutron
monitor energies was provided by Smith & Bieber (1993), who measured the magnetic
helicity spectrum extended to very low frequency. As shown in Figure, they found
that for frequencies above 10™° Hz, the helicity fluctuates in sign and is statistically
consistent with zero (Matthaeus & Goldstein (1982)). At lower frequencies, however,
the helicity assumes a definite dominant sign. It is this low-frequency turbulence that
corresponds to wave numbers resonant with cosmic rays in the neutron monitor regime.

This produces a natural explanation for the crossover since the enhanced
diffusion efficients would work in the opposite direction of drifts. During the negative
polarity state, when drifts operate to limit fluxes, a larger diffusion coefficient, partic-
ularly at the higher energies, permits enhanced access. With such competing effects,
each having a different energy dependence, a crossover would be just an observational
result that one effect dominates at low energy and the other dominates at high energy.
In fact it is also likely that the relative importance would change as a function of solar

activity.
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1.2 Objectives

This research has two specific objectives in addition to providing a signifi-
cant enhancement to Ph.D research at the Mahidol University. These objectives are:

1. To compare count rates of the calibration monitor under various condi-
tions.

2. To determine the best method to characterize the evolution of the cosmic
ray spectrum using data from the series of latitude surveys conducted from 1994 through

2007.

1.3 Expected Benefits

This research has four expected benefits. These are:

1. The ability to compare the cosmic ray intensity at any two sites with
different cutoff rigidity and atmospheric depth.

2. Deriving useful differential response functions from the neutron monitor
network.

3. Developing optimal methods for extracting cosmic ray spectra from lat-
itude surveys.

4. Providing correct information on how the sunspot cycle and solar mag-

netic cycle affect cosmic rays.

1.4 Outline of Thesis

This thesis is organized as follows: Chapter 1 introduces the importance
and scientific background related to the calibration by the calmon and latitude surveys.
Explaining the concepts also clarifies the author’s motivation to do this research. This
allows the readers to understand the researchers point of view and see the novelty of this
research. The objectives and expected benefits are also given in this chapter. Chapter 2
provides the theoretical background and literature review about the calibration neutron
monitor, intercalibration of the world’s neutron monitors, ship-borne neutron monitor,
latitude surveys and Forbush decreases. Chapter 3 proposes the experimental procedure

and analysis procedure in order to describe the effects of the environment on the count
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rate of a calmon at Doi Inthanon. Chapter 4 presents the methods to clean the data and
to calibrate the count rate of the ship-borne neutron monitor. This chapter introduces
two techniques to characterize the evolution of the cosmic ray spectrum using latitude
survey data. The first technique is “fitting with a Nagashima function,” for which the
ultimate goal is to go beyond the Dorman functions to more physical response functions.
The second technique is “direct determination.” Chapter 5 (the final chapter) provides

the discussion and conclusions, including ideas for further work.
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CHAPTER 11
LITERATURE REVIEW AND THEORETICAL
BACKGROUND

We briefly described the calibration neutron monitor, ship-borne neutron
monitor and latitude surveys in Chapter 1. In this chapter we will discuss their features
in more detail, starting with a review about the propagation of cosmic rays and their
secondary collision products through the Earth’s atmosphere until hitting the neutron

monitor.

2.1 Neutron Monitors

Outer space is filled with particles that have been accelerated to very high
energy, mainly originating outside the Solar System. We call such particles “cosmic
rays.” There are three main types of cosmic rays classified by the source and the energy
range (see Figure 2.1).

1. Solar Energetic Particles (SEPs) are produced by solar storms, which
are explosions in the atmosphere of the Sun. They range from suprathermal energy to
about 10”7 eV. Most SEPs are protons or other ions with a composition similar to the
atmosphere of the Sun.

2. Galactic Cosmic Rays (GCRs) are the cosmic rays that come from
outside the solar system, having been accelerated by other processes in the Milky Way
Galaxy. They are mainly protons having an energy range of about 107-10' eV. GCRs
continually arrive at Earth, but when there is a violent explosion in the atmosphere
of the Sun, i.e., a solar storm, a resulting shock wave could lead to a decreased flux of
GCRs for a few days. This event is called a “Forbush decrease”. The flux of high-energy
charged particles that strike the Earth’s atmosphere from outer space can be measured
using a ground-based detector called a “Neutron Monitor.” Forbush decreases were

discovered by Scott Ellsworth Forbush in 1937 (Forbush 1937). We will explained the
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Forbush decrease in more detail in the last section of this chapter.

3. Extragalactic Cosmic Rays (EGCRs) are cosmic rays that come
from outside the galaxy and sometimes move into our solar system. They are accelerated
from several physical processes such as supernova explosions and so on. EGCRs have
very high energies, up to 10?2 eV, and could be accelerated in conjunction with gamma
ray bursts or active galactic nuclei.

All of the cosmic rays described above, which are known to have origi-
nated outside of Earth’s atmosphere, are called “primary cosmic rays.” About 99%
are nuclei (stripped of their electron shells) of well-known atoms, and about 1% are
solitary electrons (similar to beta particles). Most of the nuclei, about 90%, are pro-
tons, i.e., hydrogen nuclei, 9% are alpha particles, and 1% are ions of heavier elements
and electrons. When a primary cosmic ray enters Earth’s atmosphere, it interacts with
molecules, mainly nitrogen and oxygen. They can produce mostly neutrons and other
sub-atomic particles called “secondary cosmic rays” or “secondary particles,” which can
reach the ground of the Earth. The cascade of lighter particles is called a “shower”
and is schematically shown in Figure 2.2. Figure 2.2 is a modified version of an original
image produced by the European Organization for Nuclear Research, known as CERN.

Most secondary particles in Earth’s atmosphere are neutrons so we are in-
terested to measure this particle species by a neutron monitor. Other particles that are
not high-energy secondary neutrons will be screened out by the polyethylene reflector
that surrounds the monitor. An incoming neutron interacts with a nucleus of lead and
produces several low energy neutrons. These neutrons thermalize in polyethylene or
other material containing a lot of hydrogen. There is also a polyethylene moderator
surrounding each tube, which serves to reduce (moderate) the neutron energy, which
increases the probability of neutron interactions in the °BF3 gas.

There are two standard types of detectors which are well known: the In-
ternational Geophysical Year (year 1957; IGY) and NM64 designs. The first neutron
monitors were used in the US and Peru to study geomagnetic effects. The first world-
wide network of neutron monitors used the IGY design (see Figure 2.4), similar to the
design used by John Simpson for the first neutron monitor in 1948. The components
of the IGY monitor are neutron sensitive proportional tubes, surrounded by a paraffin
moderator material and a lead target. In 1957-1958, 50 IGY monitor stations were

installed at different locations around the world. After that, in 1964, a new generation
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Figure 2.1: The flux of cosmic rays as a function of their energy. The flux for the

lowest energies could also have an additional contribution from solar energetic particles

(not shown here) after the occasional occurrence of a major solar storm. The non-solar

cosmic ray spectrum is curved in this region because access of cosmic rays coming from

outside the solar system to the inner solar system is reduced by the solar wind and

magnetic field of the Sun. The cosmic rays up to ~ 108 eV are galactic cosmic rays.

There are breaks in the power law, for instance energy near ~10'° eV called the “knee”

of the cosmic ray spectrum. The cosmic rays with the highest energies are extragalactic

cosmic rays. We can see an “ankle” of the cosmic ray spectrum at an energy near

~10'8? eV. [Image credit: http://astroparticle.uchicago.edu/]
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Figure 2.2: Primary cosmic ray particle colliding with a nucleus in the atmosphere
and producing a shower [Image credit: http://scifun.ed.ac.uk/card/images/left/

cosmic-rays. jpg]
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Figure 2.4: The IGY (International Geophysical Year, 1957) neutron monitor design
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of neutron monitors was developed, with the NM64 design (see Figures 2.3 and 2.6).
Hatton & Carmichael (1964) described that the IGY type of NM records evaporation
neutrons produced in the lead of the NM with an efficiency of 1.9% and the NM64
records them with an efficiency of 5.7%, which increases by 3.3 times the count rate
per unit area of lead producer. Hatton (1971) and Clem (1999) pointed out that the
IGY has a different response in both magnitude and shape as a function of primary
rigidity (GV) than the NM64. The thicker reflector of the IGY is much more effective
in preventing response to environmental thermal neutrons than the NM64. Hatton &
Carmichael (1964) also provided various specifications for the NM64:

“Counters. The effective diameter of the IGY counters specified by Simpson
(1957) is 0.225 of the mean free path of thermal neutrons in B, whereas for the NM-
64 counters it is 0.375. If we assume that the difference of effective diameters can be
represented as a change of the pressure in an NM-64 counter (normally filled to 20 cm
Hg at 22°C) the equivalent IGY pressure is 20x0.225/0.375 = 12 cm Hg. ... We find
the NM-64 counter to be 1.37 more efficient than the IGY counter.”

“Moderator thickness. The IGY monitor has about 3.7-cm thickness of
paraffin wax around each counter instead of 2.0 cm used in the NM64.... The NM64 at
2.0 cm (0.75 in.) appears to be 1.13 times more efficient than at 3.7 cm (1.46 in.).”

“Producer thickness. The average thickness of lead producer in the NM-
64 monitor is 5.7 in. compared with 5.33 in. for the IGY monitor. Hence 4.7% more
nucleons will interact in the lead if it is assumed that the interaction mean free path of
the nucleonic component is 215 g cm™!. This gives a factor of 1.05.”

“Reflector thickness. The thickness of paraffin wax above the IGY monitor
is 12 in. and of polyethylene above the NM-64 3 in. ... This difference gives a factor of
1.23 in favor of the NM-64”

“Solid angle. The product of the above four factors is 1.94, whereas the
observed efficiency ratio per unit area of lead is 3.3. ... We believed that the needed
additional factor is supplied by the fact that the diameters of the counters and, more
important, of the inner moderators in the NM-64 are so much larger than in the IGY
monitor. These diameters have been increased without increasing the thickness (2 in.) of
the surrounding lead producer. Hence the moderating material presents on the average
a larger solid angle to the producer in the NM-64 than in the IGY monitor. Estimates

of the relative sizes of the two solid angles gave a ratio of 1.6, which is in satisfactory
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Figure 2.5: The Princess Sirindhorn Neutron Monitor building at Doi Inthanon, Chiang
Mai, Thailand

agreement with the factor of 1.7 needed.”

Let us emphasize only the NM64 design because the neutron monitors in
our research are related with this type of neutron monitor only. There are basically
two types of gas that are filled in the counters for the NM64 design. They are "BF;
(boron-10 trifluoride) and 3He (helium-3). Hatton (1971) described that a neutron
monitor with a '°BF3 (boron-10 trifluoride) proportional counter records thermal neu-
trons produced by interacting incident neutrons, protons, pions, and muons, which have
relative contributions to the counting rate as 85%, 7%, 1%, and 6%, respectively.

Our research group, in cooperation with Mahidol University, Chulalongkorn
University and Ubon Ratchathani University installed the first neutron monitor station
in Thailand in 2007, named the “Princess Sirindhon Neutron Monitor (PSNM),” shown
in Figure 2.5. It was set up at the highest mountain in Thailand (2,565 meters), Doi
Inthanon in Chiang Mai province, in order to measure the count rate of secondary

neutrons, which is related to the flux of cosmic rays in space. The specifications of
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Figure 2.6: The placement of the Princess Sirindhorn Neutron Monitor (an 18NM64

monitor) at Doi Inthanon, Chiang Mai, Thailand
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Figure 2.7: A pulse height distribution from the PSNM at Doi Inthanon, Chiang Mai,
Thailand
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Table 2.1: Specifications of the Princess Sirindhorn Neutron Monitor at Doi Inthanon,

Chiang Mai, Thailand

Overall Length
Active Length
Resolution

Location

Latitude 18°35’11” N

Longitude 98°29’'17” E

Altitude 2560 m

Estimated vertical cutoff rigidity | 16.8 GV

Counter'

Type 18-tube NM64, BP28 from Chalk River Lab.
(Canada)

Filling Boron trifuoride (BF3), enriched to 96%'°B

Pressure 200 mm Hg at 22°C

Pressure coefficient 0.854% /mm Hg, reference pressure 563 mm Hg

Diameter 5.785 to 6.03 inches (corrugated)

2.25 m (including electronics devices)
1.90 m
12% average FWHM for 2.3 MeV Peak

Background Counts ~4 /minute
Operating Voltage -2800 V

Inner Moderator

Material Polyethylene
Diameter 7.9 inches (20 cm)
Thickness 0.8 inches (2 cm)
Producer

Material Lead

Thickness of one ring 3 inches

Inner Diameter 10 inches

Outer Diameter 14 inches

Wings Height 6 inches

Total Width Including Wings 19 inches
Reflector

Material Polyethylene
Thickness 3 inches

T Source: BP28 Chalk River Neutron Counter Operating Data.

the Princess Sirindhorn Neutron Monitor (18NM64) are shown in Table 2.1. The “18”

refers to the fact that there are eighteen counter tubes installed in the station. Figure

2.6 shows the placement of the 18NM64 inside the station. It includes components such

as the proportional counters (1°BF3 tubes), the “remote” electronics boards (with high

voltage generator sub-boards) attached to the tubes, the “master” electronics boards

connected to the counter electronics and PC running data acquisition software. The

proportional counters are filled with a BF3 gas enriched in '°B. They produce a signal

when a '°B nucleus reacts with a neutron, and the cross-section of the reaction is highest
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Figure 2.8: Illustration of a nuclear reaction between secondary neutrons and °B in a
BP-28 proportional counter to produce "Li and *He [from Fowler (1963), as modified
by P. Evenson.]

for low-energy (thermal) neutrons. The reaction products (“Li and *He) ionize the gas
and high voltage between the outer cylinder and central wire (-2800 V) accelerates free
electrons to produce an electron cascade measured as a pulse of charge, a process called
the “electron avalanche.” The pulse height is roughly proportional to energy deposited
in the '"BF3 gas. Figure 2.7 shows a histogram in pulse height channel number, which
is proportional to energy deposited in the 'YBF3 gas, from one day of data for one
counter tube. Stoker et al. (2000) presented that the proportional counters filled with
3He respond to neutrons by the reaction He(n, p)>H, whereas the BP28 (1°BF3) tube
responds to neutrons by 1°B(n, a)"Li. The Q-value of the 3He-neutron reaction is 765
keV and that of the B neutron reaction is 2.791 MeV. In 94% of the °B(n,a)"Li
reactions the “Li is left in an excited state (see the highest peak in Figure 2.7), whereas
6% lead to the ground state (see the second peak in Figure 2.7).

3

The numbers 1 and 2 in Figure 2.7 indicate “wall effect onset energies.”
These effects occur when secondary neutrons react with '°B in a proportional counter
and then splits into “Li and *He (see Figure 2.8), one of which collides, with the wall
of the counter and fewer secondary electrons are produced, resulting in lower charge

collection. Number 1 indicates the minimum charge collection when *He hits the wall
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and number 2 indicates that when “Li hits the wall. Their ratio provides an estimate
of the energy ratio E(*He)/E("Li), which by using the conservation of momentum and

energy should equal the mass ratio m(7Li)/m(*He) = 6.941/4.003 ~ 1.73.

2.2 Calibration Neutron Monitor

Physicists at Northwest U., South Africa have built two calibration neutron
monitors, completed in September 2002, with the purpose to intercalibrate the world-
wide network of ~ 40 fixed neutron monitor stations and derive a differential response
function. A calibration monitor is a miniature version of the neutron monitor. It is
being carried to various locations to test and calibrate against standard monitors. The
counter is a 3He gas-filled tube of the type LND25382 with a pressure of four atmo-
spheres, instead of the 0.26 atmospheres of the standard '°BF3 counters, in order to

obtain a similar energy response, as described by Clem & Dorman (2000).

50 mm 653 mm

\ 652 mm
ELECTRONIC | 'pE *He filled tube of the type LND25382 PE
HEAD

a = LND25382
b = polyethylene moderator

¢ = lead producer

d = reflector

Figure 2.9: Schematic diagram of a calibration neutron monitor with (a) an LND25382
neutron counter filled with 3He gas. It is surrounded with (b) polyethylene (PE) mod-
erator with inner and outer diameters of 60.5 and 99.5 mm, (c) lead producer with inner
and outer diameters of 101 and 193 mm, and (d) polyethylene (PE) reflector with inner

and outer diameters of 194 and 350 mm.

Kriiger et al. (2003) described the calmon dimensions by the following final

design (see schematic diagram in Figure 2.9 and photograph of calibrator with electron-
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ics head from Northwest U. (South Africa) in Figure 2.10 and that with the electronics
head from Bartol Research Institute (DE, USA) in Figure 2.11): “... its counter, 51 mm
diameter and 652 mm long. It is surrounded by a polyethylene moderator with inner
and outer diameters of 60.5 and 99.5 mm, a lead producer with diameters 101 and 193
mm, and finally an outer reflector with diameters 194 and 350 mm. All these cylinders
are 653 mm long. The front and back of the counter are covered with 50 mm polyethy-
lene ends with a diameter of 350 mm. The total ... length of the monitor therefore is
653 4+ 100 = 753 mm. Its mass is 201 kg, of which 145 kg is lead. It rests on a cradle
with steerable wheels, and the total mass with cradle is 223 kg. The system records the

number of counts, barometric pressure, high voltage, temperature, GPS co-ordinates

and GPS altitude once per second.”

Figure 2.10: Calibration neutron monitor with electronics head (cover removed) from

Northwest University, Potchefstroom, South Africa

Kriiger et al. (2008a) described that the accuracy of NM calibration needs
to be less than 0.2% to produce useful spectra. They found that the energy response of

a calibrator over the cutoff rigidity interval from the poles to the equator differs from
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Figure 2.11: Calibration neutron monitor with electronics head from Bartol Research

Institute, U. Delaware, USA

that of a standard 3NM64 neutron monitor by almost 4%. It was also determined that
not only the calibrator, but also the NM64 and IGY that have fairly large temperature
sensitivity (when using *He tubes), which should be taken into account in calibration
procedures. The calibrator shows a large sensitivity to environmental effects including
the surface beneath. Kriiger & Moraal (2010) studied the sensitivity to its environment.
Their experiments found that the calibrator count rate increases (noticed from the
decreasing ratio in Figure 2.12) with increasing elevation above the surface. This implies
that there is more of a neutron “cloud” from cosmic ray interactions further above
ground level. This counter-intuitive result may have arisen because their experiment was
carried out in a building. Figure 2.12 also shows that the calibration neutron monitor
count rate decreases with increasing water height. This may be because the calibration

neutron monitor has a large sensitivity to the materials and surface underneath it.
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Figure 2.12: The ratio of the count rates of the IGY of Northwest University, Potchef-
stroom, South Africa and calibration neutron monitor as a function of the height of the
calibration neutron monitor above a concrete floor, with different heights of water and

brick underneath the calibrator. [Image credit: Kriiger & Moraal (2010)]

2.3 Intercalibration of the World’s Neutron Monitors

Each neutron monitor (from the total of approximately 40 stations) in the
worldwide network (see Figure 2.13) has its own detection efficiency and different design,
in a different environment, at different cutoff rigidities and altitudes.

Bieber et al. (2003), Hatton & Carmichael (1964), Hatton (1971), Clem &
Dorman (2000), Moraal et al. (2000), Stoker et al. (2000), and Kriiger (2006) referred to
the observed count rate, NV, from neutron monitors as a function of geomagnetic cutoff

rigidity, P.:

N(P > P :/OO ‘% iP, (2.1)
P
—% _ S(P.2)j(P.1), (2.2)

where dN/dP is the differential response function, S(P,z) is the yield function for
secondary cosmic rays at atmospheric depth x and j(P,t) is the galactic cosmic ray

spectrum expressed as a function of rigidity P above the atmosphere.
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Figure 2.13: Operating neutron monitors in 2010 showing only stations (red solid points)
that actively report data, including Doi Inthanon. [Modified from an image by Roger
Pyle.|

In order to derive such a differential response function from the count rates
of the world’s stationary neutron monitors, they need to be intercalibrated accurately
by some means. Kriiger et al. (2008a) suggested that the differential response functions
for deriving energy spectra from the worldwide stationary neutron monitor network
can be calculated from the difference in count rates divided by the difference in cutoff

rigidities:
dN N(P,) — N(P.)
ar P62 - Pcl ’

(2.3)

where P.; and P,y are the cutoff rigidities at different stationary neutron monitors, and
N(P.1) and N(P.2) are their observed counting rates.

For this purpose, two identical calibrators were designed to normalize the
count rates. Figure 2.14 shows a hypothetical example of a differential response function
obtained from 11 intercalibrated neutron monitors. The cutoff rigidity intervals increase
in steps of 30%. The vertical error bars result from an assumed 0.2% uncertainty in the

count rate of each individual neutron monitor.
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Figure 2.14: Hypothetical differential response function for 11 intercalibrated neutron

monitors [Image credit: Kriiger et al. (2011)]

Moraal et al. (2000) proposed that the residual uncertainties in this intercal-
ibration are mainly due to (i) different designs of neutron monitors providing different
responses to primary intensity variations, (ii) different responses of the monitors to at-
mospheric factors such as temperature and pressure, and (iii) different environments
due to the inability to set the calibrator at the identical environment of the stationary
neutron monitor.

Actually, there are several methods to derive a differential response function
from the count rates. Apart from the intercalibration method mentioned above, there
were airborne altitude and latitude surveys. Raubenheimer & Stoker (1974) analyzed
the values of parameters to fit the count rate of a SNM64 monitor during airborne trips

throughout the atmosphere from the formula
N(P > Py) = No[l — exp(—aP, ") exp[B(ps — p)], (2.4)

where Ng = 125,000 counts per hour, o = 10, k = 1.4 — 0.0006p, p is pressure measured
in mm Hg, 8 = 1% mm~'Hg and p, = 760 mm Hg. The differential response function
is

dN

——5 = NoakP™ " exp(—aP™") exp[B(ps — p)]- (2.5)

The maximum value of this spectrum is at P = [ak/(k + 1)]'/*.
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Furthermore, physicists also widely use ship-borne latitude surveys to derive
such a differential response function. We will elaborate on this topic in Sections 2.4 and

2.5.

2.4 Ship-Borne Neutron Monitor

The University of Delaware Bartol Research Institute, the University of
Tasmania, and the Australian Antarctic Division collaborated on annual latitude surveys
from 1994 to 2007, including a solar minimum, a solar maximum and magnetic polarity
reversal (2000), and a near return to solar minimum. The Australian contribution was
primarily for equipment, while Bartol managed the operation and logistics. Both groups
participated in initial scientific evaluation of the data. In this section, we aim to identify
and describe not only the ship-borne neutron monitor but also the other main equipment
to record necessary data to use in the analysis for the latitude survey, such as the
TasVan, electronics of ship’s log, data logger, climate control, BP-28 neutron detectors,

Bartol electronics, digiquartz barometer(s), AIR barometer, clinometer assembly and

GPS receivers.

Figure 2.15: Ship-borne neutron monitor (3NM64)
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The ship-borne neutron monitor. The scientific instrument is a neutron
monitor, technically known as a 3NM64 as shown in Figure 2.15 which we previously
described in the “Neutron Monitor” topic of this chapter. The “3” refers to three
neutron counters installed in the “TasVan” as shown in Figure 2.16. The ship-borne
neutron monitor is also constructed from lead and polyethylene, with the neutron de-
tectors inserted through the holes in the lead rings. The detectors are cylinders filled
with BF3 gas (enriched in the isotope '“B). The 1°B nuclei react with neutrons and
undergo nuclear fission. The resulting bursts of energy ionize the gas and eventually

produce electrical pulses on a wire maintained at a potential of (typically) —2800 volts.

These electrical pulses are counted by the electronics inside the TasVan.

Figure 2.16: The TasVan

TasVan. This is the insulated shipping container in which all equipment
is housed. It conforms to all applicable standards and may be handled in any standard
way. When moving with a fork lift, note that the load is unbalanced. For operation,
the TasVan requires both 110 and 220 volt electric power and a supply of seawater for
internal cooling.

Electronics of ship’s log. Racks inside the TasVan (see Figure 2.17)
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Figure 2.17: Electronics racks. Most of the electronics are located in the rack adjacent

to the onboard computer.

record all data automatically, along with the ship’s position (derived from GPS receivers)
and barometric pressure. Accurate position and pressure information is vital to the
success of the experiment. The ship’s log serves as a backup data source in case of
failure of the automatic units.

University of Tasmania Data Logger. Located in the electronics rack
(see Figure 2.17), the data logger records data from the detectors and one barometer in
a solid-state memory. The logger has its own DC power supply. Data summaries from
the logger appear on the computer display for diagnostic purposes. The one-second
light should flash once per second in normal operation, with occasional longer flashes.
If this light is not flashing, or if there is no recent transmission displayed on the screen
of the computer, the “Reset” button should be pushed. If no lights flash when the reset
button is pushed, check that power is reaching the unit from the power supply. No
other field service is possible.

Climate Control. Automatic heating and cooling systems are installed
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in the TasVan to maintain proper operating conditions for the equipment. Different
systems are used during different parts of the voyage. The transfer of systems is typically
made during port calls in Australia or New Zealand, both when entering and leaving

Antarctic waters.

Figure 2.18: BP-28 (Chalk River) Neutron Detectors

BP-28 Neutron Detectors. BP-28 (Chalk River) neutron detectors (see
Figure 2.18) are mounted in the NM64. Input is low voltage power to the electronics,
with an internal supply generating —2800 volts (nominal) to the detector. Outputs
are logic pulses, each of which corresponds to the detection of a single neutron. The
units operate independently, so it is possible to disconnect an individual unit if a failure
causes interference. Since the units are daisy-chained, such removal may require recon-
figuration of the wiring. The logic pulses are counted by independent and redundant
data acquisition systems (the logger and the Bartol electronics.)

Bartol Electronics. Card cage located in the electronics rack. Several
printed circuit boards perform different functions, to produce a consolidated data stream
for analysis by the computer. They are powered from the low voltage supply. To reset,
cycle the power.

Digiquartz Barometer(s). Mounted on boards in the Bartol electronics.

One or two units may be installed. The output consists of two square-wave signals, with
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frequencies related to the barometric pressure and operating temperature by a complex
formula. The outputs are sent redundantly to the logger and the Bartol electronics.
AIR Barometer. Located in the electronics rack. Output is a digitally

coded signal giving barometric pressure. Powered and read by the Bartol electronics.

Figure 2.19: Clinometer Assembly

Clinometer Assembly. Redundant sensors are located on a board in
the Bartol electronics. Output of each sensor is three analog signals giving inclination
on two axes and unit temperature. The values shown on the display are uncalibrated
engineering units. Figure 2.19 (upper panel) provides an overview. Figure 2.19 (lower
left and lower right) aims to show how the liquid surface in the little volumes stays
horizontal when the clinometer assembly is tilted.

GPS Receivers. Two are mounted in the rack to furnish data to the
consolidated data stream. The most recent record read from each is always displayed
on the PC screen. The last valid position from each is displayed in a separate location

on the PC screen. Another GPS receiver is located in the calibration monitor. Antennae
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are mounted on the forward bulkhead of the TasVan. The antennae are all identical,

and may be interchanged if necessary for troubleshooting.

2.5 Latitude Surveys

Moraal et al. (1989), Dorman et al. (2000), and Bieber et al. (2003) defined
that a neutron monitor latitude survey is transported with a transportable neutron
monitor or mobile neutron monitor that records count rates through a range of cutoff
rigidities as rapidly as possible. Clem (1999) note that the count rate of a neutron
monitor relates to the primary cosmic ray particles which are not rejected by the geo-
magnetic field entering the atmosphere and undergoing multiple interactions resulting
in showers of secondary particles that can reach ground level and can be detected by
a neutron monitor. Stoker & Moraal (1995), Clem et al. (1997), and Bieber & Even-
son (1995) suggested that oblique particles may be responsible for certain anomalies in
neutron monitor latitude surveys because the geomagnetic cutoff varies with direction
of incidence, so obliquely incident particles must be included to eliminate systematic
errors in latitude surveys. The variation in count rate of the neutron monitor as a
function of geomagnetic cutoff rigidity permits a measurement of the cosmic ray spec-
trum (integrated over particle type) at energies where direct spacecraft measurement
is difficult or impossible due to the limit of detector size. Observed deviations from
perfect ordering of the data by the calculated cutoff rigidity may be used to produce
refined models of the magnetic field of the earth. Bieber et al. (2004) described that
for precise determination of particle anisotropies and spectra, it is necessary to under-
stand the neutron monitor energy response or yield function, the relationship between
the observed count rate and the energy-dependent flux of cosmic rays at the top of the
atmosphere, and the spectrum of galactic cosmic ray primaries in space. Moraal et al.
(1989) and Bieber et al. (1997) indicated that the product of the yield function and the
spectrum of galactic cosmic ray primaries is obtained from a latitude survey.

There are two techniques in this research to characterize the evolution of the
galactic primary cosmic ray spectrum. These are the Dorman technique and Nagashima
technique.

The Dorman technique uses a parameterized function of apparent geomag-
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netic cutoff, the Dorman function,
N = No(1 —e P "), (2.6)

where Ny, o, and k are free parameters. Although this parameterization has no physical
content, it provides an excellent representation of the integral response function N and

can be differentiated to determine the DRF:

N = [ (DRF)dP (2.7)
P
DRF = NgaP~ " lg(e7™"), (2.8)

We can see an example result of Dorman fitting of latitude survey data from Figure 1.5.

The Nagashima technique was proposed to us by Prof. Paul Evenson, to
make use of the approach of Nagashima et al. (1989) that the best fit to latitude survey
data could be obtained by considering accurate parameterization of 3 functions. These
are the heliospheric modulation (M), the local interstellar galactic cosmic ray spectrum

(G), and yield function (Y). The response function is the product of these three terms

dN
R‘_ba}

as

= G(P)M(P,t)Y (P, h). (2.9)
P
The Galactic cosmic ray spectrum (G-function)
The galactic cosmic ray spectrum G(P) is the unmodulated energy spectrum
of galactic cosmic rays, which is assumed to be time invariant and a function only of
rigidity (momentum per unit charge). We use a functional form for the unmodulated

differential rigidity spectrum of galactic cosmic rays expressed in terms of the total

energy (U) of cosmic rays:

it
G(u,vn) = ———, 2.10
(u, n) (T ) (2.10)
or
G (u, n)dU = — 1 qu, (2.11)
(2 + u)7s

in which u = U/Uy, Uy is the rest energy, and 71 to 73 are nonnegative parameters that
do not depend on depth in the atmosphere, h.
In Figure 2.20, we can model G with the following equation:

Y1(h)

G(u)du = (0.0 + w)2-58+0.004

du,v1(0) = (1.2 £0.02) x 10%. (2.12)
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Figure 2.20: Differential rigidity spectrum of galactic cosmic rays, primary proton flux
and modulation function in 1965. Observed points are those compiled by Webber &
Lezniak (1974). These data were originally presented by Ormes & Webber (1965), Fan
et al. (1966), Anand et al. (1968), von Rosenvinge et al. (1969), Ryan et al. (1972) and
Smith et al. (1973). [Image credit: Nagashima et al. (1989)]

From Eq. (2.12), G(u) has a power-law spectrum with the exponent of 2.585, which

nearly coincides with the primary-proton results of other reports.
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The yield function (Y-function)

The yield function Y is the relationship between the observed count rate and
the energy-dependent flux of cosmic rays at the top of the atmosphere. It is a function
of cutoff rigidity (P.) and atmospheric depth (h). For the yield function, we assume an
analytical formula expressed in terms of the total energy (U) and atmospheric depth

(h), as

h 72 h 4
Y n) = You® — — — — 2.1
(U7h75a77 ) ou” exXp |: m (1033> UE (1033> kl(ua 775):| ; ( 3)
where
ki(u,ms) = k1 (u,m5) = (u—1)""5, (2.14)
ki(u,ms) = ka(u,m5) = (Inu)™™, (2.15)

and Yy, e and n,’s are nonnegative parameters. Yj is set to unity, as it is multiplied by
the free parameter 7, in eq. (2.12). The value of the exponent ¢ in eq. (2.13) is expected
to be less than 0.3.
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Figure 2.21: a) Comparison of Y (U, x) with theory. Solid lines express the simulated
experimental data of Y (U, z) with ho(U,n5) in eq. 2.15 and dashed lines are theoret-
ical curves estimated by Murakami (1989) in private communication. Theoretical and
experimental curves are normalized at h = 1033 g/cm? and U = 10 GeV. b) The same
as in a) except that dashed lines are theoretical curves obtained by Dorman & Yanke

(1981). [Image credit: Nagashima et al. (1989)]
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Nagashima et al. (1989) determined Y as follows:

h >1.62:|:0.96 12.7 £ 5.6 < h )0.50:&0.09

Y (U, h) = u®0%01 —(2242.5) [ — -
(U h) = u exp | = )\ 1033 (In )0-42£021 \ 1033

(2.16)

Modulation function (M-function)

The modulation function M as a function expresses the status of the diffu-
sion and convection of cosmic rays in interplanetary magnetic fields. Consider a spher-
ically symmetric model of the interplanetary medium in which the solar wind radially
carries magnetic irregularities, which cause perfect elastic scattering of cosmic rays in a

frame of reference moving with the solar wind.
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Figure 2.22: Rigidity dependence of the modulation function M (p, t) near the maximum
(dashed line, Jpssi=1990) and minimum solar activity (solid line, Jpsyyw=2465) [Image

credit: Nagashima et al. (1989)]

From Figure 2.22 shows the rigidity dependence of the modulation function
for periods of the maximum and minimum solar activity. The general expression of M

is given by

_ —m(t)
M(P.,t) = exp L@ - (Pc/ll GV)MJ : (2.17)

An analytical expression of M is given by

_ —p(t)
M(Fe,t) = exp [(0.097 +0.009) + (ch/l GV)1-02i0-02] ’ (2.18)
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where p1(t) is a function of other parameters and variables and is recomputed according
to

Jarew (1) O\
)> . (2.19)

t) = ug + 1-—
Ml( ) Ha Ko ( JMtW(tmaz

when Jyw (t) is neutron intensity at Mt. Washington at any time and Jazsw (tmae) 18
neutron intensity at Mt. Washington at solar maximum. Here we use Jyrw (tmaz) =
1990 counts/hour and tp,q,; = 1965 AD. Nagashima et al. (1989) determined optimal

parameters as shown in the following equation:

(2.20)

pa(t) = (115 0.02) + (14.9 £ 0.8) <1 JMtW(t))> L 120.09

B JMtW (tmaz

On the basis of Nagashima analysis, it is considered that the response func-
tion R(P,., h,t) as a product of these three terms (G, Y, and M) defined in eq. 2.9
would be reasonable or at least more appropriate than the others, especially in the low
atmosphere. Using egs. (2.12), (2.16), and (2.18)-(2.20), we can estimate the response
function R(P., h,t) at any time and at any depth greater than 307 g/cm?.

2.6 Forbush Decreases

A “Forbush Decrease” means a transient and rapid decrease in the number
of galactic cosmic rays reaching the Earth, which is usually observable by a neutron
monitor within a few days after an explosion at the Sun (solar storm) that releases
a large amount of mass with high velocity, known as a coronal mass ejection (CME).
Figure 2.24 shows a photograph captured from a video of an actual CME that blasted
off from the Sun on January 27, 2012. A Forbush decrease occurs because the magnetic
field of the CME sweeps some of the galactic cosmic rays away from Earth. Forbush
decreases were first described in 1937 by an American physicist named Scott Ellsworth
Forbush (1904-1984). Barnden (1973) investigated models of Forbush decreases. Some
of the models concentrated on enhanced drift while other models focused on diffusion of
scattering models; however, both of them reinforce that the magnitude of the Forbush
decrease is proportional to the magnetic intensity and magnetic irregularities caused
by the associated interplanetary space disturbances. Cane (2000) explained that there
can be two steps of Forbush decreases caused by shocks and by CMEs. The first step
involves the turbulent structure behind the shock and the second step involves the

enhanced magnetic field and loop-like field configuration of the CME.
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Figure 2.23: Differential response function R(P.,h,t) of a neutron monitor for several
atmospheric depths in the periods of maximum and minimum solar activity. Figures
attached to each curve express the atmospheric depth h in g/cm?. Solid lines are for
minimum solar activity (Jaw=2465), dashed lines are for maximum solar activity

(Jarew=1990). [Image credit: Nagashima et al. (1989) ]

Figure 2.25 shows the “modulation level” (the McMurdo count rate scaled to
resemble Jasw, a Mt. Washington count rate) vs. time. For the survey the modulation
range was so small that it seemed sufficient just to use a scaled McMurdo rate in place
of Mt. Washington. This is a good example to demonstrate clearly that during DOY
340 to 359 of the 2006-2007 voyage in latitude survey data (the data set used in this

research) there were a first step and second step of the Forbush decrease.
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Figure 2.24: A photograph of a CME taken by the SOHO spacecraft [Taken from

http://www.nasa.gov|
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Figure 2.25: Graph of modulation level as a function of time to demonstrate explicitly
both first step and second step of Forbush decreases during DOY 340 to 359 of 2006-2007

voyage of latitude survey data
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CHAPTER II1
EFFECTS OF THE ENVIRONMENT ON THE COUNT
RATE OF A CALIBRATION NEUTRON MONITOR AT
DOI INTHANON

A neutron monitor is a standard ground-based instrument for measuring
time variations of Galactic cosmic rays (GCRs) by detecting secondary particles (mostly
neutrons) from their atmospheric showers. Using the Earth as a magnetic spectrome-
ter, to a good approximation cosmic rays can reach a given location on Earth only if
their rigidity (related to momentum per charge) exceeds the local geomagnetic cutoff
rigidity. Ideally, simultaneous measurements from different stations in the worldwide
neutron monitor network with various cutoff rigidities could be combined to determine
the GCR spectrum continuously as a function of time (Moraal et al. 2000; Kriiger &
Moraal 2010). However, such a comparison requires an accurate intercalibration be-
tween the stations, to ~0.2%. The yield function (efficiency) of neutron monitors is not
completely understood, and is expected to depend on the number of counter tubes, con-
figuration, and building or structure within which the neutron monitor is housed. While
much interesting science can be done without precise knowledge of the yield function,
a neutron monitor will become a more powerful instrument when its yield function is
fully understood, and then data from the worldwide network of neutron monitors could
be combined to precisely track the GCR spectrum.

In this work, we report on an advance toward these goals by making use of a
relatively portable calibration neutron monitor or “calmon” (Kriiger et al. 2008b), shown
in Figure 3.1, in conjuction with the Princess Sirindhorn Neutron Monitor (PSNM) at
the summit of Doi Inthanon, Thailand’s highest mountain. PSNM, with an 18-tube
NM64 neutron monitor (18NM64), has the world’s highest geomagnetic cutoff rigidity
for a fixed station (16.8 GV vertical cutoff) and is therefore of particular importance
to anchor the high end of the GCR spectrum as inferred from neutron monitor data.

Figure 3.2 shows a simple floor plan sketch of the 18NM64 inside and calmon outside of
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Figure 3.1: Photograph of the calmon during testing inside the PSNM building at Doi
Inthanon, Thailand

the PSNM building. In the measurements reported here, we have calibrated the PSNM
count rate relative to the calmon, thereby relating its station-specific count rate to other

stations around the world that have been or will be similarly calibrated.
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3.1 Detection Equipment and Observations

The calmon used in this work is relatively compact, with a length of 753
mm and a mass of 223 kg (including the cradle), allowing it to be transported to various
locations around the world. Figure 3.1 shows a photo of the calmon during deployment
inside the PSNM building at Doi Inthanon, Thailand. The innermost component is an
LND25382 proportional counter tube (manufactured by LND, Inc.) of 51 mm diameter
filled with 4 atm of 3He(97%) and COs quench gas (3%), in which neutrons can be
detected by means of the reaction *He(n,p)*H. This is surrounded by a cylindrical
polyethylene moderator of 39 mm thickness. The lead producer comprises 7 rings that
together from a cylinder of 92 mm thickness. Atmospheric secondary cosmic rays of
various species can interact in the lead to produce spallation neutrons that are then
detected in the *He counter. (The detector response is predominantly due to sub-GeV
atmospheric neutrons.) Finally the outermost cylinder is a polyethylene reflector of 156
mm that serves to block most neutrons in the MeV-range or lower produced in the
calmon’s surroundings, and also helps trap neutrons from the lead producer. At Doi
Inthanon a typical count rate was ~3.5 Hz.

The PSNM station, at the summit of Doi Inthanon, is located at geographic
coordinates 18.59°N and 98.49°E, at an altitude of about 2,560 m. It is inside a Royal
Thai Air Force base, in a wide fenced area with restricted access, so the configurations
were quite stable with time. The building, indicated in Figure 3.3(a), has an area of
10x10 m? and two metal roof panels inclined at 45°. There are also inner vertical walls
and ceiling of concrete that define a smaller rectangular enclosure. The main neutron
monitor contains 18 counter tubes in one continuous row, with the standard NM64
design (Hatton & Carmichael 1964) that includes lead producer (29 tons) and polyethy-
lene moderator and reflector. A typical count rate is =34 Hz per tube. The building
also houses 3 bare neutron counters, each with moderator but no producer or reflector,
which are also visible in Figure 3.3(b) and count ~6 Hz per tube. The count rates
of tubes in the neutron monitors are higher than those of bare tubes, mainly because
the lead producer can generate multiple neutrons from a single incident atmospheric
secondary particle. Data from the three bares were not used for the present study.

Based on prior experience using the calmon in other locations, it was sug-

gested that the calmon should be operated over a pool of water, to provide a standard
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Figure 3.3: Photographs of (a) the PSNM building, with two metal roof panels inclined
at 45°, and inner vertical walls and a ceiling of concrete that define a smaller rectangular

enclosure, and (b) the interior of the PSNM building.

surface underneath, and in open atmosphere, far away from any structures that absorb
or produce structures (Kriiger & Moraal 2010). In practice, the latter requirement is
expressed as a need to avoid any obstructions higher than 20° above the horizon. At Doi
Inthanon, a site meeting these requirements was found on top of a bunker a few meters
high, located a few meters south of the PSNM building and down a rocky incline. This
allowed a power cable and data cable to be connected to the building and the data ac-
quisition computer within. A portable swimming pool with a wire framework and vinyl
lining, provided with the calmon, was set up and filled with water to the desired height.
The calmon cradle was placed on 4 concrete pillars in the center of the swimming pool,
keeping the calmon itself above the water level.

The calmon was operated inside or near the PSNM station during Novem-
ber, 2009 to June, 2010. This time period corresponded to solar minimum conditions,
and indeed our observations started near the time of the highest cosmic ray rates ever
recorded in the space age (Mewaldt et al. 2010). In the present work, we focus on the
relative count rates of the calmon and PSNM, hereafter called the “Cal/NM” ratio, and
we did not find evidence for a time dependence of this ratio over the 7-month duration
of the observations.

The minimum requirement for the calibration is to acquire 10% counts, which
required only about 4 days of data taking at our high altitude location. Therefore, we
also took the opportunity to measure the difference in the count rate ratio for the calmon
outside or inside the building, and for different environmental conditions outside, where

we varied the height of the calmon (the underside of the reflector) above the bottom of
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the pool, which we call “calmon height,” and also varied the water height. We operated
for a total of 15 configurations, but there were technical difficulties with Configurations
7 and 14, so these are not included in Table 3.1 and those data were not analyzed.

An important component of the calmon is the electronics head (including
a cylindrical metal cover) attached directly to the front. In these observations, we
employed 3 different sets of electronics. We used two different pre-amplifiers (attached
to the counter tube) with an electronics head made at North-West University, S. Africa
specifically for the calmon. We refer to the two combinations of pre-amplifier and
electronics head as the NWU1 and NWU2 electronics. We also used a remote electronics
head made by the Bartol Research Institute, University of Delaware, USA, which we
refer to as the BRI electronics. Table 3.1 specifies which electronics were used for each

configuration.

3.2 Data Analysis
3.2.1 Calmon Data

Operating in the outdoor location with tropical heat and humidity posed
technical challenges for the electronics. Fortunately, the NWU1 and NWU2 electronics
recorded data with a cadence of 1 s, allowing individual seconds to be rejected as
necessary. While the standard count rate was 3.5 Hz, the NWU1 electronics recorded 1
to 2 s of noise (>10 counts) with a period of about 10 s, especially during time periods
with direct sunlight. Therefore, an individual 1-s record was rejected if there were >10
counts in that record and also in a record 9, 10, or 11 s earlier or later. A record was also
rejected if the temperature or voltage value was abnormal. During some hours, typically
during daytime, up to 20% of the records were rejected for these reasons. For the NWU2
electronics, the noise period was about 5 s, and the same rejection logic could be applied,
resulting in rejection of up to 40% of the records. While the hourly Cal/NM ratio was
extracted for both the NWU1 and NWU2 electronics, the NWU2 data are considered to
be less reliable. The hourly ratio for these electronics was corrected for the temperature
of the counter tube (not the temperature of the electronics), which varied over 10 to

30°C. The data were corrected to removed a positive correlation with temperature of
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0.04% C~!, correcting to a standard counter temperature 24°C as follows:

In this case, Ny is the count rate corrected for temperature, Ny is the secondly average
count rate in one hour and 7' is the temperature.

The BRI electronics were designed for indoor use but nevertheless we made
use of them in the extreme outdoor heat. Because the standard count rate output
did not function properly for an electronics temperature T > 60°C was measured in
the electronics head, and the PH data were found to be unusable for an hour with
electronics temperature T' > 51°C and for 2 hours afterward. This problem did not
arise for observations with the calmon inside the building. For the BRI electronics, we
did not find a significant correlation of the Cal/NM ratio with counter temperature and

did not perform a temperature correction.
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Figure 3.4: Calmon outside the PSNM building

For all configurations listed in Table 3.1, the Cal/NM ratio was determined
for each hour of usable data, and these were used to determine the average value and
uncertainty (standard error) of the ratio for each configuration. All usable configurations
were outdoors (as in Figure 3.4), except for Configuration 15, for which the calmon was
inside the PSNM building (as in Figure 3.1). Results for the 3 sets of electronics can
be directly compared for configurations 8 to 10, for which data were taken in succession
with no changes to the calmon height and water height. The three measurements of
Cal/NM have a spread of 2.4%, compared with a maximum standard error of 0.1% for
individual measurements. We found no significant effect of atmospheric pressure on the
Cal/NM ratio, i.e., the calmon and PSNM seem to have the same barometric coefficient
to within measurement uncertainty. Thus the Cal/NM ratio has not been corrected for
atmospheric pressure. The results of the data for all configurations are shown in Figures
3.5-3.30, except for Configurations 7 and 14, and Figure 3.31 shows the corrected ratios
for all configurations except Configurations 7 and 14, where the error bars represent

standard errors.



Waraporn Nuntiyakul Effects of the Environment... / 60

Ratio Cal(Uncorr)/NM(Uncorr) (x10-3)

Ratio Cal(Tcorr)/NM(Uncorr) (x10-3)

%8::::;::::;::::;::::

N
w
TTTT

N
o

(6]

Temperature (°C)
TTTT

10 froveeeemsseeneecdlin M Vo ;

325 330 335 340 345
Day of year 2009

Figure 3.5: The results as a function of time of C1: (a) uncorrected Cal/NM ratio, (b)

corrected ratio, (c) calmon counter temperature.
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Figure 3.6: The Cal/NM ratios with straight line fit as a function of temperature of C1:

(a) uncorrected ratio and (b) corrected ratio.
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Figure 3.8: The Cal/NM ratios with straight line fit as a function of temperature of C2:

(a) uncorrected ratio and (b) corrected ratio.
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Figure 3.10: The Cal/NM ratios with straight line fit as a function of temperature of

C3: (a) uncorrected ratio and (b) corrected ratio.



Waraporn Nuntiyakul Effects of the Environment... / 66

6.2 IIII:IIIIIIIII:IIIIIIIII:IIIIIIIII:IIIIIIIII:IIIIIIIII:IIII

Ratio Cal(Uncorr)/NM(Uncorr) (x10-3)

Ratio Cal(Tcorr)/NM(Uncorr) (x10-3)

S T T ST I R RS S

N N
o w

(6]

Temperature (°C)

10

5 IIII:IIIIIIIII:IIIIIIIII:IIIIIIIII:IIIIIIIII:IIIIIIIII:IIII

357 358 359 360 361 362
Day of year 2009

Figure 3.11: The results as a function of time of C4: (a) uncorrected Cal/NM ratio, (b)

corrected ratio, (c) calmon counter temperature.
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Figure 3.12: The Cal/NM ratios with straight line fit as a function of temperature of

C4: (a) uncorrected ratio and (b) corrected ratio.
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Figure 3.14: The Cal/NM ratios with straight line fit as a function of temperature of

C5: (a) uncorrected ratio and (b) corrected ratio.
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Figure 3.15: The results as a function of time of C6: (a) uncorrected Cal/NM ratio, (b)

corrected ratio, (c) calmon counter temperature.
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Figure 3.16: The Cal/NM ratios with straight line fit as a function of temperature of

C6: (a) uncorrected ratio and (b) corrected ratio.
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line shows the corrected Cal/NM ratio and solid black boxes with a solid line show the

daily average corrected ratio. (b) The blue line shows the PSNM pressure reading by
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Digiquartz pressure.

black boxes with the solid line show the daily average calmon temperature.
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corrected ratio, (c) calmon counter temperature.
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Figure 3.20: The Cal/NM ratios with straight line fit as a function of temperature of

C9: (a) uncorrected ratio and (b) corrected ratio.
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Figure 3.21: The results as a function of time of C10: (a) uncorrected Cal/NM ratio,

(b) corrected ratio, (c) calmon counter temperature.
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Figure 3.22: The Cal/NM ratios with straight line fit as a function of temperature of

C10: (a) uncorrected ratio and (b) corrected ratio.
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Figure 3.23: The results as a function of time of C11: (a) uncorrected Cal/NM ratio,

(b) corrected ratio, (c) calmon counter temperature.
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Figure 3.24: The Cal/NM ratios with straight line fit as a function of temperature of

C11: (a) uncorrected ratio and (b) corrected ratio.



Waraporn Nuntiyakul Effects of the Environment... / 80

T T T T T T T T T T T T
7~ -
5 ' 1
o : ]
D S~ 0 Y] I || U PRI SIPIOLY SN [P B [P RPRIPNY I
N :

P : —
- i
— i —
o h
(S} Y \ —
LSS R 1|11 A1 P I NP Y T IS Sy Sy . | I I 1 Y IO S
-] H I
g —
=
Z —
~ .
~—~ "
= 11 IR ) TR I I A MLk
o : :
o ! f —
[« H "
-] H H H ]
= i i P
o] H '
U ...................... :. ...................... :. .......................................... [N S S — R —
.0 I~ : : 7
- L H ]
o H
@ - : ]

g.% 1 1 1 1 H 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

T T T T H T T T T T T T T T T T T T T T T T

~~

T

o : ' H

X 6.0f-ree { ----------------------- SRl AR R | [ ARRRRARLELLLELEARLEERES ARty
~ - : : : -
—~~

g : | ' ' i :
8 i | T

:‘:, 5.8 0 1THA 1 ' M T R T o (I A (1 [t T A
< - : : : .
2 L .
~ B p J : N
5.6 E L N | e N - | i 1 Rl i Y el e ¥ B {1
o - H : H } : —
(8] ' i i

= - .
b

O

(@)

.0

=

3]

(14

55g

N W
(6] o

N
o

Temperature (°C)

130 135 140 145 150 155
Day of year 2010

Figure 3.25: The results as a function of time of C12: (a) uncorrected Cal/NM ratio,

(b) corrected ratio, (c) calmon counter temperature.
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Figure 3.26: The Cal/NM ratios with straight line fit as a function of temperature of

C12: (a) uncorrected ratio and (b) corrected ratio.
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Figure 3.28: The Cal/NM ratios with straight line fit as a function of temperature of

C13: (a) uncorrected ratio and (b) corrected ratio.
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Figure 3.29: The results as a function of time of C15 (BRI electronics). (a) The green
line shows the corrected Cal/NM ratio and solid black boxes with a solid line show the
daily average corrected ratio. (b) The blue line shows the PSNM pressure reading by
Digiquartz in mm Hg and solid black boxes with a solid line show the daily average
Digiquartz pressure. (c) The red line shows the temperature of the calmon and solid

black boxes with the solid line show the daily average calmon temperature.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Physics) / 85

0.0062

0.0060
0.0058 |-+
0.0056

0.0054 |-+

Ratio Cal(Uncorr)/NM(Uncorr)

(0601522 MR TN TN SN N S S S S N S N SN N S N S S S S S S
10 15 20 25 30 35
Temperature (°C)

Figure 3.30: The Cal/NM ratios with straight line fit as a function of temperature of

C15

In experiments we planned to set the calmon height at three different levels
above the surface, 140 cm (outside), 70 cm (outside), and 55 cm (inside), as shown in
Figure 3.31. In Figure 3.31 we show the Cal/NM ratio for all usable configurations in
single graph. In the analysis of data with the calmon outside, we considered the results
when calibrator was set at two heights above the surface, at 140 ¢cm and 70 cm, as
shown in 3.32, to compare with the results from previous work at Potchefstroom, S.
Africa. When the calibrator was at 140 cm, it seems that the counting rate leveled off
at a height of water ~70 cm. The decrease in the count rate was only 1.56%. However,
when the calibrator was at 70 cm above the surface, the decrease was ~4.2%, confirming

the previous results at Potchefstroom (Kriiger et al. 2011).
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Figure 3.31: The corrected Cal/NM ratios for all usable configurations. The calmon
height is indicated by color, i.e., blue indicates 140 cm (outside), green indicates 70 cm

(outside), and red indicates 55 cm (inside). The error bars represent the standard error.

3.2.2 Calibration Procedure and Results

We used the above results to standardize the calibration procedure, namely
that it must be done outside, removed from any buildings and structures, and that
it must be done above 30 cm of water. If these conditions are met, the cosmic-ray
intensity at any two sites can be compared, because then the difference is only due to
different cutoff rigidity and atmospheric depth. The necessary temperature corrections
involved in the calibration were calculated as in equation 3.1. To quantify the calibration
process, consider two NMs at different cutoff rigidities and altitudes, with different
efficiencies (due to difference in type of neutron monitor, number of counters, and
different environment). Suppose NM1 is calibrated against the calibrator at time ¢;, and

similarly NM2 is calibrated at time t5. Then we have the following five measurements:
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Figure 3.32: The Cal/NM ratio for the Potchefstroom NM (open circles) and the PSNM

at Doi Inthanon as function of varying height of water beneath the calibrator [Image

credit: Kriiger et al. (2011)]

1.

At time ¢; the count rate (CR) of NM1 is Ny ;

2. At time to the CR of NM1 is Ny 2
3.
4
5

At time ty the CR of NM2 is N o

. At time t; the CR of the calibrator at NM1 is C1 1
. At time t3 the CR of the calibrator at NM2 is C5»

At time t the count rate of the calibrator at NM1 can then be calculated
as 01,2 = (NLQ/NLl) X 01,1.
The ratio R,, = N22/Nj2 is the measured ratio of the two NMs at time

to. This ratio includes the differences in efficiency. The ratio R, = Cs2/C 2 is the

“measured” ratio of the calibrator counts at the two positions. (We note that C 2 is

not actually measured, but can be calculated as mentioned above.) The calibrator at

the two different positions should have the same efficiency.

Hence the ratio of efficiency of the two NMs is

Ry N3pCia  NooCia  NooChp
Repp =5~ = = = (3:2)
R. Nig2C2 CoaNio Caa Ny
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Table 3.2: Hourly count rates during the calibrations

t1, Potchefstroom | to, Doi Inthanon
PSNM 2,198,262
Calibrator 10,197 12,123
IGY in Potchefstroom | 216,767 215,230
Efficiency ratio (Res¢) | 1.000 8.530

This ratio reflects the difference in the count rates of the two NMs due to
their different design and environmental conditions. Therefore, to compare the count
rate of NM2 relative to NM1, the count rate of NM2 must be divided by this number.

The results for the Doi Inthanon relative to Potchefstroom (NM1) are re-
ported. The Potchefstroom IGY is used as the standard (NM1), and therefore time
interval ¢ is DOY 295 to 302 of 2008. Time t¢5 is 98 to 110 of 2010 at Doi Inthanon
(C9). After rejecting spurious counts, the 1-second count rates were integrated into
hourly rates. Pressure uncorrected counts were used, because the monitors have the
same atmosphere above them during each set of measurements. Table 3.2 shows the
average count rate per hour and the ratio of efficiency of the monitors.

This procedure describes the essence of the calibration procedure. When
about 10 neutron monitors are calibrated in this way, Prof. Moraal’s group at Northwest

U. will be ready to derive differential response functions from them.

3.2.3 Effect of the Building

To determine the effect of the building on the count rate ratio, we com-
pared data for Configuration 8, with the calmon outdoors at a calmon height and water
height as recommended for calibration purposes (Kriiger & Moraal 2010), with those
from Configuration 15, with the calmon inside the building. For these two configurations
we collected 11.1x10% and 5.5x10° counts, respectively, and used the same (BRI) elec-
tronics, so we are able to precisely determine the small change in the Cal/NM ratio. This
ratio was 0.005546(2) outdoors and 0.005722(3) indoors, for a change of 1.76(4)x10~*
and a percentage change of (3.1240.06)%.
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CHAPTER IV
LATITUDE SURVEY INVESTIGATION OF GALACTIC
COSMIC RAY SOLAR MODULATION DURING
1994-2007

4.1 Introduction

The Galactic cosmic ray (GCR) flux in the solar system is strongly influ-
enced by solar variations (Forbush 1954), a process known as solar modulation. Solar
modulation itself is dominated by the roughly 11-year sunspot cycle in which the Galac-
tic cosmic ray flux decreases during sunspot maximum, the time period of maximum
solar activity, and increases during sunspot minimum (Figure 4.1). This can be de-
scribed by a spherically symmetric model with a single “modulation” parameter related
to the solar wind speed and the GCR diffusion coefficient, such as the force-field model
(Gleeson & Axford 1968).

However, as described in Section 1.1.3, there is also a roughly 22-year GCR
variation corresponding to the solar magnetic cycle, wherein the dominant solar mag-
netic polarity reverses at each sunspot maximum (Thambyahpillai & Elliot 1953). In
other words, 11-year periods with opposite magnetic polarity exhibit distinct GCR vari-
ations. These effects are associated with a variety of interesting phenomena, such as
guiding center drifts, latitudinal GCR gradients, particle charge sign dependence, and
changing diffusion coefficients (e.g., Jokipii & Levy 1977; Garcia-Munoz et al. 1986;
Bieber & Chen 1991). These phenomena depend on the sign of ¢gA, where ¢ is the
particle charge and A is the solar magnetic polarity.

Effects of solar magnetic polarity are clearly seen in the GCR flux as a
function of time, which is more “pointy” or “flat-topped” in alternating sunspot cycles
(Jokipii & Thomas 1981; Webber & Lockwood 1988, see Figure 1), and by comparing
fluxes of particles of the same charge to mass ratio but opposite charge sign, such as

electrons to positrons or protons to antiprotons (Bieber et al. 1999). There are many
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Figure 4.1: Smoothed monthly international sunspot number (using 5-month boxcar
smoothing) and McMurdo neutron monitor count rate as a function of time. The long-
term drift at McMurdo has been corrected following Oh et al. (2013). A neutron monitor
count rate indicates the Galactic cosmic ray flux, which undergoes “solar modulation” in
association with solar activity. Solar modulation includes dramatic 11-year variations
with the sunspot cycle, and a 22-year variation with the solar magnetic cycle, seen
here in changes in the solar modulation pattern between positive (A > 0) and negative
(A < 0) magnetic polarity. In this work we present observations of spectral changes in
Galactic cosmic rays in association with solar modulation and changing solar magnetic

polarity for the time period 1994-2007, indicated by a horizontal bar.

more subtle manifestations as well. One of the most puzzling aspects of modulation
phenomenology is the so-called “crossover” in spectral form during opposite magnetic

polarity epochs. This has been observed by means of ship-borne neutron monitor surveys



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Physics) / 91

that study the GCR spectrum by traveling across a wide range of geomagnetic cutoff
rigidities. With significant reliance on the work of Webber & Lockwood (1988), Moraal
et al. (1989) extensively discussed and characterized the effect by comparing neutron
monitor response functions obtained at solar minima separated by 11-year intervals
(opposite magnetic polarity) and 22-year intervals (same magnetic polarity). They
reported a crossover at a rigidity (momentum per charge) of approximately 6 GV in
spectra taken during opposite polarity epochs. Intensities at different energies are not
uniformly higher or lower. In the negative polarity state the low energy fluxes are
suppressed while the high energy fluxes are enhanced, with just the opposite being true
in the positive polarity state.

Reports of crossovers in the literature have usually compared observations at
two different time periods “near solar minimum,” but it has recently become clear that
different solar minima can have different levels of solar modulation (Oh et al. 2013).
The question of whether or at what rigidity the spectra intersect at successive solar
minima depends on the relative level of modulation at the two time periods. Actually,
the key physical issue is whether solar modulation of GCR spectra is independent of
solar magnetic polarity for similar modulation conditions. Such a polarity dependence
can be demonstrated by the existence of a spectral crossover at any similar modulation
conditions for different magnetic polarities, or equivalently, if a model of solar mod-
ulation that matches the GCR spectral evolution during one solar magnetic polarity
systematically deviates from that for the opposite polarity. Additional questions that
immediately come to mind involve the transition in solar modulation from one polarity
state to the other. Is this transition smooth or abrupt? Alternatively, the crossover
might be a phenomenon that appears as a result of some special conditions that appear
and disappear only very near solar minimum. To investigate the nature of this tran-
sition, a series of neutron monitor latitude surveys was conducted between 1994 and
2007 by the Bartol Research Institute of the University of Delaware, the University of
Tasmania, and the Australian Antarctic Division. In this thesis we discuss the analysis
of the data from these surveys and show that the data indicate that the crossover is
most probably associated with a major transition in some aspect of modulation that

occurs nearly simultaneously with the solar polarity reversal.
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4.2 QObservations

As described in Section 1.1.2, the count rate of a mobile neutron monitor
can be expressed in terms of an effective “cutoff” rigidity P., which depends on latitude,

longitude, zenith angle, azimuth, and time. In this case the relation becomes:
Pr,
N(Pe, h,t) = / > Gi(P)M;(P,t)Y;(P, h)dP. (4.1)
O

In our analysis, data from the mobile (ship-borne) neutron monitor are pressure-corrected
to standard sea level (760 mm Hg), so we remove the dependence on h. The mobile
monitor rapidly moved in P,, while the solar modulation, M;, varied slowly over a scale
of years. (Note that temporary Forbush decreases due to solar activity are excluded
from our analysis.) Therefore, N(P,,t) can be measured as a function of P, at nearly
constant ¢, and in this sense is commonly referred to as the (integral) response function
for a neutron monitor at epoch t.

The integrand of this simplified equation is referred to as the differential
response function (DRF). Measuring the signal in the detector at two different geo-
magnetic cutoffs P. and subtracting one measurement from the other determines the
response of the detector to that little part of the spectrum lying between the two cutoffs.
When divided by the small difference in cutoff this gives the DRF directly. For physical
interpretation of the DRF, a common assumption is that G;, M;, and Y; are indepen-
dent of particle species ¢ up to a constant, which is absorbed in the factors so that
the sum in Equation (4.1) is replaced by the product G(P)M (P,t)Y (P). (Note that
measurement of the DRF does not require this assumption.) Then when an identical
detector is used in successive surveys, a fractional change in the DRF is interpreted as
a fractional change in the spectrum G(P), which can be determined without knowledge
of the yield function.

In our series of surveys, atmospheric neutrons were detected by a ship-borne
mobile neutron monitor as described in Section 2.4. Figure 4.2(a) shows the other point
of view of the TasVan (in contrast with Figure 2.16) and Figure 4.2(b) shows the ship-
borne neutron monitor inside the container.

The 3NM64 mobile monitor was operated during 1994-2007 aboard one of
two U.S. Coast Guard icebreakers, the Polar Sea or the Polar Star (see Figure 4.2),
which traversed the Pacific Ocean from Seattle, USA to McMurdo, Antarctica and

back during a ~6-month voyage. We refer to a “survey year” by the year in which the
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Figure 4.2: (a) Insulated container (“TasVan”) used for 3NM64 neutron monitor latitude
surveys on the Polar Star and Polar Sea. (b) 3NM64 installed inside the container. For
this and several other voyages a small calibration neutron monitor (Kriiger et al. 2008a)

was installed near the door.

voyage began; each voyage then extended throughout the Austral Summer into the next
calendar year. For example, data for “survey year 1997” refer to data of the voyage
from October, 1997 to April, 1998. We obtained data for 13 consecutive survey years
(from 1994 to 2006). The geographic routes of all surveys are plotted in Figure 4.3; also
shown for reference are contours of constant 1980 vertical effective geomagnetic cutoff

rigidity.
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During survey year 1994, the ship traveled from Hobart, Australia to Mc-
Murdo, maneuvered three quarters of the way around Antarctica, and then passed
through the Straits of Magellan. Data taking ended near the Equator. In survey year
1995, the data were recorded starting in San Diego, USA, and from there to McMurdo,
where the data taking stopped. In survey years 1996 and 1998, the ship started from
Seattle and crossed the Pacific Ocean with stopovers in Honolulu, Hawaii and Hobart
before going to McMurdo, then returning to Seattle with a stopover in Adelaide, Aus-
tralia and passing near Thailand, the region of the world’s highest cutoff rigidity. The
routes of survey years 1997 and 1999 started from Seattle and crossed the Pacific Ocean
with a stopover in Honolulu before going to McMurdo and back to Seattle passing
through Mazatlan, Mexico. In survey years 2000, 2002—2004, and 2006, the ship trav-
eled from Seattle via Honolulu to McMurdo and returned the same way, while in survey
year 2001, the ship returned via Valparaiso, Chile. In survey year 2005, the data were
recorded starting in McMurdo, and from there via Honolulu to Seattle. The details of
the survey routes and latitude and longitude for all port calls are indicated in Tables
4.1 - 4.13, listing only times when data were taken.

In addition to the mobile neutron monitor and data acquisition systems, a
variety of additional equipment was carried in the TasVan, as described in Section 2.4. A
special feature of the electronics, started in the 1995 survey year, was the measurement
of histograms of neutron time delay, i.e., the time interval from the detection of one
neutron to the next (Bieber et al. 2004). The time delay spectrum is related to the
energy distribution of cosmic rays impinging on the atmosphere. It depends strongly
on the cutoff rigidity, and in principle could be analyzed to provide some additional
information about the cosmic ray spectrum during the surveys (Mangeard et al., in
preparation).

During survey year 1994, the ship’s “sea state” was recorded as the measure
of pitch and roll. In order to directly monitor orientation effects on the mobile monitor
count rate we installed clinometers, i.e., sensors of inclination (see Section 2.4), for the
remaining surveys (starting in survey year 1995) to measure the pitch and roll each
second. The clinometers were composed of redundant sensors located on board in the
card cage in the electronics rack. The output of each sensor provided three analog
signals giving the inclination along two axes and the unit temperature. Counts from

the 3NM64 were recorded once per second, together with data from the clinometers.
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Once per minute, pressure data and the GPS-derived latitude, longitude and time were
recorded. In our subsequent data analysis, the pitch and roll were found to have only
a minor effect so the data in the present analysis were not corrected for the pitch and
roll.

During certain survey years, additional neutron detection equipment was
included. Bare neutron counters were mounted in the 1995-1996 survey year, which
permitted a calibration of the bare counter to neutron monitor count ratio as a function
of the cutoff rigidity. A compact calibration neutron monitor was mounted near the
access door during several surveys to test its operation and calibrate it against the

standard monitor (Kriiger et al. 2008a).
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Location

Latitude (degrees N)

Longitude (degrees E)

Hobart, Australia (START)
McMurdo, Antarctica

South of Capetown, S. Africa
Greenwich Meridian

Straits of Magellan
Valparaiso, Chile

Equator

(END)

-43
=77
-69
-69
-53
-33
0
+1

+147

+166
+18

0

-70
=72
-91
-96

Table 4.2: Route of the 1995-1996 voyage

Location

Latitude (degrees N)

Longitude (degrees E)

San Diego, USA (START)
Equator

Sydney, Australia

Hobart

McMurdo

(END)

+32
0
-33
-43
-76
-56

-117
-179
+151
+147
+166
+154

Table 4.3: Route of the 1996-1997 voyage

Location

Latitude (degrees N)

Longitude (degrees E)

Seattle, USA (START)
Honolulu, Hawaii
Equator

New Caledonia
Melbourne, Australia
Hobart

McMurdo

Adelaide, Australia
Perth, Australia
Java, Indonesia
Vietnam

Equator

Seattle (END)

+47
+21
0
-22
-37
-43
-76
-34
-32
-6
+9
0
+47

-122

-157

-179

+166
+144
+147
+169
+138
+115
+106
+110
+106
-122
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Table 4.4: Route of the 1997-1998 voyage

Location Latitude (degrees N) | Longitude (degrees E)
Seattle (START) +47 -122
Honolulu +21 -157
Equator 0 -179
Sydney -33 +151
Hobart -43 +147
McMurdo -76 +168
Wellington, Australia -42 +175
Equator 0 -133
Magzatlan, Mexico +22 -107
San Francisco, USA +37 -122
Seattle (END) +47 -122

Table 4.5: Route of the 1998-1999 voyage

Location Latitude (degrees N) | Longitude (degrees E)
Seattle (START) +47 -122
Honolulu +21 -157
Equator 0 -175
Sydney -33 +151
Hobart -43 +147
McMurdo -76 +168
Adelaide -34 +138
Perth -32 +115
Java -8 +115
Vietnam +12 +112
Hong Kong +22 +114
Seattle (END) +47 -122

Table 4.6: Route of the 1999-2000 voyage

Location Latitude (degrees N) | Longitude (degrees E)
Seattle (START) +47 -122
Honolulu +21 -157
Equator 0 -179
Sydney -33 +151
Hobart -43 +147
McMurdo -76 +168
Melbourne =37 +144
French Polynesia -17 -151
Equator 0 -133
Mazatlan +22 -107
San Francisco +37 -122
Seattle (END) +47 -122
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Ph.D. (Physics) / 99

Location Latitude (degrees N) | Longitude (degrees E)
Seattle (START) +47 -122
Honolulu +21 -157
Equator 0 -179
Sydney -33 +151
Hobart -43 +147
McMurdo -76 +168
Adelaide -34 +138
Sydney -33 +151
American Samoa -14 -169
Equator 0 -165
Honolulu +21 -157
Seattle (END) +47 -122

Table 4.8: Route of the 2001-2002 voyage

Location Latitude (degrees N) | Longitude (degrees E)
Seattle (START) +47 -122
Honolulu +21 -157
Equator 0 -179
Sydney -33 +151
Hobart -43 +147
McMurdo -76 +168
Valparaiso, Chile -33 -71
Lima, Peru -12 =77
Mazatlan +22 -107
San Diego +32 -117
Seattle (END) +47 -122

Table 4.9: Route of the 2002-2003 voyage

Location Latitude (degrees N) | Longitude (degrees E)
Seattle (START) +47 -122
Honolulu +21 -157
Equator 0 -179
Sydney -33 +151
Hobart -43 +147
McMurdo -76 +168
Melbourne =37 +144
Brisbane, Australia -27 +153
Equator 0 -170
Seattle (END) +47 -122
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Table 4.10: Route of the 2003-2004 voyage

Location Latitude (degrees N) | Longitude (degrees E)
Seattle (START) +47 -122
Honolulu +21 -157
Equator 0 -179
Sydney -33 +151
McMurdo -76 +168
Adelaide -34 +138
Melbourne -39 +143
Sydney -33 +151
Townsville, Australia -19 +146
Equator 0 +174
Seattle (END) +47 -122

Table 4.11: Route of the 2004-2005 voyage

Location Latitude (degrees N) | Longitude (degrees E)
Seattle (START) +47 -122
Honolulu +21 -157
Equator 0 -179
Sydney -33 +151
Hobart -43 +147
McMurdo -76 +168
American Samoa -14 -169
Equator 0 -164
Honolulu +21 -157
Seattle (END) +47 -122

Table 4.12: Route of the 2005-2006 voyage

Location

Latitude (degrees N)

Longitude (degrees E)

McMurdo (START)
Sydney

Equator

Honolulu

Seattle (END)

-78
-33
0
+21
+47

+164
+151
-179
-157
-122

Table 4.13: Route of the 2006-2007 voyage

Location Latitude (degrees N) | Longitude (degrees E)
Seattle (START) +47 -122
Honolulu +21 -157
Equator 0 -179
McMurdo -76 +168
Townsville -19 +146
Equator 0 +174
Honolulu +21 -156
Seattle (END) +47 -122
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4.3 Data Preparation

We developed a program that allows the user to “read,” reformat, and/or
process the DAT files. These have all of the data from the latitude surveys in them.
We started with the latest group of the survey data and worked backwards to make it
easier to see the small changes in format for each year. It is important to know the
main pattern of existing data in order to write or edit the appropriate program. We
use a Visual Basic (VB) program to produce “Minute” files that give the fraction of the
day of year (DOY) and accumulated counts of 3NM64 and produce “Baro” files that
give the pressure data from the Digiquartz and/or AIR barometer. Then, we produce
a “course” file that gives the ship position and barometer reading for each hour of the
voyage. We used a personal computer that runs Windows 7 at the Bartol Research
Institute, University of Delaware.

The next step was to understand the trajectory code described by Lin et al.
(1995) and then use it to determine the apparent cutoff for every hour of data during
all the voyages. The trajectory code was used to trace particles back through Earth’s
magnetic field. In practice, antiparticles were traced along the reverse direction from the
atmosphere above the monitor. If antiparticles can escape out of Earth’s magnetosphere,
then likewise the cosmic ray particles can enter the atmosphere from space. We have
to trace in different ways for calculating the apparent cutoff rigidity. We used the
trajectory code written as a Fortran program to apply to all latitude surveys to produce
the “CUTOFFS” file. This can be done with two computer clusters. The first cluster
is the Mills community cluster. It consists of 200 computer nodes (5160 cores, 14.5
TB memory) running at the University of Delaware. The second cluster is the Galaxy
cluster. It consists of about 24 quad-core 64-bit machines, each with approximately
4 GB of RAM running in the Space Physics and Energetic Particles Lab, Mahidol
University. If we run the program on a usual personal computer, we spend ~ 14 hours
to process one day of data on average, but spend much less time if we separate jobs and
run the program on clusters.

The next step after obtaining the CUTOFFS files for all survey years is to
produce the “Binsum” files by using a VB program. The Binsum VB program includes
the average values of the barometer, the modulation level, and the geomagnetic cutoff

in the records. They are simply internally indexed by DOY, and the year is actually
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implicit, so these files have to be constructed for each year. The Baro file can be made
from “course” files, but the modulation level file has McMurdo neutron monitor data
(and other stations) and the cutoff file is what we were working on calculating. The
Binsum file gives the ship’s attitude (roll and pitch). We worked to determine the
variation of the count rate with that ship attitude. We cannot see any evidence of the
tilt fluctuations in the count rate, so we decided that no correction is needed.

Then finally, the most important file for our analysis is the “LatSur” file.
This file format involves essential latitude survey data for further analysis. The steps

above are presented in diagram form in Figure 4.4.

‘ Observed survey data from 1994 to 2007 ‘
l Minute VB program

‘ Produce “Minute” files in .dat ‘

l BARO VB program

‘ Produce “Baro” files in .BARO ‘

Course-Barosum VB program i

‘ Produce “course” files in .dat ‘

Run FORTRAN program to
calculate the cutoffs for voyages
in Mills Clusters and Space cluster

‘ Produce “CUTOFFS” files in .TXT ‘

l ReformatCutoff VB program

Download “modulation” data Produce “ReformatCutoff” files Produce “Barosum” files
from Roger weblink in .dat in .dat

I l BinSum VB program I
:‘ Produce “BinSum” files in .BinSum ‘

l LatSur VB program
‘ Produce “LatSur” files in .LatSur

Figure 4.4: Diagram of the steps of preparation of the LatSur files for all survey years.
In each step, we use different appropriate programs to produce the files needed. The

LatSur files are the key files for scientific analysis of the survey data.
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4.4 Data Reduction

The count rates of the three detector tubes (which we refer to as T1, T2
and T3), of which examples are shown in Figure 4.5, were corrected for errors in several
steps. In the first step, we considered the three tube ratios T1/T2, T2/T3, and T3/T1
for each data interval. The data interval duration was 1 h for survey year 1994 and
30 min for subsequent survey years. The rough and changing conditions on board the
ships caused the response of individual tubes to occasionally change, become noisy,
or even stop completely. In order to correct for these effects during the surveys we
used the inherent redundancy of the three detectors. We identified time intervals with
anomalous tube ratios by comparing the tube ratios with the average tube ratios for the
whole survey, which we call S1/S2, S2/S3 and S3/S1. Then we calculated a corrected
count rate from the actual count rate of the properly operating detectors. If only
one tube was ignored, e.g., if T1 was removed, we calculated the corrected count rate
from [(S1+4S24S3)/(S2+4S3)]x(T2+T3). If two tubes were removed we similarly used
the remaining tube to determine the corrected count rate. If none of the tubes was
operating properly the result was a data gap. We took records of all changes in the first

correction for all surveys, an example of which is shown in Table A.1 of Appendix A.

Counts Vs, Time: 2000 Survey
1 4@ Example of Bad Counts
4 3

43433

Counting Rate (CPS)

P

T3x0.757 The green (T3) was multiplied by factor 0.884

Figure 4.5: An example of the count rates for each tube vs. time in survey year 2000,

including some bad count rates for individual tubes.

For the second step of correction, we calculated the daily average tube

ratios for all surveys and plotted them on one long plot as a function of time. With
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Figure 4.6: The count rates as a function of time for all survey years after applying the

second step of correction in the analysis

their greater statistical accuracy, the daily average tube ratios provide a much more
sensitive indication of tube drifts or noise. We identified anomalous time periods by eye
and applied corrections when possible; otherwise, the data were excluded. We also took
records of all changes in the second correction for all surveys, an example of which is
shown in Table A.2 of Appendix A. The results for all survey years after applying the
second step of correction in the analysis are expressed in Figure 4.6.

Although the basic monitor assembly was quite similar each year, the Tas-
Van was not always mounted on the ship in the same location or orientation. Addi-
tionally, in December of 2001 we moved the detector tubes to a nominally identical
lead /polyethylene assembly in a new shipping container. (The old one had become
leaky and impossible to maintain properly.) To develop a correction for such systematic
changes, the count rate (corrected for pressure) of the McMurdo neutron monitor was
used in a regression analysis with the mobile monitor count rate (corrected indepen-
dently for pressure) when the ship was near McMurdo, i.e., in a roughly square 220x220
km? area centered on the McMurdo neutron monitor station, defined as (77.85 & 2)°S,
(166.67 = 9.5)°E. The days of each year when the ship was near McMurdo are noted in
Table 4.14.
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Table 4.14: Days of each year when the ship was near McMurdo as described in the

text

Survey year | Near McMurdo

START  END
1994-1995 370.000 407.375
1995-1996 369.242  385.490
389.238  398.986
1996-1997 366.560 400.420
1997-1998 360.193 411.873
1998-1999 367.015  376.988
1999-2000 367.026  400.307
405.931 412.899
2000-2001 363.290 385.779
388.828  407.992
410.252  411.798
412,476  417.833
2001-2002 353.176  354.933
356.754  399.341
399.425  400.737
403.913 404.231
404.358  407.726
2002-2003 358.744  428.353
2003-2004 362.746  366.260
368.419  402.077
2004-2005 354.374  356.893
358.608 407.142
2005-2006 409.938 413.664
2006-2007 365.223  411.118

We used the mobile/McMurdo count rate ratio for the 2006 survey year,

0.194 £+ 0.001, as a reference. During most survey years, the ratio when the ship was

near McMurdo was close to this value, but there were five survey years for which the

data needed to be normalized. The normalization factors for survey years 1995, 1997,

1998, 1999, and 2000 were 1.015, 1.040, 1.039, 1.047, and 1.026, respectively. Figure 4.7

shows a single plot for all survey years of the mobile/McMurdo count rate ratio after

normalized by these factors.
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Figure 4.7: The mobile/McMurdo count rate ratio as a function of time after normalized

by the factors explained in the text.

Proper correction for variations in barometric pressure is vital to the success
of our project for two reasons. First, and most obvious, is the need to remove short
term fluctuations from the data. Less obvious is the correlation of average barometric
pressure with geographic latitude, causing a correlation with cutoff. We corrected to
760 mm Hg using an empirical pressure coefficient 8 in units of percent per mm Hg
varying with cutoff rigidity as determined from our survey data (see more details in

Appendix B):

3 =1.006 — 0.01534P,, (4.2)

Crp = CrePP=760), (4.3)

where C7 is the mobile monitor count rate in units of s~! corrected for tube anomalies
and normalized to McMurdo, Crp is the mobile monitor count rate in units of s™!
corrected for tube anomalies, normalized to McMurdo, and corrected for pressure, P. is
the apparent cutoff rigidity in units of GV, and p is the barometric pressure in units of

mm Hg.
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To generate a summary set of response functions we also applied a correction
for short term variations in modulation level over the course of the survey based on
variations in the McMurdo counting rate. First we determined regression coefficients
between the normalized mobile neutron monitor count rate corrected for tube ratios
and pressure and the McMurdo count rate corrected for pressure for each P, bin, i.e.,
0-1 GV, 1-2 GV, ..., 17-19 GV (where 17-18 GV and 18-19 GV were grouped together).
We found that the regression coefficient S as a function of apparent cutoff rigidity P,

(see more details in Appendix C) was well fit by
S =0.211¢ 01417, (4.4)

We then used this value of S to correct each survey year’s mobile monitor data to the

average McMurdo value for that survey year according to
Crpy = Crp — S(m —m), (4.5)

where Crpys is the normalized mobile monitor count rate in units of s~! corrected for
tube anomalies, pressure, and short-term GCR variations m is the McMurdo count rate
in units of ™!, and 7 is the average McMurdo count rate in units of s~! for that survey
year. Then Crpys was used to determine the response functions. Figures 4.8-4.20(b)
and 4.8-4.20(c) show the mobile monitor count rate for all survey years after applying
all corrections.

Strong Forbush decreases (FDs) clearly did not follow the same regression
relation as other short term rate fluctuations, so we excluded them from the dataset,
treating the time intervals as data gaps. The criterion for rejection was a maximum
percentage decrease (%D) > 10 in the McMurdo neutron monitor, which occurred three
times during our mobile monitor surveys. The intervals that were excluded from our
analysis due to the three FDs were: 1) from 2004 Nov 07 to 2004 Nov 18 (%D = 11.6),
2) from 2004 Jan 17 to 2004 Jan 26 (%D = 14.3), and 3) from 2006 Dec 06 to 2006 Dec
25 (% D = 10.8).

We also organized the data into survey “segments,” where a segment is
defined as a transition (in either direction) between high geomagnetic latitude (with
low cutoff) and the cosmic ray (geomagnetic) equator (CRE, with high cutoff). We
define “segment A” from the US West Coast to the CRE, “segment B” from the CRE
to McMurdo, “segment C” from McMurdo to the CRE and “segment D” from the CRE
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to Seattle. Each survey therefore could have up to four segments, which provide four
distinct measurements of the response function. However, equipment failure or major
Forbush decreases resulted in fewer than four available segments in the 1994, 1995, 2005,
and 2006 survey years. In total, the 13 surveys provided 44 segments of data. The days
of year (referring to the starting year of the survey) for each segment as used for the

analysis are shown in Table 4.15.
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Figure 4.8: The data for the 1994 survey year. (a) Geomagnetic cutoff rigidity as a

function of time. The black line traces the apparent geomagnetic cutoff rigidity while

the red line shows the vertical effective cutoff rigidity. (b) Mobile (ship-borne) neutron

monitor count rate after all corrections as discussed in the text. (c) Corrected count

rate as a function of apparent geomagnetic cutoff rigidity for all four segments (i.e., the

four transitions between low and high cutoff rigidity).
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Figure 4.9: Like Figure 4.8, for the 1995 survey year.
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Figure 4.10: Like Figure 4.8, for the 1996 survey year.
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Figure 4.11: Like Figure 4.8, for the 1997 survey year.
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Figure 4.12: Like Figure 4.8, for the 1998 survey year.
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Figure 4.15: Like Figure 4.8, for the 2001 survey year.
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Figure 4.16: Like Figure 4.8, for the 2002 survey year.
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Figure 4.17: Like Figure 4.8, for the 2003 survey year.
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Figure 4.18: Like Figure 4.8, for the 2004 survey year.
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Like Figure 4.8, for the 2005 survey year.
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4.5 Response Functions

At the beginning of the analysis we intended to use the Nagashima technique
as described in Appendix D. Because of some problematic issues, we switched to the
method of “direct determination fitted by Dorman technique.”

The corrected mobile monitor count rate as a function of apparent cutoff
rigidity represents the integral response function of a 3NM64 neutron monitor. This
is plotted for each survey year in Figures 4.21(a)—(d), 4.22(a)—(e), and 4.23(a)—(d) for
three modulation periods approximating solar minimum conditions (survey years 1994-
1997), the transition from solar minimum to solar maximum (1998-2002), and the return
to near solar minimum (2003-2006), respectively (see also Figure 4.1). Averages over
0.5-GV cutoff rigidity bins, averaged over all segments in one survey year, are plotted
against apparent geomagnetic cutoff rigidity. If there are multiple segments, the average
is indicated by a solid symbol and there is an error bar to represent the standard
error among the determinations for different segments, which indicates the systematic
(reproducibility) uncertainty. Actual statistical errors are negligible. An open symbol
indicates that data were available for only one segment, and the systematic uncertainty
has not been determined. The results are also fitted to the Dorman function (Dorman

et al. 1970), which can be differentiated to determine the DRF:

N = No(1 —e P "), (4.6)
N = [ (DRF)dP (4.7)
P
DRF = NoaP " 1g(e ™", (4.8)

where Ny, o, and k are free parameters. The values of these three “Dorman parameters”
for each survey year from analysis of our fully corrected data for all surveys are shown
in Table 4.16. Our fits to determine Dorman parameters excluded data from rigidities
below 0.15 GV, and also excluded all hours of data where the cutoff had not changed
from the previous time, i.e., when the ship was not moving. The Dorman function has an
analytic derivative which immediately gives the differential response functions, denoted
as “DRF” in Equations (4.7) and (4.8) and shown in Figures 4.21(e)—(h), 4.22(f)—(j),

and 4.23(e)—(h) for different survey years.
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Table 4.16: Derived Dorman parameters
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Survey Year Ny Q@ K
1994-1995 3.08E+401 9.05E400 8.99E-01
1995-1996  3.09E+401 9.05E400 8.99E-01
1996-1997  3.18E+01 7.99E4+00 8.66E-01
1997-1998  3.14E401 7.95E400 8.62E-01
1998-1999 3.06E4+01 8.63E4+00 8.80E-01
1999-2000 2.88E401 1.01E401 9.03E-01
20002001  2.80E+01 1.10E+01 9.26E-01
20012002  2.81E+01 1.02E+01 9.03E-01
2002-2003 2.79E+01 1.01E+01 8.98E-01
20032004  2.83E+01 9.74E+00 8.89E-01
2004-2005  2.97E+01 9.57E+00 9.03E-01
2005-2006  3.14E+01 8.81E+00 8.94E-01
2006-2007 3.17E+01 8.74E+00 8.94E-01

As noted in the introduction, the objective of the present paper is focused
on characterizing the evolution of GCR spectra from one solar magnetic polarity to the
other. In Figure 4.24 we show the DRF for the two surveys closest to solar minima of
opposite magnetic polarity, which clearly manifest the crossover phenomenon. While
previous studies have examined the crossover at times near solar minimum, our data
for 13 consecutive survey years allow us to examine in detail the transition with solar
magnetic polarity. Thus we can address the questions of whether the transition is
smooth or abrupt, or a phenomenon that appears as a result of some special conditions
that occur only very near solar minimum, and therefore not part of a continuum at
all. In summary, we believe that a startlingly simple analysis shows that the crossover
is a natural consequence of a major shift in the structure of modulation that occurred

rather suddenly at the time of the polarity reversal in the year 2000.
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Figure 4.21: (a)—(d) Corrected mobile neutron monitor count rate for survey years
1994 to 1997 (solar minimum conditions) as a function of apparent geomagnetic cutoff
(averaged over 0.5 GV rigidity bins). A solid symbol indicates that data were available
for multiple voyage segments (as defined in the text). Vertical error bar represents the
standard error between multiple segments; in many cases the error bar is smaller than
the plot symbol. An open symbol with no error bar indicates that data were available for
only one segment. Solid lines indicate Dorman function fits. (e)—(h) Inferred differential

response functions, obtained as the derivatives of the Dorman function fits.
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Figure 4.22: Like Figure 4.21, for the 1998-2002 survey years, showing the transition

from solar minimum to solar maximum conditions.
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Figure 4.23: Like Figure 4.21, for the 2003-2006 survey years, showing the transition

from solar maximum to solar minimum conditions.
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Figure 4.24: Differential response functions for two survey years, near solar minimum,

of opposite polarity and similar modulation level. A crossover is apparent near 5 GV.

Our evidence comes not from the details of the evolution of the DRF, which
we leave to future work, but rather from a regression analysis of the mobile monitor count
rate for various cutoff rigidity ranges against the pressure-corrected McMurdo count
rate. For this analysis we use C'rp, the count rate uncorrected for short term modulation
variations, and we still exclude large Forbush decreases. Figure 4.25 summarizes the
analysis, which consists of straight line fits to the data, divided into apparent cutoff
rigidity bins of width 1 GV. To cut down on clutter, Figure 4.25 represents each rigidity
bin in each survey by a single point at the average value for all data in all segments,
whereas the actual fitting was performed for 1-hr or 30-min averages.

There were two surprises in this analysis. The first is how well the regression
for each individual rigidity bin against McMurdo for a given magnetic polarity is fitted
by a straight line. This will be addressed in the following Section. The second surprise
is how cleanly a systematic change in the slopes of these lines is delineated by the solar
polarity reversal in the year 2000. This effect can be seen in Figure 4.26, where for
clarity the data are shown for every third rigidity bin, including all survey years for

both magnetic polarity states.
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Figure 4.25: Regression of count rates for the mobile monitor in different cutoff rigidity

bins against the count rate of the McMurdo neutron monitor during (a) A > 0 solar

magnetic polarity (before 2000) and (b) A < 0 solar magnetic polarity (after 2000).

Symbols indicate average values over each survey year.
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Figure 4.26: Alternative presentation of the data in Figure 4.25 using every third rigidity
bin for clarity and superimposing the data for different solar magnetic polarities. Filled
triangles are used to indicate positive (A > 0) solar magnetic polarity with solid lines
showing the linear fits. Open triangles indicate data for negative (A < 0) solar magnetic
polarity while the dotted lines are linear fits to these data. There are clear differences

in cosmic ray modulation before and after the solar magnetic polarity reversal.

Table 4.17 gives the coefficients of the regression analysis for each rigidity
bin before and after the polarity reversal. Survey year 2000 itself is excluded from the
regression analysis, as were all data with a McMurdo count rate below 147 s~!, so as
to exclude the transition period. In the table, C is the mobile monitor count rate at
a reference McMurdo count rate of 167 s~!, and the years refer to survey years. Note
that in the 0-1 GV bin there is, and should be, no noticeable change in slope with the
solar polarity reversal. In this rigidity range, both the mobile neutron monitor and
the McMurdo neutron monitor (with apparent geomagnetic cutoff ~ 0.1 GV) had a
yield function dominated by the atmospheric cutoffs, not the geomagnetic cutoff, and
the count rates should be directly proportional to one another, regardless of cosmic ray

spectral variations. Indeed, the slope in this rigidity range reflects the smaller size of
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Table 4.17: Coefficients of a linear regression analysis and force field model between
mobile monitor data in multiple cutoff rigidity intervals and McMurdo neutron monitor
data. The standard error (SE) refers to the standard error of the coefficient (in this
case the slope) deduced from the scatter of the points from the fit line. In the case of
the model, this is completely systematic deviation, since the model produces a slightly

curved line, not a perfect straight line.

Apparent
Geomagnetic  Best fit, 1994-1999 Best fit, 2001-2006 Force Field
Cutoff
Rigidity (GV) C;  Slope SE C1  Slope SE Slope SE
0-1 32.2 0.187 0.0006 32.2 0.190 0.0004 0.191 0.0001
1-2 31.7 0.180 0.0008 31.6 0.181 0.0009 0.189 0.0001
2-3 31.0 0.167 0.0015 30.9 0.162 0.0018 0.172 0.0004
34 29.7 0.120 0.0024 29.8 0.144 0.0022 0.145 0.0008
4-5 28.2 0.107 0.0013 28.5 0.134 0.0014 0.119 0.0009
5-6 26.7 0.069 0.0027 26.9 0.097 0.0023 0.098 0.0009
6-7 25.4 0.069 0.0036 25.7 0.103 0.0023 0.082 0.0008
7-8 24.0 0.039 0.0040 24.3 0.084 0.0030 0.069 0.0008
89 22.9 0.034 0.0019 23.1 0.066 0.0028 0.058 0.0007
9-10 21.7 0.030 0.0029 22.0 0.066 0.0026 0.050  0.0006
10-11 20.7 0.032 0.0026 20.9 0.047 0.0019 0.043 0.0006
11-12 19.7 0.024 0.0029 20.0 0.048 0.0014 0.038 0.0005
12-13 18.8 0.017 0.0020 18.7 0.039 0.0012 0.033  0.0005
13-14 18.3 0.028 0.0012 18.3 0.033 0.0011 0.030 0.0004
14-15 17.2  0.007 0.0009 17.3 0.030 0.0014 0.027 0.0004
15-16 16.5 0.013 0.0012 16.7 0.031 0.0009 0.024 0.0003
16-17 16.0 0.028 0.0016 - - - - -
17-19 154 0.020 0.0031 - - - - -

the mobile monitor (3 counter tubes) compared with the McMurdo monitor (18 counter
tubes), hence the slope close to 1/6. For other low rigidity bins the mobile monitor
response was still similar to that at McMurdo, with little change in slope upon polarity
reversal. Solar modulation is generally weaker at higher rigidity, hence the decreasing
slope when the mobile monitor was at higher rigidity. Because there is little polarity
difference for low rigidity and a small slope that was difficult to measure for high rigidity,

the difference in slope is clearest at intermediate rigidity (3-13 GV).
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4.6 Modeling

To put our observations into the context of conventional modulation anal-
ysis, we have examined the predictions of a simple force field model. In particular, we
examine whether the linear character of the plots in Figure 4.25 and 4.26 is consis-
tent with such a model. The force field model of solar modulation of GCRs is a well
known spherically symmetric model of solar wind convection, adiabatic deceleration,
and diffusion. The combined effect of these processes is expressed by a single “mod-
ulation parameter” that depends only on position (radius) and time. The force field
approximation results from a differential equation for the evolution of the phase space
distribution function f of cosmic rays as a function of radius and momentum p, where
the rigidity spectrum j(P) is related to f(p) by j(P) &< P?f(p). Our modeling approach
is based on that of Caballero-Lopez & Moraal (2004).

The force field model itself (Gleeson & Axford 1968) comes from simplifi-
cations of the equation to a form that can be solved by the method of characteristics,
so that the solution f(r,p) is constant along contours of the characteristic equation.
This relates the spectrum at a position within the heliosphere to the spectrum at a dif-
ferent momentum on the outer boundary; this is the local interstellar spectrum (LIS).
With some further assumptions the characteristics reduce to the form P, — P = ¢,
where ¢ is the time-dependent “force field parameter” or “modulation parameter” that
expresses a decrease in rigidity from the outer boundary to the location of interest,
which is a reasonable approximation to the adiabatic deceleration in some circumstances
(Caballero-Lopez & Moraal 2004). While the distribution function f is constant along
characteristics, the expression for the rigidity spectrum j has the additional factor of
Pb2 /P2 reflecting the difference in the magnitude of the momentum at the two places,
so that

: P

J(P) = p3ie(B),  Py(Pit) = P+ (t). (4.9)
We use yield functions for protons and alpha particles from Clem & Dorman (2000)
that are parameterized, along with several other potentially interesting functions, in
Table 4.16 of Caballero-Lopez & Moraal (2012). This paper also has a discussion of the
“crossover” and useful formulae for manipulating spectra and yield functions. For the
input spectra j,, we adopted the LIS for protons and alpha particles from the Appendix

of Burger et al. (2008); they reported spectra in terms of kinetic energy per nucleon
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Figure 4.27: Like Figure 4.25, for calculations using a force field model as described in
the text. Each line corresponds to a 1-GV bin in apparent cutoff rigidity, ranging from

the 0-1 GV bin at the top to the 15-16 GV bin at the bottom.

T as a function of rigidity, which we have multiplied by dT'/dP to obtain the rigidity
spectrum j;. For the force field parameter we used the tabulated values of Usoskin et al.
(2011), which are based on an analysis of neutron monitors with cutoff of 6 GV or less
during the neutron monitor era. Specifically, we used their value for December of the
survey year (e.g., we used their December 2006 value for survey year 2006).

With these components, via numerical integration we generated a simulated
series of surveys. There is an overall absolute normalization to estimate count rates of
the mobile neutron monitor and McMurdo neutron monitor. From these simulations
we prepared Figure 4.27, which should be compared to the actual data in Figure 4.25.
As before, each point is plotted according to the count rates for each cutoff rigidity
bin during each survey year, with a lower mobile monitor count rate at higher cutoff
rigidity. Note that in the simulations, each survey takes place “instantly” and therefore
at a constant McMurdo count rate. This is why the points for each survey year are
vertically aligned. In the real surveys (Figure 4.25), the McMurdo count rate varies
with time, so the points for a given survey at varying cutoff rigidity follow a more

wandering pattern.
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Figure 4.28: Regression coeflicients for the lines in Figures 4.25 and 4.27 as a function of
apparent cutoff rigidity. Red squares are from fits to data before 2000, blue triangles are
from fits to data after 2000, and black circles are from fits to the force field calculation.
Vertical error bar represents the standard error of the regression coefficient deduced
from the scatter of the points from the fit line. There are clear differences in modulation

before and after the solar magnetic polarity reversal.

These simple simulations, and a comparison between Figure 4.25 and 4.27,
show that the linear relationship in the plots is a natural consequence of the force field
model over the range of modulation appropriate to the series of latitude surveys. For
completeness, we note that the linear relationship fails over an extended (and possibly
unphysical) range of modulation parameters. The regression line slopes over the cutoff
rigidity range of interest are displayed as solid black circles in Figure 4.28, whereas our
measured slopes from Table 4.17 are included as open symbols. The measured slopes

before 2000 (red squares) and after 2000 (blue triangles) typically bracket the simulated
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values. Thus we see that the force field model can qualitatively explain solar modulation
for a given solar magnetic polarity. However, there is nothing in the force field model
that will produce a crossover or any differences in spectra before and after a magnetic
polarity reversal. Thus we confirm that there must be a physical difference in the nature

of solar modulation upon a change in solar magnetic polarity.

4.7 Discussion

The crossover as typically defined has to do with spectral comparisons at
“similar modulation levels.” This is actually not very specific, and usually something
like “solar minimum” or “minimum sunspot number” is used. The simple force field
model has only one parameter. “Similar modulation levels” are defined as equal values
of this parameter, which by construction produce identical response functions. Our
analysis shows that there is a straightforward way of avoiding this ambiguity. The
“crossover” is a manifestation of a basic change in modulation that occurs suddenly at
the time of the solar polarity reversal. Suddenly, in this context, is of course defined as
a year or so — which is also approximately the time it takes for the solar wind to carry
the new polarity state to the outer reaches of the solar system. The sudden change of
state of the heliosphere is quite like that reported for the relative abundance of protons
and antiprotons (Asaoka et al. 2002) and electrons and positrons (Clem & Evenson
2002, 2004). One immediate conclusion from the observation of a rapid change in solar
modulation is that we are seeing a phenomenon related to the classic solar wind, not
the very distant reaches of the heliosphere at or beyond the termination shock.

Owing to the large detector mass required to detect high-energy cosmic
rays, ground-based instruments have remained the state-of-the-art method for studying
time variations of these elusive particles (Simpson et al. 1953; McDonald 2000). There
have been several direct observations of the full spectrum from balloon-borne and space-
based instruments for specific epochs. Typically measurements have not been available
for the same instrument and the same level of modulation in opposite polarities, so they
have not confirmed a crossover per se. Clem et al. (2003) presented a compilation of
proton and alpha particle spectra from several sources. The most direct comparison to

the present work is provided by the series of proton spectra from the BESS payload
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(Mitchell et al. 2008) that span the year 2000 solar polarity reversal with observations
from the same instrument. Mitchell et al. (2008) also fit their data to a force field model
which, apart from normalization, has only one adjustable parameter. The fits to the
BESS data may be good, but they are not perfect. Close examination reveals that the
fits to spectra after the polarity reversal are not as good as those to spectra before the
reversal. The fits in fact fail by overpredicting the data at low energy, just as we find in
our results. We therefore consider that the BESS data are consistent with our results.

Gradient and curvature drifts are clearly established as an important factor
in solar polarity dependence of modulation (Jokipii & Levy 1977) but in many ways the
full implication of this remains unclear (e.g., Potgieter 2013). In and of itself the drift
picture does not predict a crossover. It is not intuitively obvious why reversal of the
drift fields would increase modulation at one rigidity and decrease it at another. Our
observation of a rapid switch from one state to another also indicates that the tilt angle
of the heliospheric current sheet is not a major factor. As Clem et al. (2000) discuss,
for observations at approximately 1 GV, the effect of current sheet tilt angle is clearly
observable in precise measurements but it is tiny compared to the abrupt change with
the polarity reversal itself.

There are other modulation effects that are sensitive to interplanetary mag-
netic field polarity. The “twenty-year wave” observed in the phase angle of the cosmic
ray diurnal anisotropy (Forbush 1967; Bieber & Chen 1991) has also been attributed to
particle drifts by Levy (1976). However Chen & Bieber (1993) showed that it is a con-
sequence of their finding that the cosmic ray scattering mean free path is systematically
larger during epochs of negative solar polarity than during epochs of positive polarity.

Here we propose a specific mechanism to explain the different spectral evo-
lution for different magnetic polarities. Diffusion coefficients can change radically with
solar polarity because of helicity in the solar wind magnetic field and systematically
organized magnetic helicity is actually observed in direct measurements of the inter-
planetary magnetic field. Bieber et al. (1987a) reported that the net helicity (integrated
over wave number) of the magnetic field has a definite dominant sign, negative north of
the heliospheric current sheet and positive south of it. The helicity dependence of the
mean free path is a function of the product of the sign of the helicity and the polarity
of the large-scale field (Bieber et al. 1987b; Bieber & Burger 1990). This means that

at any given time the effect upon the mean free path is the same in both hemispheres
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(because the helicity and polarity both reverse sign across the sheet), but when the solar
polarity reverses the magnetic polarity reverses sign, and the helicity does not. This
will produce a larger mean free path during negative solar polarity, consistent with the
Chen & Bieber (1993) result.

An indication that magnetic helicity may become more important at neutron
monitor energies was provided by Smith & Bieber (1993), who measured the magnetic
helicity spectrum extended to very low frequency. They found that for frequencies
above 5-10 Hz, the helicity fluctuates in sign and is statistically consistent with zero
(Matthaeus & Goldstein 1982). At lower frequencies, however, the helicity assumes a
definite dominant sign. It is this low-frequency turbulence that corresponds to wave
numbers resonant with cosmic rays in the neutron monitor regime.

This produces a natural explanation for the crossover since the enhanced
diffusion coefficients would work in the opposite direction of drifts. During the negative
polarity state, when drifts operate to limit fluxes, a larger diffusion coefficient, partic-
ularly at the higher energies, permits enhanced access. With such competing effects,
each having a different energy dependence, a crossover would be just an observational

result that one effect dominates at low energy and the other dominates at high energy.
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CHAPTER V
DISCUSSION AND CONCLUSIONS

This work has two topics concerning portable neutron monitors. The first
topic is the data analysis from a portable calibration neutron monitor (~ 265 kg) which
we call the “calmon.” The calmon consists of one 3He proportional counter tube sur-
rounded by polyethylene moderator, lead producer, and polyethylene reflector. There
are two calmons. Both of them were designed and invented by Prof. Moraal’s group
of Northwest Univ. (NWU; formerly Potchefstroom Univ.) at Potchefstroom, South
Africa in order to calibrate the worldwide neutron monitor network. One of them is
taken to various fixed stations among the ~ 40 stations around the world, while another
unit is run continuously in Potchefstroom Univ, South Africa. The calmon is largely
self-contained, with electronics, CPU and data storage all in a “can” attached to the
head of the calmon.

In Thailand, we have the Princess Sirindhorn Neutron Monitor (PSNM)
at Doi Inthanon (high altitude greatly improves the count rate). This has 29 tons
of lead and 18 '°BF3 counter tubes to provide one of the world’s top count rates, as
well as the world’s highest energy threshold due to its location near the geomagnetic
equator. The monitor at Doi Inthanon has the highest vertical cutoff rigidity, 16.8
GV, of any fixed monitor in the world. Thus, PSNM is particularly important to the
plan to calibrate monitors. The cutoff is reasonably “sharp” in energy, so each monitor
measures a sort of integral count rate for energies above its threshold. The calmon came
to Bangkok, Thailand in July, 2009. We shipped it to Doi Inthanon in September, 2009.
It needs a standard environment, i.e., no obstacles more than 20° above the horizon in
all directions and placement above a standard swimming pool with at least 50 cm of
water, which moderates the effect of the surface below. This standard setup avoids
the configurational effects on the 18-NM64 inside the PSNM station, so the count rate
should depend only on cutoff rigidity (latitude, longitude) and altitude. We need to

run for several days (in one configuration) to accumulate sufficient statistical accuracy
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to calibrate the neutron monitor, which requires several days at PSNM. A calibration
has already been performed, with successful runs for 13 configurations of calmon height
above the bottom of the swimming pool, water height and electronics at Doi Inthanon,
starting in November, 2009 and ending in June, 2010. We also moved the calmon inside
the station and put it on the cart placed on the floor to obtain extensive counting
statistics. The goal of this was to obtain precise data on the influence of being inside
the station on the neutron count rate, compared with a location outside the station.

In analysis of data from the calmon, we found many problems with attaching
electronics to calmon, e.g., strong solar heating on the mountain to 50-60°C almost every
day, data from S. African electronics needing to be “cleaned” or rejected, a portion of
data from Bartol electronics was rejected, and still the calmon/NM count ratio has
non-statistical fluctuations. Because of all these reasons, we do not believe that we can
control the calibration to within +0.2%, the acceptable level of uncertainty of calibrating
neutron monitor count rates (Kriiger et al. 2003). However, there were other benefits,
i.e., more interaction with the worldwide neutron monitor community, the ability to
“fiddle” with neutron monitor equipment, measuring the effect of calmon and water
heights on the calmon count rate which makes sense in terms of a “cloud” of neutrons,
and comparing with Monte Carlo calculations and directly measuring the effect of the
building on the calmon count rate. In future work we will compare the experimental
results with Monte Carlo simulation results.

Our physical interpretation of the results for usable configurations as shown
in Figure 3.31 is that secondary atmospheric neutrons hitting the concrete and wood
under the calmon will cause nuclear fragmentatoin in those materials, generating a
“cloud” of neutrons there. As the calmon is raised, it has a slightly lower count rate as
it moves out of the cloud. When water is added to the pool, it helps absorb neutrons
and lowers the count rate as well.

The effect of the PSNM building is found to be 3%. While a calibration at
one epoch may be accurate to within 0.2%, there is some question as to whether the
substantial effect of the building varies with the change in the cosmic ray spectrum from
solar minimum to solar maximum. Further research is needed to check this.

The latitude survey work is another topic in this work. We did characterize
the evolution of the cosmic ray spectrum by using direct determination fitted by a Dor-

man function of the data from a 3-tube neutron monitor that operated on an icebreaker
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ship for 13 years, during its annual runs from Seattle, USA to Antarctica and back,
called a latitude survey because the neutron monitor is carried over a wide range of
latitudes, including high latitudes (with low vertical cutoff rigidity, i.e., particles can
arrive more easily) and low (equatorial) latitudes (with high vertical cutoff rigidity, i.e.,
particles arrive with more difficulty). We have analyzed the results of the 13 consecutive
yearly latitude surveys during 1994-2007 and determined the yearly response function
of the neutron monitor as a function of cutoff rigidity as shown in Figures 4.21(a)-(d),
4.22(a)-(e) and 4.23(a)-(d) for three modulation periods. They provide a rather di-
rect measure of the cosmic ray rigidity spectrum. This research topic could extend the
knowledge and experience of our research group as a whole, which has never worked
on a latitude survey or on measuring the Galactic cosmic ray spectrum. The goals of
the project have been defined much more clearly, and required good cleaning of the
data. We have shown that the curious “crossover” in spectra measured at solar minima
during epochs of opposite magnetic polarity as shown in Figure 4.24 is not the result
of continuous evolution, nor is it related to the interplanetary conditions peculiar to
solar minimum. Rather it is a result of a discrete shift in the structure of modulation
that takes place rather suddenly near the time of the solar magnetic polarity reversal.
We suggest that this results from a systematic change in the interplanetary diffusion
coefficient for cosmic rays.

In a future project, we plan to use the approach of the straight line fits to
find correlations with McMurdo as the basis of a study of fixed neutron monitors. In
this case, we can use the regression fit models obtained from Figure 4.25 in different
cutoff rigidity bins for positive (A > 0) and negative (A < 0) solar magnetic polarity.
To the accuracy of our annual measurements this change takes place at all rigidities

simultaneously as shown in Figure 4.26.
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APPENDIX A
LISTS OF PROBLEMATIC TIMES

After we finished the latitude survey data preparation in the format of the
Latsur file as explained in Chapter 4, we corrected for several instrumental anomalies
by comparing the count rates of three independent neutron detector tubes. We noted
everything we did to correct the data for all surveys. Table A.1 shows an example of
details of the first correction of three count ratios T1/T2, T2/T3, and T3/T1 for 30-
min. data in survey year 1998. We recorded all things we did in the column of “Notes.”
Let us explain these definitions:

use (1),(2)and(3) means we preserved the count rates of tubes T1 (left
tube), T2 (middle tube) and T3 (right tube) because they had good data.

REMOVE ALL TUBES means we removed T1, T2 and T3 because of
bad counts.

DATA GAP means there were no data during that time interval. They
may have been deleted in the preparation process because of various equipment prob-
lems.

REMOVE(1);use(2)and(3) means we removed the counts of T1 because
of a bad count rate but use the data of two remaining tubes which are T2 and T3. The
tube number may be changed in this case.

use(1) x frac.num,(2)and(3) means we multiplied T1 by the specified
fraction and used the data together with T2 and T3. In the same pattern, if there
is a mark “x” and multiplier (fraction number) after any tube number, the count rate
of that tube was multiplied by that fraction.

REMOVE(1);use(2)and(3) X frac.num means we removed counts of T1,
used T2 and multiplied T3 by the specified fraction. The tube number may be changed
in this case.

Table A.2 shows an example of details of the second correction as in Table

A.1 but for the daily average tube ratios of the 1998 survey year.
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Table A.1: An example of a list of problematic times for the FIRST correction for
half-hourly data in the 1998 survey year

Survey | Start End | Notes T1/T2 | T2/T3 | T3/T1
Years DOY DOY
1998 Half-hourly average data
year year Before FIRST correction 0.899 0.969 1.149
year year After FIRST correction 0.897 1.110 1.004

307.042 | 307.795 | use (1),(2),and(3)

307.808 | 307.808 | REMOVE ALL TUBES

307.839 | 312.119 | use(1),(2),and(3)

312.135 | 312.727 | DATA GAP

312.727 | 314.681 | use(1),(2),and(3)

314.681 | 320.773 | DATA GAP

320.773 | 325.939 | use(1),(2),and(3)

325.960 | 325.960 | REMOVE(3);use(1),and(2)

325.984 | 326.935 | use(1),(2),and(3)x0.860

327.004 | 329.281 | use(1),(2),and(3)x0.725

327.090 | 327.090 | REMOVE(3):use(1),and(2)

327.834 | 327.920 | REMOVE(3);use(1),and(2)

329.302 | 346.993 | use(1),(2),and(3)x0.766

347.105 | 348.946 | REMOVE(3);use(1),and(2)

348.968 | 371.208 | use(1),(2),and(3)x0.880

350.917 | 351.236 | REMOVE(3);use(1),and(2)

371.229 | 371.229 | REMOVE(1);use(2),and(3)x0.880

371.250 | 372.924 | use(1),(2)and(3)x0.880

371.992 | 371.992 | REMOVE ALL TUBES

372.055 | 372.055 | REMOVE ALL TUBES

372.818 | 372.840 | REMOVE ALL TUBES

372.945 | 373.454 | REMOVE(1);use(2),and(3) x0.880

373.475 | 376.999 | use(1),(2),and(3)x0.880

376.818 | 376.882 | REMOVE ALL TUBES

376.999 | 426.037 | DATA GAP

426.037 | 442.762 | use(1),(2),and(3)x0.867

442.783 | 446.404 | REMOVE(1);use(2),and(3

444.604 | 444.604 | REMOVE(1),and(3);use(2

446.425 | 453.351 | REMOVE(3);use(1),and(2

453.372 | 453.372 | REMOVE(1),and(3);use(2
(3)suse(1),and(2

) (1

x0.867

)

453.393 | 453.520 | REMOVE e(1),and
453.456 | 453.456 | REMOVE(2),and(3);use
453.541 | 477.716 | use(1),(2),and(3)x0.867
453.859 | 453.922 | REMOVE(1);use(2),and(3)
453.986 | 454.113 | REMOVE(3);use(1),and(2)
454.642 | 454.642 | REMOVE ALL TUBES
456.231 | 456.421 | REMOVE ALL TUBES
473.214 | 473.214 | REMOVE(3);use(1),and(2)
477.716 | 477.716 | REMOVE ALL TUBES
477.716 | 478.591 | DATA GAP

478.591 | 508.264 | use(1),(2),and(3)x0.867

)

3
1
3
2

—_ — — — —
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Table A.2: An example of a list of problematic times for the SECOND correction for

daily average data in the 1998 survey year

Survey | Start End | Notes T1/T2 | T2/T3 | T3/T1
Years DOY DOY
1998 Daily average data
year year Before SECOND correction 0.897 1.110 1.004
year year After SECOND correction 0.899 1.109 1.004
307.000 | 308.000 | use(1),(2)x0.989,and(3)x0.970
309.000 | 309.000 | use(1),(2)%0.990,and(3)x0.974
310.000 | 310.000 | use(1),(2)x0.988,and(3)x0.978
311.000 | 311.000 | use(1),(2)x0.987,and(3)x0.976
312.000 | 312.000 | use(1),(2)x0.990,and(3)x0.976
313.000 | 314.000 | use(1),(2)x0.993,and(3)x0.981
315.000 | 319.000 | DATA GAP
320.000 | 320.000 | use(1)x0.997,(2),and(3)
321.000 | 323.000 | use(1)x1.002,(2),and(3)
324.000 | 325.000 | use(1),(2),and(3)
326.000 | 326.000 | use(1),(2),and(3)x0.990
327.000 | 328.000 | use(1),(2),and(3)
329.000 | 329.000 | use(1),(2),and(3)x0.985
330.000 | 330.000 | use(1),(2),and(3)x0.992
331.000 | 331.000 | use(1),(2),and(3)
332.000 | 332.000 | use(1),(2),and(3)x0.977
333.000 | 333.000 | use(1),(2),and(3)
334.000 | 334.000 | use(1),(2),and(3)x0.978
335.000 | 335.000 | use(1),(2),and(3)x0.980
336.000 | 338.000 | use(1),(2),and(3)x0.989
339.000 | 348.000 | use(1),(2),and(3)
349.000 | 349.000 | use(1),(2),and(3)x0.995
350.000 | 350.000 | use(1),(2),and(3)x0.986
351.000 | 364.000 | use(1),(2),and(3)x0.995
365.000 | 365.000 | use(1)x1.002,(2),and(3)x0.990
366.000 | 374.000 | use(1),(2),and(3)x0.996
375.000 | 376.000 | use(1),(2),and(3)x0.998
377.000 | 425.000 | DATA GAP
426.000 | 428.000 | use(1),(2),and(3)
429.000 | 434.000 | use(1),(2)x0.996,and(3)
435.000 | 444.000 | use(1),(2)%0.993,and(3)
445.000 | 445.000 | use(1),(2)x0.991,and(3)
446.000 | 446.000 | use(1)x1.004,(2),and(3)
447.000 | 452.000 | use(1),(2),and(3)
453.000 | 455.000 | use(1),(2),and(3)x1.004
456.000 | 456.000 | use(1)x0.992,(2),and(3)x1.004
457.000 | 462.000 | use(1),(2),and(3)x1.004
463.000 | 468.000 | use(1),(2),and(3)x1.009
469.000 | 469.000 | use(1),(2),and(3)x1.013
470.000 | 471.000 | use(1),(2),and(3)x1.009
472.000 | 483.000 | use(1),(2),and(3)x1.011
484.000 | 485.000 | use(1),(2),and(3)x1.010
486.000 | 489.000 | use(1),(2),and(3)x1.009
490.000 | 491.000 | use(1),(2),and(3)x1.008
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APPENDIX B
PRESSURE COEFFICIENT DETERMINATION

The secondary cosmic rays could be absorbed in the Earth’s atmosphere

because of barometric pressure according to
C = Coe Pr=po) (B.1)

where C' is the neutron monitor count rate, C is the neutron monitor count rate at the
reference barometric pressure, p is the barometric pressure, pg is the reference barometric
pressure and 3 is the dimensionless barometric pressure coefficient, which is a value
indicating the neutron absorption rate when the barometric pressure increases. We
assume that § has a specific value that depends only on cutoff rigidity and does not
otherwise depend on latitude, longitude, or altitude. This section discusses the pressure
coefficient determination, which is applied for each cutoff rigidity, and shows the steps
to obtain an empirical pressure coefficient varying with cutoff rigidity. Once we know
B(P:), we can derive Cp, the pressure corrected count rate, as an estimate of Cp.

We consider a linear fitting process for equation B.1, so that

InC =1nCy— B(p — po) (B.2)

It should be useful if we take 24-hour averages to equation B.2.

(InC) = (In Cy) — B({p) — po), (B.3)

If we consider the primary cosmic ray flux at the reference pressure, we
could assume that InCy ~ (InCj) because In Cjy varies much more slowly than other

quantities. From equations B.2 and (B.3), we obtain:

InC — (InC) = —B(p— (p)). (B4)
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where p is the barometric pressure recorded for each time and (p) is the average baro-
metric pressure during the day.

The data of latitude surveys cover a wide range of apparent cutoff rigidity,
from ~ 0 GV at McMurdo to over 18 GV near Thailand. If we need the count rate
corrected for pressure, we should know a best fit relationship between 3 and the cutoff
rigidity for existing latitude survey data. There are many steps to obtain the formula.

In the first step, after obtaining the LatSur files as explained in section 4.3,
we sorted the data into cutoff rigidity bins, i.e., 0-1 GV, 1-2 GV, ..., 1819 GV. In
the second step, we analyzed the data for each interval using a C language program
to calculate InC' — (InC) and p — (p). Because the data interval duration was 1 h
for survey year 1994 and 30 min for subsequent survey years, the 24-hour-averaged
quantities were running averages over 24 data points for survey year 1994 and 48 data
points for subsequent survey years. Using equation B.4, we obtain the slope of the linear
regression for each rigidity bin as shown in Figures B.1, B.2, and B.3. All slopes from
linear regression are noted in the third column of Table B.1. We have no data for cutoff
rigidity range 7-8 GV because 24-hour-averaged quantities were not computed if data
for part of the day were missing. We discounted the slopes in some rigidity intervals
with poor statistics (R? < 0.3, or there were less than 100 data points), i.e., P. ranges
6-7 GV, 9-10 GV, 10-11 GV, 13-14 GV, 14-15 GV, 17-18 GV and 18-19 GV. We
list the remaining usable data in the fourth column of Table B.1. Then we graph the
pressure coefficients against P, (plotting at the center of rigidity bins). Vertical error
bars represent the standard error of the data, about 0.0006. We obtain a formula for an
empirical pressure coefficient as a function of cutoff rigidity determined from our survey

data, 8 = (1.006 — 0.0153P./GV) %/mm Hg as shown in Figure B.4.



Waraporn Nuntiyakul

Appendices / 154

()

AInC Vs. AP [P: 0-1GV]

y =-0.009977x + 0.000000
R?=0.899038

0.10 -

AInC Vs. AP [P: 1-2GV]

y =-0.009734x + 0.000000
R?=0.857882

Al AlnC
t AInC Vs. AP [P 2-3 GV] "
W 0.08 (d) 7 AInC Vs. AP [P 3-4 GV]
< y =-0.009480x + 0.000000 % G
0.08 R?=0.872248 1 y =-0.009492x - 0.000000

-0.06 -
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R?=0.773941
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y =-0.008814x + 0.000000
R?=0.486853

Figure B.1: Linear fitting of residuals from 24-hour averages of the logarithmic count

rate and the barometric pressure (mm Hg), using latitude survey data from all survey

years to find the slopes for each rigidity bin from P. : 0 —1 GV to P, : 5 — 6 GV.

The symbol v'or x shows whether we obtained a usable estimate of the slope (pressure

coefficient).



Fac. of Grad. Studies, Mahidol Univ.

Ph.D. (Physics) / 155

y =-0.008591x + 0.000000
R?=0.477594

AlnC AlnC
a3 o
(g) AINC Vs. AP [P.: 67 GV] (h) [AInC Vs. AP [P,: 8-9GV]
G 0.02 -0 . x 0.06
S v Oa?%ﬁ:i:;fﬁgODDDD %, y =-0.009267x + 0.000000
L ¥ ) —t X X R?=0.638519
X X X 001 X
o
e X %x $ Xy 5% x AP(mmHg)
! - s : - :
-1 05k x,, 0% S 1 15 2 25
o :
% 3 AP(mmH;
X -0.01 x = : ( )
g 4
-0.02
X
-0.03
-0.04 g
AlnC AlnC
004 =
(1) AInC Vs. AP [P, 9-10GV] (]) X 10-11GV]
L ¥ =-0.004098x + 0.000000 003 y =-0.008115x - 0.000000
; R2=0.101234 R2- 0256396
002 "
x
%
0.01
e x> a .  » AP(mmHg) < AP(mmHg)
=] 15 1 b5 [k A _x 1 2 PO L
% ool Xx X R
. % o XK
x X 5 O ¥ g
0.02 g o :
cF K
x
0.03 o — S N
poa 4
AlnC Al
(k) AInC Vs. 8P | 126v] (1) - AInC Vs. AP [P,: 12-13 GV]
%y ) !
] & 0.03 X

y =-0.007624x + 0.000000
R2=0.301878

Figure B.2: Like Figure B.1, from P.:6 —7 GV to P.: 12— 13 GV.
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Figure B.3: Like Figure B.1, from P, : 13 —14 GV to P, : 18 — 19 GV.
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Table B.1: The data of cutoff rigidity bin (GV), center of rigidity bin (GV), £ (all

estimates), and (3 (usable estimates)

Cutoff Rigidity Center of Rigidity 8¢ g o
Bin(GV) Bin (GV) (all estimates) (usable estimates)

0-1 0.5 0.009977 0.009977
1-2 1.5 0.009734 0.009734
2-3 2.5 0.009480 0.009480
34 3.5 0.009492 0.009492
4-5 4.5 0.009757 0.009757
56 5.5 0.008814 0.008814
6-7 6.5 0.008699 -
78 7.5 - -
89 8.5 0.009267 0.009267
9-10 9.5 0.004098 -
10-11 10.5 0.008115 -
11-12 11.5 0.008591 0.008591
12-13 12.5 0.007624 0.007624
13-14 13.5 0.007152 -
14-15 14.5 0.008091 -
15-16 15.5 0.008780 0.00878
16-17 16.5 0.006502 0.006502
17-18 17.5 0.006054 -
18-19 18.5 0.005304 -

“Regression coefficient between AlnC and AP for each cutoff rigidity interval, i.e., 0-1 GV, 1-2 GV,
., 1819 GV.
The regression coefficient is considered usable if R? > 0.3 and there are more than 100 data points.
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Figure B.4: The pressure coefficient () as a function of apparent cutoff P,
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APPENDIX C
REGRESSION COEFFICIENT FOR SHORT-TERM
VARIATIONS IN MODULATION LEVEL

After we plotted the mobile monitor count rate from the latitude survey
data from 1994 to 2007 as a function of apparent cutoff rigidity, we noticed short-term
fluctuations in the data. We plotted the mobile count rate corrected for barometric
pressure vs. the McMurdo count rate and apparent cutoff rigidity in three dimensions
as shown in Figures C.1, C.2, and C.3 for different survey years. The colored lines
explain the code for the segments, i.e., the blue lines indicate “segment A” in which the
ship traveled from Seattle (US West Coast) to the Cutoff Equator, CE (similar to the
geomagnetic equator), the black lines indicate “segment B” in which the ship traveled
from CE to McMurdo (Coast of Antarctica), the green lines indicate “segment C” in
which the ship traveled from McMurdo to CE, the orange lines indicate “segment D” in
which the ship traveled from CE to Seattle, and the grey lines indicate “all segments.”
The grey lines also indicate the projection of data in each plane. We can clearly see
variations in modulation level in segment D of survey year 1996 and segment A of
survey years 1998 and 1999. The data of segments A and B are separate from segments
C and D for survey year 2000. For the survey year 2003, segments C and D were
grouped together but segments A and B were separated from them. We identified that
whenever the mobile monitor is unusually high for a segment, the McMurdo rate was
also high. Especially, the survey year 2003 even has funny ups and downs that mimic
changes at McMurdo. Therefore, we should correct the mobile monitor count rate for
short-term (sub-year) GCR fluctuations. In other words, we should correct the mobile
monitor data for variations at McMurdo to improve the quality of the integral response
functions. We proposed that we could determine a slope between mobile monitor and
McMurdo data for each rigidity interval, and could correct each year’s mobile monitor
data to the average McMurdo value for that year.

There are some steps to obtain an empirical formula for correction of the
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variations. The first step is to sort the data into apparent cutoff rigidity bins and plot
graphs between the mobile monitor count rate corrected for tube ratios and pressure as
a function of the McMurdo count rate corrected for pressure for each rigidity bin, i.e.,
0-1 GV, 1-2 GV, ..., 17-19 GV (where 17-18 GV and 18-19 GV were grouped together)
to obtain slopes of them as shown in Figures C.4, C.5, and C.6. Then we noted the
rigidity bins, center of rigidity bins (mostly with intervals of width 1 GV instead of 0.5
GV) and slopes from the plots in the Table C.1. The final step was to plot a graph of
those slopes against the apparent cutoff rigidity. We found that the regression coefficient
S as a function of apparent cutoff rigidity P. was well fit by an exponential function,
S = 0.211e 9141 a5 shown in Figure C.7. We then used this value of S to correct each
survey year’s mobile monitor data to the average McMurdo value m for that survey year
according to Crpy; = Cpp — S(m —m), where Crppy is the normalized mobile monitor
count rate corrected for tube anomalies, pressure, and short-term GCR variations, m
is McMurdo count rate, and Cpp is the mobile monitor count rate corrected for tube
anomalies, normalized to McMurdo, and corrected for pressure, as explained in Section

4.4.
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Figure C.1: Three dimensional plot among mobile monitor count rate corrected for
tube ratios and pressure (s~!), McMurdo count rate corrected for pressure (s7!), and

apparent cutoff rigidity (GV) for survey years 1994-1997.
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Figure C.3: Like Figure C.1, for survey years 2002-2006.
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Figure C.5: Like Figure C.4, for rigidity bins from 6-7 GV to 11-12 GV.
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Figure C.6: Like Figure C.4, for rigidity bins from 12-13 to 17-19 GV.
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Table C.1: Cutoff rigidity and regression coefficient between the normalized mobile
neutron monitor count rate corrected for tube ratios and pressure and the McMurdo

count rate corrected for pressure for each apparent cutoff rigidity bin.

Cutoff Rigidity Center of Rigidity Regression

Bins(GV) Bins (GV) Coefficient
0-1 1.0 0.186763
1-2 1.5 0.179125
2-3 2.5 0.164141
34 3.5 0.137369
4-5 4.5 0.115381
56 5.5 0.092129
6-7 6.5 0.087492
78 7.5 0.069329
89 8.5 0.057012
9-10 9.5 0.053608
10-11 10.5 0.041948
11-12 11.5 0.044929
12-13 12.5 0.033388
13-14 13.5 0.031923
14-15 14.5 0.018694
15-16 15.5 0.019953
16-17 16.5 0.027571

17-19 18.0 0.022294
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Figure C.7: The regression coefficient S as a function of apparent cutoff rigidity P,
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APPENDIX D
THE NAGASHIMA APPROACH APPLIED TO THE
LATITUDE SURVEY DATA

Before we obtained excellent results by using the Dorman technique as de-
scribed in Chapter 4, we first focused on using the Nagashima technique for determining
a response function R of primary cosmic rays. Nagashima et al. (1989) constructed a
response function by combining the Galactic cosmic ray spectrum (G), modulation

function (M) and yield function (Y) as expressed in equations D.1-D.4:

R=-— [gﬂ = G(P)M(P,t)Y (P, h). (D.1)
G(u, n) = ﬁ (D.2)

—m(t)
M(P.,t) = exp L@ v P’j/ll GV)HJ , (D.3)

M4

n2 h
Y (U, h,e,n,) = You' o — ) = —— ) E D.4
(U, h,e,nn) = You exp[ m <1033) 73 <1033> z(u,ns)}, (D.4)

where NN is the count rate from a neutron monitor, P is rigidity, P, is cutoff rigidity,
h is depth in the atmosphere and ¢ is time. Nagashima et al. (1989) tried to make
their parameterization have some physical content, as opposed to the Dorman function,
which has no physical content. From equations D.2-D.4, we can see that there are a
total of 14 adjustable parameters. We used the SURVEY program, developed by Prof.
Paul Evenson (U. Delaware, USA), to seek optimal parameters to fit latitude survey
data. We decided to vary only six parameters, €, n1, 12, 13, 14 and 15, to describe the
yield function, and ~y; is an overall normalization. The initial values are the values in

Nagashima et al. (1989) as explained in chapter 2, i.e., ¢ = 0.0, 7 = 2.2, 72 = 1.62,
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ns = 12.7, n4 = 0.50 and n5 = 0.42. We fixed all other parameters to values from
Nagashima et al. (1989).

Figures D.1-D.3 below show two kinds of graphs for each survey. The left
panels compare the data (black squares) and model fit (red solid lines). The fit error
between them vs. cutoff rigidity is shown in Figure D.4. The black bunches may be due
to the problem of barometric pressure treatment. The figures also show the “Quality”
value, which is square of the accumulated count rate difference. With only one or two
exceptions they form a nice pattern. There is little error during solar maximum and a
“concave” shape, increasing towards solar minimum, both before and after the polarity
reversal.

A key weakness of this technique is a lack of clear information about whether
we are getting all of the bugs out of the data and fully correcting for pressure and other
effects. Another problem is that the Nagashima spectrum parameterization cannot
describe a crossover in the spectrum. Thus addressing the goals of this study would re-
quire modifying the Nagashima parameterization. We had hoped that the non-physical
parameters like those of the Dorman function, but with more parameters, would help
describe changes in the response function better than that the Dorman function. This
hope was not realized.

To get the best representation of each annual survey we would generate a
sea level response function for the average modulation level of the survey. If we ever
decide on what the proper yield function should be we could just divide the response
functions by the yield function to get actual spectra. If we get the best parameters of the
yield function, we could obtain the cosmic ray spectrum. We thought that this would
be easily done in the Nagashima model because the spectrum is separate from the yield
function. But finally, we could not obtain good parameters of the yield function from
the Nagashima technique. We have used the parameters of the fit for each year, together
with the average McMurdo count rate, to generate a differential response function (at sea
level) for each year. Figure D.5 shows all the years together. The red upward triangles
indicate the data before survey year 2000, the green downward triangles indicate those
after survey year 2000, and black squares indicate those of survey year 2000 itself. The
yearly plots are also shown in Figures D.1- D.3. There is a nice progression from solar
minimum to solar maximum and back, but the issue about the best parameters is still

questionable.
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One another problem occurred when we ran the barometer coefficient calcu-
lation for all of the surveys, with the result shown in Figure D.6. This just confirms that
the major apparent difference between the Nagashima analysis and the Dorman analysis
is somehow related to getting the barometer correction wrong. The Nagashima analysis
builds the systematic variation of the barometer with cutoff into the yield function. The
barometer dependence may be taking care of the fluctuations but the extrapolation to
sea level is failing. With these problematic issues, we gave up on the Nagashima tech-
nique and changed to use the method of direct determination fitted by the Dorman

technique instead.
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Figure D.1: (a)-(d) Mobile neutron monitor count rate (black squares) and Nagashima

model fit (red line) for survey years 1994 to 1997 as a function of apparent geomagnetic

cutoff. (e)-(h) Inferred differential response functions (at sea level).
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Figure D.4: Residuals (s7!) from the fits between mobile neutron monitor count rate

and Nagashima model fit for all survey years as a function of cutoff rigidity.
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Figure D.5: Differential response functions (at sea level) for all the voyages together
as a function of rigidity (GV). Red upward triangles are from data before 2000, green
downward triangles are from data after 2000 and black squares are from data of 2000.

There is clear no crossover in the spectrum described by the Nagashima technique.
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Figure D.6: Comparisons of the barometer correction from equation (2) of Clem et al.
(1997) (red lines), from this work following equation 4.2 (blue lines), and from the

Nagashima analysis (black lines), which is at a different level for each survey year.
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