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Abstract

Project Code : MRG6080086

Project Title : Short-term variations of cosmic ray count rates with latitude, longitude,

and time

Investigator : Dr. Waraporn Nuntiyakul, Department of Physics and Materials of Science,

Faculty of Science, Chiang Mai University
E-mail Address : waraporn.n@cmu.ac.th and w.nuntiyakul@gmail.com
Project Period : 2 ] (3 April 2017 — 2 April 2019)

Neutron monitors of standard design (IGY or NM64) are employed worldwide to study
variations in the flux of galactic cosmic rays and solar energetic particles in the GeV
range. The design minimizes detector response to neutrons below ~10 MeV produced
by cosmic ray interactions in the ambient medium. Increasingly, however, such neutrons
are of interest as a means of obtaining spectral information on cosmic rays, for studies
of soil moisture, and for nuclear threat detection. Bare neutron counters, a type of lead-
free neutron monitor, can detect such neutrons, but comparatively little work has been
done to characterize the dependence of their count rate on cutoff rigidity. We analyze
data from three bare neutron counters operated on a ship together with a three-tube
NM64 monitor from November 1995 to March 1996 over a wide range of magnetic
latitude, that is, a latitude survey. The bare counter design used foamed-in-place
polyurethane insulation to keep the temperature uniform and to some extent moderate
high-energy neutrons. When the ship was near land, the bare/NM64 count rate ratio
was dramatically higher. Considering only data from open sea, the bare and NM64
pressure coefficients are not significantly different. We determine the response function
of these bare counters, which is weighted to Galactic cosmic rays of lower energy than
the NM64. This measurement of the response function may improve determination of
the spectral index of solar energetic particles and Galactic cosmic rays from a

comparison of bare and NM64 count rates.

Keywords : neutron monitor, Galactic cosmic rays, Solar energetic particles, response

function, spectral index
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Abstract Neutron monitors of standard design (IGY or NM64) are employed worldwide to study
variations in the flux of galactic cosmic rays and solar energetic particles in the GeV range. The design
minimizes detector response to neutrons below ~10 MeV produced by cosmic ray interactions in the
ambient medium. Increasingly, however, such neutrons are of interest as a means of obtaining spectral
information on cosmic rays, for studies of soil moisture, and for nuclear threat detection. Bare neutron
counters, a type of lead-free neutron monitor, can detect such neutrons, but comparatively little work has
been done to characterize the dependence of their count rate on cutoff rigidity. We analyze data from three
bare neutron counters operated on a ship together with a three-tube NM64 monitor from November 1995
to March 1996 over a wide range of magnetic latitude, that is, a latitude survey. The bare counter design
used foamed-in-place polyurethane insulation to keep the temperature uniform and to some extent
moderate high-energy neutrons. When the ship was near land, the bare/NM64 count rate ratio was
dramatically higher. Considering only data from open sea, the bare and NM64 pressure coefficients are
not significantly different. We determine the response function of these bare counters, which is weighted
to Galactic cosmic rays of lower energy than the NM64. This measurement of the response function may
improve determination of the spectral index of solar energetic particles and Galactic cosmic rays from a
comparison of bare and NM64 count rates.

1. Introduction

Neutron monitors are ground-level detectors of cosmic-ray-induced atmospheric secondary particles that
respond mostly to secondary neutrons (Simpson, 1948). Neutron monitors of the standard IGY and NM64
designs are optimized so that their count rates provide a precise and reliable measurement of the GeV-range
cosmic-ray flux (Hatton & Carmichael, 1964). In particular, a neutron monitor at a given location is most sen-
sitive to cosmic rays within a range in rigidity (momentum per charge, expressed in GV) somewhat above the
local geomagnetic cutoff, which varies from near 0 GV at Earth’s polar regions to ~17 GV at some parts of
the geomagnetic equator, and above the atmospheric cutoff of 1 GV needed to generate atmospheric sec-
ondary particles that can be recorded at ground level (see the response functions determined by Nuntiyakul
et al,, 2014). A standard neutron monitor includes a producer, typically ~5-30 tons of lead, in which atmo-
spheric secondary particles of >10 MeV have a high probability of interacting to produce multiple MeV-range
neutrons that can be detected in gas-filled proportional counters containing '°B or 3He. A standard neutron
monitor is also surrounded by a reflector comprising several centimeters of paraffin or polyethylene, which
aims to contain the neutrons produced in the lead as well as minimize the detector response to secondary neu-
trons of <10 MeV, which are mainly produced by cosmic ray interactions in surrounding materials at ground
level and thus are sensitive to changes in the local environment. Also important is the moderator, consisting
typically of a thinner layer of the same material as the reflector placed between the lead producer and each
gas-filled counter, which helps slow down the neutrons in order to be detected efficiently. Standard neutron
monitors are operated at more than 40 locations worldwide, taking advantage of the varying geomag-
netic cutoff, and are widely used to monitor Earth’s radiation environment due to relativistic solar energetic
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Figure 1. Track of the USCGC Polar Star for the 1995-1996 survey, superimposed on contours of vertical cutoff rigidity.
Numbers give vertical cutoff rigidity in GV. This survey carried a standard neutron monitor (3NM64) and three bare
neutron detectors, permitting a direct comparison of their response to primary cosmic rays.

particles and galactic cosmic rays and their variations associated with solar activity, and for applications
concerning space weather and space radiation.

Such observations can be complemented by measurements using bare neutron counters that lack the reflec-
tor and lead producer of standard neutron monitors, making them also sensitive to atmospheric neutrons
of <10 MeV. Such detectors are widely used to detect soil moisture (Zreda et al., 2008), for nuclear threat
detection (Kouzes et al., 2008), and to obtain spectral information on solar energetic particles.

From a fixed location, a standard neutron monitor (NM64) count rate alone cannot be used to measure the
energy spectrum of cosmic rays. However, since a bare counter (BC) has a different energy response from an
NM64, operating them together provides some knowledge of the spectrum (e.g., Bieber & Evenson, 1991;
Bieber et al., 2013) while avoiding the systematic errors of comparing count rates from different locations
(Figure 2 of Ruffolo et al., 2016). The accuracy of this method requires knowing how the energy responses of
the different types of detector are related.

In this work we focus on developing optimal methods for extracting the response function of three BCs that
were operated aboard the U.S. Coast Guard icebreaker Polar Star along the route illustrated in Figure 1. This
voyage was one of a series of latitude surveys in which the magnetic field of the Earth was used as a spectrom-
eter to explore the time dependence of the spectrum of cosmic rays striking the atmosphere (Nuntiyakul et al.,
2014). All of these surveys carried a NM64 neutron monitor with three counter tubes, that is, a 3NM64, and in
addition the survey from San Diego, USA, to McMurdo, Antarctica, and back during a voyage of ~4 months
from 6 November 1995 to 20 March 1996 carried three bare detectors. To our knowledge, there have been two
previously published bare surveys: the 1976 survey (Stoker et al., 1980) did not extend to polar latitudes, and
the 1996 survey (Dorman et al., 2000; Villoresi et al., 2000) was conducted with unmoderated bare detectors.
Therefore, direct comparison of results is difficult.

2. Methodology

2.1. Latitude Surveys and Response Functions

The count rate N(t) of a ground based detector resulting from the impact of cosmic rays at the top of the
atmosphere is described by

—
—

N(®, D, h, t)=/ [ZJ,(P, t) Yi(P, h)] T(P,0,d,t)dP, (
0 i

where J; is the Galactic cosmic ray spectrum for primary cosmic rays of particle type i near Earth expressed
as a function of rigidity (P) and time (t). The primary cosmic rays are approximately 90% protons (in particle
number) while 9% are alpha particles (helium nuclei) and 1% are the nuclei of heavier elements; their fluxes
near Earth include variations with the 22-year solar magnetic and 11-year solar activity cycles as the result of

NUNTIYAKUL ET AL.
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Figure 2. Rendered sketch of the “bare” neutron counter configuration used in this work. Each BP-28 neutron-sensitive
proportional counter was operated inside a 20-cm-diameter PVC pipe covered with heat tape and thermally insulated
by foamed-in-place polyurethane inside a larger, 30 cm diameter PVC pipe. Three such bare counters and a
three-counter neutron monitor were operated along the survey route shown in Figure 1.

interactions with the solar wind and magnetic fields in interplanetary space. (Here we neglect the cosmic ray
anisotropy, which is usually < 1%.) The yield function Y; for primary particles of type i, a function of rigidity (P)
and atmospheric depth (h), is the actual relationship between the cosmic ray flux at the top of atmosphere and
the observed count rate from the detectors. The transmission function T; describes the transmission through
the magnetosphere of the Earth. It is a function of particle rigidity (P), latitude (®) and longitude (®) of the
detector location, and time (t).

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 described by the local zenith and azimuthal
angles. However T; can be approximated by a step function at a single cutoff rigidity P, that we call the
apparent cutoff rigidity. With the assumption that the transmission is a step function, the count rate relation
becomes

N(P_, h,t) = / Ji(P,t)Y;(P,h)dP. (2)
P i

4

The apparent cutoff used in this work considers both vertically incident particles and obliquely incident par-
ticles (Clem et al., 1997); this is calculated individually at 1-hr 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). We use a
particle propagation code from the Bartol Research Institute (Lin et al., 1995) together with an accurate model
of the terrestrial magnetic field including any field disturbance present as indicated by the K, index value at
the time. K, quantifies variations of the horizontal component of the magnetic field of the Earth as an integer
in the range 0-9, that is, a lower number indicates quiet conditions and a higher number indicates a stronger
geomagnetic storm (Thomsen, 2004).

The differential response function (DRF) is defined as the negative of the derivative of the count rate as a
function of cutoff rigidity. The most common type of analysis for measuring a response function is the Dorman
et al. (1969) analysis, in which corrections are first applied to the data points, then a parameterized function
of apparent geomagnetic cutoff rigidity, termed a Dorman function, is fitted to the data:

NP) =Ny (1 —e™ "), 3)

where N,, a, and k are unphysical parameters that provide a good representation of the integral response
function N, which can be analytically differentiated to determine the DRF:

NP = / DRF (P)dP, 4
PC
DRF (P) = NyaP ™" 'k e*™", (5)
NUNTIYAKUL ET AL. 3
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Figure 3. Examples of 1-s count distributions (black) and Poisson distributions based on the rates of 0—4 counts (red), each for 1 hr from one bare counter.
(a) This measured distribution closely matches a Poisson distribution. (b) Here many seconds had multiple counts, but the distribution of 0-4 counts closely
matches a Poisson distribution. (c) Ambiguous data. In all cases only the data to the left of the dashed line were used in further analysis.

From equations (2) and (4), we can express the DRF as the summed product of J,(P, t) and Y;(P, h):
DRF (P) = — [d—N] = Y J(P.OY,(P,h). ©6)
ch P i

2.2. Instrumentation

The 1995 latitude survey employed two types of neutron detectors, three bare neutron detectors and a 3NM64
neutron monitor. The three BCs were installed exposed on an upper deck of the ship, whereas the 3NM64 was
installed in an insulated shipping container (called the “TasVan”). Nuntiyakul et al. (2014) provide a detailed
description of the TasVan and the series of latitude surveys. In summary, the detectors are Chalk River BP-28
proportional counter cylinders filled with boron trifluoride gas (enriched in the isotope '°B). The boron nuclei
react with neutrons and undergo nuclear fission. The reaction products (*He and ’Li) ionize the gas and
eventually produce electrical pulses on a central anode wire maintained at ground, while a cylindrical outer
cathode is at a potential of about —2,800 V.

Unlike for an NM64, there is no standard design for a bare neutron counter. The detectors discussed in the
present work were prototypes for a system that was intended for outdoor deployment at the South Pole.
The design used 2-lb density (2 Ib/ft3 ~ 32 kg/m?3) foamed-in-place polyurethane insulation for thermal con-
trol between an inner, 8" thin-wall PVC pipe (outer diameter 219 mm, thickness 4.75 mm) and an outer, 12"
schedule-40 PVC pipe (outer diameter 324 mm, thickness 10.3 mm), which also served as a moderator for
high-energy secondary neutrons. The standard polyethylene moderator on a BP-28 was not used. A rendered
drawing of the detector is shown in Figure 2.

3. Data Reduction

3.1. Overview

Throughout this work all the dates during the survey will be referred to as “day of the year of 1995” (DOY1995).
The 12th generation International Geomagnetic Reference Field (IGRF12) and the 1989 revision of the
Tsyganenko (1987) model were used for calculating the cutoff rigidity. Numerical results for the 3NM64 in the
present work differ slightly from those presented by Nuntiyakul et al. (2014) for three main reasons: (1) data
intervals were selected such that they had good data in both the BCs and the 3NM64 whereas the earlier study
only considered the 3NM64; (2) no corrections for short term modulation based on the McMurdo count rate
were applied in this work; and (3) no normalization of the data to the McMurdo count rate was performed in
this work.

3.2. Initial Processing

The most serious problem encountered in the data was mutual interference of the instrument with commu-
nications equipment on the ship. This equipment was used only when at sea, so any attempt at debugging
the problems during port calls was not possible. However, a relatively simple realization enabled the extrac-
tion of a useful data set. Our data were recorded with one second time resolution together with clinometer
readings to allow for possible corrections due to the varying orientation of the ship in rough seas. Looking
closely at the 1-s data, we found that the noise was often quite “bursty” with seemingly unaffected seconds
interspersed with seconds recording hundreds of counts.

NUNTIYAKUL ET AL. 4
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Figure 4. Summary of hourly averaged data as a function of time. (a)-(c) Ratios of individual bare detector count rates
to 3NM64 count rate. Red vertical lines define 15 time periods used in the analysis. In each time period, the horizontal
blue solid line shows the reference value (B;/NM) and blue dashed lines illustrate the +3¢ interval around the reference.
(d) Apparent geomagnetic cutoff rigidity P.

We therefore made histograms of the 1-s readings for each tube for each hour of the survey, with typical
examples shown in Figure 3. The observed distribution of counts is shown in black whereas the red shows
the Poisson distribution expected based on the average rate over the first five channels. Figure 3a shows an
hour with essentially no noise—typical of all of the time spent in port when the investigators had access to
the equipment. In this case all of the individual measurements fall nicely on the distribution. Figure 3b shows
a case where there is a clean Poisson component plus a clearly separated noise component. In Figure 3c the
separation fails, for reasons that we have been unable to establish. We investigated automatically extracting
data from noisy hours based on a quantitative test for deviations from a Poisson distribution in the first five
channels but no clear method emerged. Instead, we prepared our basic data set with 1-hr resolution by taking
averages over the first five channels (those left of the dashed lines) independent of the quality of fit to a
Poisson distribution. We deferred rejecting bad hours to a later stage of analysis.

The data set thus obtained is plotted in Figure 4. In this figure we show hourly averages of BC count rates
divided by NM count rates (where NM means the summed count rate of the three counters in the 3NM64),
without any further correction. On this plotting scale the small variations in the ratios due to cutoff variation

NUNTIYAKUL ET AL.
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Table 1
Reference BC to NM Count Rate Ratios
Period Start DOY Environment (Bo/NM) + ¢ (By/NM) £ ¢ (By/NM) + &
TP1 311.000 San Diego 0.0169 + 0.0003 0.0165 + 0.0004 0.0177 + 0.0005
TP2 311.667 Naval maneuvers 0.0137 + 0.0004 0.0134 + 0.0004 0.0142 + 0.0004
TP3 314.000 San Diego 0.0159 + 0.0004 0.0159 + 0.0004 0.0171 + 0.0004
TP4 317.833 Naval maneuvers 0.0136 + 0.0004 0.0133 + 0.0004 0.0139 +0.0003
TP5 322.250 Open sea 0.0131 + 0.0005 0.0127 + 0.0006 0.0137 +0.0005
TP6 342.875 Sydney 0.0164 + 0.0005 0.0166 + 0.0006 0.0181 + 0.0005
TP7 347.917 Open sea 0.0137 + 0.0004 0.0133 + 0.0005 0.0140 + 0.0003
TP8 350.042 Hobart 0.0174 + 0.0004 0.0176 + 0.0006 0.0190 + 0.0005
TP9 353.917 Open sea 0.0143 + 0.0003 0.0143 + 0.0004 0.0145 + 0.0004
TP10 356.375 Open sea 0.0143 + 0.0003 0.0141 + 0.0005 0.0145 + 0.0003
TP112 365.792 Mixed 0.0143 + 0.0003 0.0141 + 0.0005 0.0145 + 0.0003
TP122 420917 Open sea 0.0143 + 0.0003 0.0141 + 0.0005 0.0145 + 0.0003
TP13 425917 Melbourne 0.0149 + 0.0004 — 0.0158 + 0.0006
TP142 431.208 Open sea 0.0143 + 0.0003 0.0141 + 0.0005 0.0145 + 0.0003
TP15 437.792 Fiji 0.0142 +0.0010 — 0.0166 + 0.0018

aUsing reference values measured for TP10.

are not readily visible. We term the count rates of the three BCs as B, for the left BC, B, for the center BC,
and B, for the right BC. The reference values are explained in the following section. The figure also shows the
calculated apparent cutoff rigidity as a function of time.

The shown data set, which includes the correction for instrumental interference explained above, still con-
tains many clear outliers with a count rate enhanced beyond 3¢ above the reference value, especially for the
center BC after DOY 370. For those outlier hours with high hourly average count rates, the counts-per-second
distributions show no recognizable noise component or signatures of double pulsing, so we conjecture that
some change in the surroundings may have caused the neutron flux to be enhanced (possibly materials stored
in the space immediately under the detectors). In any case, only data within =3¢ of the reference value are
selected for further analysis, as specified below.

Table 2

Reference BC to BC Count Rate Ratios

Period Start DOY Status (By/By) x 0 (B1/By) o (By/Bg) x 0
TP1 311.000 San Diego 1.015 +0.03 0.933 + 0.04 1.053 £ 0.04
TP2 311.667 Naval maneuvers 1.032 + 0.04 0.939 +0.03 1.033 +0.03
TP3 314.000 San Diego 1.001 +0.03 0.926 +0.03 1.075 £ 0.04
TP4 317.833 Naval maneuvers 1.028 + 0.04 0.947 +0.03 1.030 + 0.04
TP5 322.250 Open sea 1.034 + 0.06 0.927 + 0.05 1.045 + 0.05
TP6 342.875 Sydney 0.987 + 0.04 0.916 + 0.03 1.106 + 0.04
TP7 347917 Open sea 1.027 +0.05 0.957 + 0.04 1.026 + 0.04
TP8 350.042 Hobart 0.991 + 0.04 0.926 + 0.04 1.090 + 0.03
TP9 353917 Open sea 1.008 + 0.04 0.975 +0.03 1.018 +£0.03
TP10 356.375 Open sea 1.018 +0.03 0.976 + 0.04 1.013 £ 0.03
TP112 365.792 Mixed 1.018 +0.03 0.976 + 0.04 1.013 £0.03
TP122 420.917 Open sea 1.018 +0.03 0.976 + 0.04 1.013 +0.03
TP13 425917 Melbourne — — —
TP142 431.208 Open sea 1.018 +0.03 0.976 + 0.04 1.013 +0.03
TP15 437.792 Fiji — — —

aUsing reference values measured for TP10.

NUNTIYAKUL ET AL. 6
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Table 3
Pressure Coefficient of BC to NM Count Rate Ratios for Fixed Stations
Location Epoch Altitude (m) P, (GV) b (10~* mmHg~") BC rate?(s™") NM rate?(s~") Ratio
Doi Inthanon 2007-2013 2560 174 3.30+0.49 6.0 34.0 0.176
Newark 2015-2016 40 23 9.13 +0.06 2.7 12.0 0.225
McMurdo 2016 48 < 0.1 2.16 + 0.09 3.2 16.7 0.192
South Pole, BF5 1990-2004 2820 < 0.1 4.10+0.16 15.0 87.0 0.172
South Pole, 3He 2005-2016 2820 < 0.1 2.94+0.07 12.5 103.0 0.121

aAverage rates per tube.

3.3. Data Cleaning Based on Neutron Monitor Count Rate
The selection of usable data (data cleaning) and the adjustment of bad or missing individual counter data
(data correction) are performed based on BC-to-NM ratios (8;/NM) and BC-to-BC ratios (8;/B;).

We start by choosing appropriate time periods during the 1995 survey year for which data were taken in a
relatively stable environment. The 15 time periods used (TP1 to TP15) are indicated in Tables 1 and 2, and
shown in Figure 4. Data cleaning is then applied separately for each time period. This division into time inter-
vals is based on the locations near which the ship passed, that is, San Diego, Sydney, Hobart, McMurdo,
Melbourne, and Fiji, as well as on apparent step-like changes in the ratio values elsewhere.

For each time period we generated histograms of the hourly B; /NM values to characterize and remove outliers.
Figures 4a—4c illustrate the individual B;/NM ratios as a function of time. The red vertical lines show the divi-
sion in time periods. The blue solid horizontal lines illustrate the B;/NM reference values (B, /NM), (B, /NM),
and (B, /NM). In most cases, these were defined as the mean of a Gaussian fit to the ratio histogram for each
time period. For three time periods, namely TP11, TP12, and TP14, we used the reference calculated during
TP10 because it was noticed that the noise was too high for the center BC (B,). Using the TP10 ratio refer-
ence for those three problematic time periods, we avoided bias in the data that could induce further analysis
errors. For the (B, /NM) ratio reference, during TP13 and TP15 data were also noisy but no appropriate ref-
erence based on another time period with similar environment could be identified, so those intervals have
no reference available. The blue horizontal dashed lines illustrate plus and minus three standard deviations
from the reference for each time period, also based on the Gaussian fit. The (B;/NM) ratio reference values
and their standard deviations ¢ for the 15 time periods are also shown in Table 1. B;/NM data points lying
outside the range defined by 3 standard deviations (i.e., +36) from the reference were considered to indicate
bad data and the count rate B; was then corrected (if possible) as explained in the next section or removed
before subsequent analysis.

3.4. Data Correction Based on BC Ratios

The rough and changing conditions on board the ships caused the response of individual BCs 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 bare detectors.

The histograms of individual BC ratio values (B,/B;, B;/B,, and B,/B,) were plotted for each time period
(except for periods with no appropriate reference for the B;/NM ratio, as mentioned above). For TP1-TP10,
reference values were calculated for these BC ratios based on a fit to a Gaussian, but for TP11,TP12, and TP14
we used the BC ratio reference of TP10 instead. For TP13 and TP15, the BC ratios were not used because the
center tube had bad counts during the whole time period and there was no other appropriate reference.

The BCratio references (B, /B, ). (B;/B,),and (B,/B,) and their standard deviations for the 15 time periods are
shown in Table 2. We defined the range of three standard deviations (+30) from the reference values (B;/8;)
to select good data points (count rates B; and B; that needed no further correction) or identify count rates
that needed to be corrected. The reference values for the BC ratios were then used to correct those count
rates, using the same method as explained in Nuntiyakul et al. (2014). The count rates of the three bare tubes
for each hour (B, B,, and B;) were corrected if the BC ratio data were outside the 3¢ range and there was a
valid BC ratio reference for calculating the missing data. We calculated a corrected count rate from the actual
count rate of the properly operating detectors. If only one tube was ignored, we calculated the corrected
count rate based on the measurement in the other two tubes and the ratio reference values. If two tubes were
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Figure 5. Pressure coefficient b (defined in text) as a function of apparent geomagnetic cutoff rigidity P.. (a) Black
triangles and heavy line: 3NM64 from 13 years of summed data (Nuntiyakul et al., 2014). Green circles: 3NM64 from 1995
data. Blue circles: three bare counters (3BC) from 1995 data. (b) Red circles: 3BC/3NM64 ratio in 1995, open sea. Red
triangles: 3BC/3NM64 ratio in 1995, near land. Red squares: Fixed locations. Pastel shaded points are less accurate, with
standard errors of b larger than 0.0025 mmHg~".

removed, we similarly used the remaining tube to determine the corrected count rates. If none of the tubes
were operating properly, that hour was considered a data gap.

3.5. Barometric Pressure Correction

Although Stoker and Raubenheimer (1985) report that there is no difference between the barometric pressure
correction coefficient for BCs and NM64, they have been measured to be different for the neutron monitor
at Doi Inthanon, Thailand (Muangha, 2013). The first entry in Table 3 gives the result of that analysis. As the
correction for variation in barometric pressure is critical to proper interpretation of the data, we carefully
investigated this with the data from the 1995 survey.

We define a pressure coefficient (b) as the slope of a linear fit to the logarithm of counting rate as a function
of barometric pressure. To control for short term variations, we extract this by calculating the deviation of the
hourly average of each quantity from the overall average for that day.

We determined b separately for the 3NM64 and the BCs, with the data divided into bins of apparent cutoff
rigidity. The width of each bin was determined by the number of data points available. Results of this analysis
are shown in Figure 5a, along with the more statistically accurate determinations based on 13 years of data in
Nuntiyakul et al. (2014). We also calculated pressure coefficients for the ratios of the summed count rate of the
three BCs (3BC) to that of the 3NM64. Since there is no evidence for a major difference in coefficients from the
survey data alone, in the present analysis we have corrected both 3BC and 3NM64 with the well-determined
coefficient from the 13-year data set for the 3NM64.
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Figure 6. BC/NM ratio in 1995 as a function of apparent geomagnetic cutoff rigidity P.. Black dots: ship in open sea.

Gray dots: port calls at Hobart (P, = 1.71 GV), Sydney (P. = 4.41 GV), and San Diego (P. = 5.45 GV). Line: ratio of

Dorman functions shown in Figures 7a and 7b. Each dot represents a 1-hr data point.

We also extracted coefficients from historical data for two different land-based BC configurations and the
3 x TNM64 neutron monitor at South Pole and for BCs and an 18NMé64 at Doi Inthanon, Thailand. In addition,
we set up BCs at Newark, Delaware (three spare BP-28 counters) and McMurdo (one BP-28 removed from
the NM64) to investigate this issue. Results are plotted in Figure 5b and given in detail in Table 3, along with
various parameters characterizing the stations. Here b refers to the pressure coefficient of the ratio of the
BC and NM64 count rates per tube, which corresponds to the difference in pressure coefficients of the two
types of neutron detectors. All of the land-based installations show small positive coefficients. The value at
Newark is significantly larger than those at South Pole, McMurdo, and Doi Inthanon. The building construction
(masonry with slate roof) at Newark is different from the light construction at the other stations. In general,
there is no specific pattern with altitude or cutoff; rather the data provide an additional caution regarding the
environmental sensitivity of bare detectors. In other words, the observed pressure coefficient of the shipborne
BC to NM64 count rate ratio is consistent with zero, given the uncertainties.

3.6. Temperature Correction

We investigated the need for a temperature correction. The BCs were in a different location from the three
neutron monitors and neither had very good temperature control. We know from Evenson et al. (2005) that
temperature correction coefficients are different for NM64s operated with '°BF; and *He detectors. Therefore
we looked for temperature effects by searching for correlations of the measured ratios with differences in the
measured tube temperatures. Within the statistical accuracy permitted by the data, we could not find any.
Therefore we did not attempt a temperature correction for the present study.

3.7. Port Effects

The extreme sensitivity of bare detectors to the environment is clearly illustrated in Figure 6, which shows the
ratio of the BC to NM count rate after all of the corrections discussed above have been applied. Substantial
increases in the ratio occur whenever the ship is in port, as was also found by Villoresi et al. (2000). This can be
explained by a higher density of albedo neutrons near solid ground compared with open water, and the fact
that neutron detectors lacking a reflector (such as the BCs) are much more sensitive to these environmental
neutrons than the standard NM64. We therefore classified the data carefully so as to be certain that the results
we report are representative of the open ocean. Times “near port” were defined to be when the ship was
close to port and “ocean” times were when the ship was away from land. This consideration was used when
establishing the 15 time periods as shown in Figure 4 divided by red vertical lines. As noted above, the BC/NM
ratio was high near ports but lower when the ship was at sea. For example, around San Diego (P, = 5.45 GV,
TP1 and TP3) the ship moved to near port twice, once at Sydney (P. = 4.41 GV, TP6), and once at Hobart
(P. = 1.71 GV, TP8). Data from port calls near McMurdo (two steps in TP11), Melbourne (TP13), and Fiji (TP15)
are not included in our analysis, according to the procedure described in section 3.4, because they had no
ratio reference to clean the data.
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Figure 7. Dorman function fits to (a) bare and (b) neutron monitor data separately; (c) and (d) show the resulting
differential response functions (DRFs).

4, Discussion

4.1. 1995 Survey

To quantify the dependence shown in Figure 6 we performed a fit to a Dorman function (Dorman et al., 1969)
to the data for 3BC and 3NM64 separately. To do the fit we minimize the least squares function using the
Levenburg-Marquardt algorithm and provide estimates for the statistical errors in the determination of the
parameters from the scatter of the data points about the resulting fit. The results of the fits are shown in
Figure 7. In this case, as in subsequent ones, we show the best fit as a solid line and the (two sigma) range of
possible fits as a shaded area. In many cases the shaded area cannot be distinguished from the solid line. The
parameters of these fits, along with other Dorman fit parameters discussed later, are summarized in Table 4.
This Table also defines the nomenclature used in further discussions of these fits. The present analysis of the
3NM64 count rate from the 1995 survey differs from that of Nuntiyakul et al. (2014) for the same survey in
that the present data are restricted to time periods with usable BC data, without correction for short-term
cosmic ray variations and without a normalization factor of 1.015 to account for the 3NM64 location on the
ship relative to other survey years.

DRFs, as well as the fit parameters, depend on the physical size of the detectors. To compare the inherent
response of the 3BC and 3NM64, some normalization is necessary. Various normalizations are proposed in
the literature, but for our purposes we adopt a rather simple one, namely, setting the parameter N, to one.
This corresponds to normalizing the counting rate of a detector to 1.0 at zero cutoff. With this normalization
we compare our DRF for the BCs to that for monitors in Figure 8. As expected, the response of the BCs is
significantly greater than that of the monitors at low rigidity.

4.2. Comparison with 1976 and 1996 Surveys
Figure 9 compares our results with various interpretations of the data from the 1976 survey (Stoker et al., 1980)
and the 1996 survey (Dorman et al., 2000). The 1995 and 1976 surveys were performed under remarkably sim-
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Table 4

Dorman Function Fit Parameters

Configuration Analysis Survey year Tag Ng (s71)2 a K
3NM64 This Work 1995 3N95 30.56(2) 9.1(1) 0.903(2)
3NM64 Nuntiyakul et al. (2014) 1995 — 30.9 9.05 0.899
3BC This Work 1995 3B95 1.300(2) 7.6(1) 0.88(1)
1BC Stoker (1985) (A) 1976 1B76A 157.68P 7.32 0.898
1BC Stoker (1985) (B) 1976 1B76B 157.68° 7.85 0.940
1BC This Work 1976 1B76C 197.9(9)P 8.7(3) 0.93(1)
TNM64-N1 This Work 1976 TN76A 189.6(5)° 9.2(2) 0.926(9)
TNM64-N2 This Work 1976 1N76B 192.0(7)P 9.4(3) 0.94(1)
TNM64-N1 Caballero-Lopez and Moraal (2012) 1976 1N76C 8.6806 8.953 0.916
TNM64-N1 Stoker (1985) 1976 1N76D 151.67° 8.41 0.894
2BC Dorman et al. (2000) 1996 2B96 — 9.694(37) 0.9954(38)
3NM64 Dorman et al. (2000) 1996 3N96 — 10.275(23) 0.9615(21)

aFigure in parenthesis is the 16 uncertainty on the last decimal. Uncertainties were not provided for the previously published values. ®Scaled units (not s=1).

0.06

0.05}

ilar solar modulation conditions. The solar modulation parameters calculated from Usoskin et al. (2017) were
~514 and ~518 MV, respectively, for the 1976 survey and 1995 survey. Averaged over the survey, the McMurdo
neutron monitor count rates were within 2% of each other, and both surveys took place in epochs of positive
solar magnetic polarity. Therefore, we compare the results directly, without any adjustment for changed mod-
ulation. Figure 9a illustrates leaded neutron monitor DRFs. (The 3NM64 DRF for 1995 from Nuntiyakul et al.
(2014) is not shown here because it is indistinguishable from the one determined in this paper.) Two different
designs of leaded monitors were used in 1976, denoted N1 and N2 in Table 4. We show four interpretations of
the 1976 data. The first two result from applying our Dorman fit procedure to the summary data for N1 and N2
in Table 4 of Potgieter et al. (1980). We also show interpretations by Caballero-Lopez and Moraal (2012) and
from the caption of Figure 1 of Stoker (1985). Because of various normalizations of the data the values of the
parameter N, cannot be compared directly. The DRF for the 1996 survey uses the preferred Dorman functions
from Dorman et al. (2000). We assume here that we can compare directly the DRF without solar modulation
correction. Indeed, the 1996 survey was realized from December 1996 to March 1997 with an average solar
modulation of 504 MV (calculated from updated parameters from Usoskin et al., 2017). This is very similar to
the above-mentioned values for the 1976 and 1995 surveys.

The different interpretations of the 1976 NM64 data are all rather con-
sistent, but all show a slightly higher response at low rigidity than the

— 3895 1995 data. There is no evidence that this difference might be due to dif-
== 3N95 | ferent primary spectra but it is possible that it represents a difference due
to the use of TNM64 detectors (of two slightly different designs) in the
1976 survey whereas the 1995 survey used a 3NM64. It is well known that
the “outer” detectors in a multi-detector NM64 show a significantly lower
count rate than the inner ones as they are, in effect, surrounded by less

= oo lead (Mangeard, Ruffolo, Saiz & Madlee et al., 2016). In our survey, the aver-
E age end-to-center ratio was 0.891. Based on a simple fit, it decreased by
g 0.03¢ 0.002 from 0 to 16 GV cutoff, a result different from zero by slightly more
that one standard deviation. We were able to reprocess simulations from

0.02} a recent paper by Mangeard, Ruffolo, Saiz and Nuntiyakul et al. (2016) to
make a specific prediction of these quantities. The end-to-center ratio is

o001l reproduced to within 1%, with a predicted decline of 0.0032. We there-
fore think it is at least plausible that the TNM64 may have slightly “softer”

response function than a 3NM64. This is of interest to us in a practical sense,

0.00 4 6 8 10 12 14 16 since the installation at South Pole is in fact three 1NM64 units, individually
P(GY) insulated and heated, but mounted on a common platform. We are cur-

Figure 8. Comparison of the normalized differential response functions rently running more detailed simulations to investigate the effect of this

(bare neutron detectors and standard 3NM64) for the 1995 latitude survey. configuration at South Pole.
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Figure 9. (a) Comparison of leaded neutron monitor response functions determined on latitude surveys. (b) Calculated response functions compared with the
1995 survey result. See text for details of this calculation. (c) Comparison of bare neutron detector response functions. Nomenclature for different surveys is

defined in Table 4.

Figure 9b compares the observed normalized DRF of the 3NM64 of 1995 latitude survey with several calcula-
tions using recent computed models of “yield functions” (count rates as a function of rigidity and type of the
primary particle at the top of the atmosphere). We used the model of Galactic cosmic ray spectra based on
the local interstellar spectra (LIS) of proton and helium as proposed by Ghelfi et al. (2016), Ghelfi and Barao
et al. (2017) and the force-field model of solar modulation from Gleeson and Axford (1968). For the period
of the survey, the modulation parameter corresponding to this LIS was determined using the method pre-
sented in Ghelfi and Maurin et al. (2017) and was about 580 MV (the value was extracted from the database
http://Ipsc.in2p3.fr/crdb). Note that this is preferred for this purpose but it is different from the Usoskin et al.
(2017) parameters used elsewhere in this paper. The nomenclature for the five simulated yield functions used
in this work is as follows: CD00 from Clem and Dorman (2000), MAT09 from Matthia et al. (2009), MI13 from
Mishev et al. (2013), MAU15 from Maurin et al. (2015), and MAN16b from Mangeard, Ruffolo, Saiz and Nun-
tiyakul et al. (2016). For MAT09 and MI13, the parametrizations of Maurin et al. (2015) were used (marked with
adaggerin the Figure’s legend). The differences between simulations are clearly visible with an overall agree-
ment within 50%. Below 10 GV, MI13 provides a better estimate of the normalized DRF than the other models.

Above 10 GV, the simulated results CD00, MAT09, and MAN16b provide a

better estimate. More details about comparison between simulated yields
can be found in Maurin et al. (2015) and Caballero-Lopez (2016).

Figure 9(c) compares determinations of the BC response. Our result for
1995 agrees reasonably well with our analysis of the raw data for 1976 tab-

0 0 ulated by Potgieter et al. (1980). What is rather surprising is the difference
g o . 0 . | from the interpretation of Stoker (1985), where the “A” and “B” analyses
G o were presented as an envelope of all possible fits to the data. At present, we
é 5 } R 8 8 } 6 have no specific comment on this apparent discrepancy. However as we
3 . + = * } have used the Stoker (1985) “B” results extensively in our previous work to
£ o 8 use the BC/NM count rate ratio at South Pole to infer the spectral index of
g af . % .\ . + N 1 relativistic solar particles (Bieber & Evenson, 1991; Bieber et al., 2002, 2013;
4 }F % % Saiz et al., 2008), we have examined the extent to which this difference
g might influence our previous conclusions. Figure 10 is based on Figure 1 of
3 . A+ IB76AUINTGD  § 3B95:3NGS Bieber and Evenson (1991), which compared spectral indices determined
A MC/NE e 1B76B:IN76D @ 3B95:1N76D from NM64s at different P. with the same events analyzed using the moni-
2 ‘ o THME ¢ 2P6EINS6 tors and bare counters at South Pole alone. In this analysis, based on ratios
% % % % E of countrate increases, the implicitassumption is that the entire DRF scales
g f § § § with altitude with the same barometer coefficient—in other words, the

— N — o~ o~

Figure 10. Comparison of estimated spectral indexes for GLEs of 1989. Black
markers are taken unchanged from Bieber and Evenson (1991). Estimated
spectral indices calculated in this article are shown in colored markers with
error bars. Nomenclature for different surveys is defined in Table 4. More

details are available in the text.

entire altitude dependence may be expressed as a variation in N,.

In Figure 10 the black symbols are taken directly from Bieber and Evenson
(1991), where the open symbols are derived from station ratios (SP: South
Pole, MC: McMurdo, TH: Thule, and NE: Newark) and the closed symbols
from BC/NM ratios. The conclusion of that paper was that the “Stoker B”
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interpretation of the BC/NM ratio at South Pole provided a better consistency with fixed station ratios, which
was supported by comparison with the results of Cramp et al. (1997) as reported by Ruffolo et al. (2006).
Applying this approach to the present work results in the red points. Here the error bars are constructed from
the extremes allowed by the one sigma errors on the Dorman parameters discussed earlier. The result is similar
to the “Stoker A" analysis, but like that analysis is not consistent with the station ratio determination. On the
other hand, keeping in mind that the South Pole installation is actually three TNM64 units we also show the
result (blue symbols) obtained with the 1995 bare survey and the 1976 TNM64 result. Here the agreement
with the station ratios is as good as that obtained with the “Stoker B” analysis.

In Figures 9 and 10 we also show the results from applying the Dorman et al. (2000) response functions, which
are significantly different, presumably because the bare detectors in that work had no moderators.

5. Conclusions

We report an analysis of data taken using three bare neutron counters with a novel design and a standard
three-counter neutron monitor (3NM64) on board the U.S. Coast Guard icebreaker Polar Star from 6 November
1995 to 20 March 1996, over a route from San Diego, USA, to McMurdo Base, Antarctica, and back to the
northern Pacific Ocean. This latitude survey sampled geomagnetic cutoffs over 0 < P, < 15 GV, allowing
a determination of the BC and 3NM64 response functions over that range. Various techniques were used to
clean and correct the data. The pressure correction coefficient as a function of P, was previously determined
for this ship-borne 3NM64 (using data from 13 latitude surveys over 1994-2007), and here we investigated
whether the BC count rate requires a different pressure coefficient. We concluded that the statistics available
for these BCs are insufficient to determine whether the pressure coefficients are different, and therefore we
used the same coefficient. The temperatures of both detector systems were controlled to some extent and
we did not find a significant temperature effect on the count rates. The BC response was strongly affected by
proximity to any port along the route, and such time periods were excluded when determining the response
functions.

The only directly comparable latitude survey with bare neutron counters (of a different design, but with mod-
erators) was performed in 1976 (Potgieter et al., 1980; Stoker et al., 1980), a time when solar modulation
conditions were very similar to those in 1995. The neutron monitor response functions were similar, with
small differences that might be attributed to the use of different pressure coefficients or the different detec-
tor design (TNM64 in 1976 versus 3NM64 in 1995). We will further investigate this effect for interpretation of
data from the South Pole NM, which actually consists of three independent TNM64 units. The BC response
function for 1995 is similar to what we derive from the raw data from 1976 using the same analysis techniques
but is substantially outside the allowed range according to Stoker (1985). One of the extremes of that range
has been successfully used to determine the spectral index of relativistic solar particles from BC and NM data
at South Pole during ground level enhancements. When applied in simplest form the results from the present
work do not directly give such good agreement.

It must however be noted that the counting rates for the typically steep solar particle spectra at the high
altitude of South Pole are determined in large part by response functions (or more properly the underlying
yield functions) in a rigidity range below the atmospheric cutoff at sea level. Thus, the use of data from sea
level surveys in this range is an extrapolation.

As the spectrum gets steeper the sensitivity to the choice of fit parameters also increases. In Figure 10 the
formal errors on the spectral index for the apparently better choice of the parameters (blue points) are much
larger than the formal errors on the less favored choice of parameters (red points) that would imply a flatter
spectrum. In fact, the interpretation of the “Stoker A” and “Stoker B” as defining the range of variation in the
spectral index allowed by uncertainties in the measured response is essentially confirmed. The BC to monitor
comparison indeed gives a rather precise measurement of the spectral index, and in particular the variation of
the spectral index within a given event (Ruffolo et al., 2006), but the actual value of the spectral index cannot
be determined from latitude survey data alone.

In work in progress, we will follow up on this issue by analyzing data from a third latitude survey with BCs (of
yet another design, but now installed at South Pole) conducted in 2009. We are investigating these various
aspects of the analysis with Monte Carlo simulations, also currently in progress.

NUNTIYAKUL ET AL.

13



~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics

10.1029/2017JA025135

Acknowledgments

This study is supported in part by the
Thailand Research Fund via grant
RTA5980003 and Research Grant for
New Scholar MRG6080086; by the U.S.
National Science Foundation via
awards PLR-1341562, PLR-1245939,
and their predecessors; and by the
Australian Antarctic Division. We thank
the officers and crew of the USCG
icebreaker Polar Star for their assistance
in conducting the survey. We also thank
Leonard Shulman, James Roth, and
Keith Bolton for their technical
assistance in preparing and
maintaining the TasVan. W. N. would
like to thank the Faculty of Science,
Chandrakasem Rajabhat University,
Bangkok, Thailand, for their support.
The data displayed in the figures are
available as supporting information.

References

Bieber, J. W., Clem, J., & Evenson, P. (1997). Efficient computation of apparent cutoffs. In Proceedings of the 25th International Cosmic Ray
Conference, 2 (pp. 389-392). Transvaal, South Africa: Potchefstroom University.

Bieber, J. W.,, Clem, J,, Evenson, P, Pyle, R, Saiz, A., & Ruffolo, D. (2013). Giant ground level enhancement of relativistic solar protons on 2005
January 20. |. Spaceship Earth Observations. Astrophysical Journal, 771, 92. https://doi.org/10.1088/0004-637X/771/2/92

Bieber, J. W., Droge, W., Evenson, P, Pyle, R., Ruffolo, D., Pinsook, U., et al. (2002). Energetic particle observations during the 2000 July 14
solar event. Astrophysical Journal, 567, 622-634. https://doi.org/10.1086/338246

Bieber, J. W., & Evenson, P. (1991). Determination of energy spectra for the large solar particle events of 1989. In Proceedings of the 22nd
International Cosmic Ray Conference (Vol. 3, pp. 129-132). Dublin, Ireland.

Caballero-Lopez, R. A. (2016). An estimation of the yield and response functions for the mini neutron monitor. Journal of Geophysical
Research: Space Physics, 121, 7461 -7469. https://doi.org/10.1002/2016JA022690

Caballero-Lopez, R. A., & Moraal, H. (2012). Cosmic-ray yield and response functions in the atmosphere. Journal of Geophysical Research:
Space Physics, 117, A12103. https://doi.org/10.1029/2012JA017794

Clem, J. M., Bieber, J. W,, Evenson, P, Hall, D., Humble, J. E., & Duldig, M. (1997). Contribution of obliquely incident particles to neutron
monitor counting rate. Journal of Geophysical Research, 102, 26,919-26,926. https://doi.org/10.1029/97JA02366

Clem, J. M., & Dorman, L. I. (2000). Neutron monitor response functions. Space Science Reviews, 93, 335-359.
https://doi.org/10.1023/A:1026508915269

Cramp, J. L, Duldig, M. L., Fliickiger, E. O., Humble, J. E.,, Shea, M. A., & Smart, D. F. (1997). The October 22, 1989, solar cosmic ray
enhancement: An analysis of the anisotropy and spectral characteristics. Journal of Geophysical Research, 102, 24,237 -24,248.
https://doi.org/10.1029/97JA01947

Dorman, L. I, Fedchenko, S. G., Granitsky, L. V., & Rishe, G. A. (1969). Coupling and barometer coefficients for measurements of cosmic ray
variations at altitudes of 260-400 mb. In Proceedings of the 11th International Conference on Cosmic Rays (Vol. 2, pp. 233-236). Budapest.

Dorman, L. I, Villoresi, G., lucci, N., Parisi, M., Tyasto, M. |, Danilova, O. A., & Ptitsyna, N. G. (2000). Cosmic ray survey to Antarctica and cou-
pling functions for neutron component near solar minimum (1996 -1997): 3. Geomagnetic effects and coupling functions. Journal of
Geophysical Research: Space Physics, 105, 21,047 -21,056. https://doi.org/10.1029/2000JA900051

Evenson, P, Bieber, J. W,, Clem, J,, & Pyle, R. (2005). Neutron monitor temperature coefficients: Measurements for BF3 and 3He counter
tubes. In Proceedings 29th International Cosmic Ray Conference (Vol. 2, pp. 485-488). Pune, India.

Ghelfi, A, Barao, F,, Derome, L., & Maurin, D. (2016). Non-parametric determination of H and He interstellar fluxes from cosmic-ray data.
Astronomy and Astrophysics, 591, A94. https://doi.org/10.1051/0004-6361/201527852

Ghelfi, A, Barao, F,, Derome, L., & Maurin, D. (2017). Non-parametric determination of H and He interstellar fluxes from cosmic-ray data
(Corrigendum). Astronomy and Astrophysics, 605, C2. https://doi.org/10.1051/0004-6361/201527852e

Ghelfi, A, Maurin, D., Cheminet, A., Derome, L., Hubert, G., & Melot, F. (2017). Neutron monitors and muon detectors for solar modulation
studies: 2. ¢ time series. Advances in Space Research, 60, 833-847. https://doi.org/10.1016/j.asr.2016.06.027

Gleeson, L. J., & Axford, W. I. (1968). Solar modulation of galactic cosmic rays. Astrophysical Journal, 154, 1011-1026.
https://doi.org/10.1086/149822

Hatton, C. J., & Carmichael, H. (1964). Experimental investigation of the NM-64 neutron monitor. Canadian Journal of Physics, 42, 2443 -2472.
https://doi.org/10.1139/p64-222

Kouzes, R. T, Siciliano, E. R, Ely, J. H,, Keller, P. E., & McConn, R. J. (2008). Passive neutron detection for interdiction of nuclear material at
borders. Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment,
584, 383-400. https://doi.org/10.1016/j.nima.2007.10.026

Lin, Z., Bieber, J. W., & Evenson, P. (1995). Electron trajectories in a model magnetosphere: Simulation and observation under active
conditions. Journal of Geophysical Research, 100, 23,543 -23,549. https://doi.org/10.1029/95JA02696

Mangeard, P-S., Ruffolo, D., Séiz, A., Madlee, S., & Nutaro, T. (2016). Monte Carlo simulation of the neutron monitor yield function. Journal of
Geophysical Research: Space Physics, 121, 7435-7448. https://doi.org/10.1002/2016JA022638

Mangeard, P-S., Ruffolo, D., Saiz, A., Nuntiyakul, W., Bieber, J. W., Clem, J., et al. (2016). Dependence of the neutron monitor count rate
and time delay distribution on the rigidity spectrum of primary cosmic rays. Journal of Geophysical Research: Space Physics, 121,
11,620-11,636. https://doi.org/10.1002/2016JA023515

Matthia, D., Heber, B., Reitz, G., Meier, M., Sihver, L., Berger, T., & Herbst, K. (2009). Temporal and spatial evolution of the solar ener-
getic particle event on 20 January 2005 and resulting radiation doses in aviation. Journal of Geophysical Research, 114, A08104.
https://doi.org/10.1029/2009JA014125

Maurin, D, Cheminet, A., Derome, L., Ghelfi, A, & Hubert, G. (2015). Neutron monitors and muon detectors for solar modulation studies:
Interstellar flux, yield function, and assessment of critical parameters in count rate calculations. Advances in Space Research, 55, 363 -389.
https://doi.org/10.1016/j.asr.2014.06.021

Mishev, A. L., Usoskin, I. G., & Kovaltsov, G. A. (2013). Neutron monitor yield function: New improved computations. Journal of Geophysical
Research: Space Physics, 118, 2783-2788. https://doi.org/10.1002/jgra.50325

Muangha, P. (2013). Observation of Cosmic Ray Apectral Variation Using Bare Counters at Doi Inthanon with Princess Sirindhorn Neutron
Monitor, Unpublished Undergraduate Senior Project. Bangkok, Thailand: Mahidol University.

Nuntiyakul, W., Evenson, P, Ruffolo, D., Saiz, A., Bieber, J. W., Clem, J., et al. (2014). Latitude survey investigation of Galactic cosmic ray solar
modulation during 1994-2007. Astrophysical Journal, 795, 11. https://doi.org/10.1088/0004-637X/795/1/11

Potgieter, M. S., Raubenheimer, B. C., Stoker, P. H., & van der Walt, A. J. (1980). Modulation of cosmic rays during solar minimum. Part 2.
Cosmic ray latitude distribution at sea-level during 1976. South African Journal of Physics, 3(3-4), 77-89.

Ruffolo, D., Saiz, A., Mangeard, P-S., Kamyan, N., Muangha, P, Nutaro, T, et al. (2016). Monitoring short-term cosmic-ray spectral variations
using neutron monitor time-delay measurements. Astrophysical Journal, 817(38). https://doi.org/10.3847/0004-637X/817/1/38

Ruffolo, D., Tooprakai, P, Rujiwarodom, M., Khumlumlert, T., Wechakama, M., Bieber, J. W., et al. (2006). Relativistic solar protons on 1989
October 22: Injection and transport along both legs of a closed interplanetary magnetic loop. Astrophysical Journal, 639, 1186-1205.
https://doi.org/10.1086/499419

Saiz, A., Ruffolo, D., Bieber, J. W., Evenson, P, & Pyle, R. (2008). Anisotropy signatures of solar energetic particle transport in a closed
interplanetary magnetic loop. Astrophysical Journal, 672, 650-658. https://doi.org/10.1086/523663

Simpson, J. A. Jr. (1948). The latitude dependence of neutron densities in the atmosphere as a function of altitude. Physical Review, 73,
1389-1391. https://doi.org/10.1103/PhysRev.73.1389

Stoker, P. H. (1985). Spectra of solar proton ground level events using neutron monitor and neutron moderated detector recordings. In
Proceedings 19th International Cosmic Ray Conference (Vol. 4, pp. 114-117).

NUNTIYAKULET AL.

14


https://doi.org/10.1088/0004-637X/771/2/92
https://doi.org/10.1086/338246
https://doi.org/10.1002/2016JA022690
https://doi.org/10.1029/2012JA017794
https://doi.org/10.1029/97JA02366
https://doi.org/10.1023/A:1026508915269
https://doi.org/10.1029/97JA01947
https://doi.org/10.1029/2000JA900051
https://doi.org/10.1051/0004-6361/201527852
https://doi.org/10.1051/0004-6361/201527852e
https://doi.org/10.1016/j.asr.2016.06.027
https://doi.org/10.1086/149822
https://doi.org/10.1139/p64-222
https://doi.org/10.1016/j.nima.2007.10.026
https://doi.org/10.1029/95JA02696
https://doi.org/10.1002/2016JA022638
https://doi.org/10.1002/2016JA023515
https://doi.org/10.1029/2009JA014125
https://doi.org/10.1016/j.asr.2014.06.021
https://doi.org/10.1002/jgra.50325
https://doi.org/10.1088/0004-637X/795/1/11
https://doi.org/10.3847/0004-637X/817/1/38
https://doi.org/10.1086/499419
https://doi.org/10.1086/523663
https://doi.org/10.1103/PhysRev.73.1389

~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2017JA025135

Stoker, P. H., & Raubenheimer, B. C. (1985). The neutron moderated detector and groundbased cosmic ray modulation studies. In Proceed-
ings 19th International Cosmic Ray Conference (Vol. 5, pp. 502-505).

Stoker, P. H., van der Walt, A. J., & Potgieter, M. S. (1980). Modulation of cosmic rays during solar minimum. Part 1. Cosmic ray intensity survey
at sea-level during 1976: Experimental details. South African Journal of Physics, 3, 73-76.

Thomsen, M. F. (2004). Why Kp is such a good measure of magnetospheric convection. Space Weather, 2, S11004.
https://doi.org/10.1029/20045W000089

Tsyganenko, N. A. (1987). Global quantitative models of the geomagnetic field in the cislunar magnetosphere for different disturbance
levels. Planetary and Space Science, 35, 1347-1358. https://doi.org/10.1016/0032-0633(87)90046-8

Usoskin, I. G, Gil, A, Kovaltsov, G. A., Mishev, A. L., & Mikhailov, V. V. (2017). Heliospheric modulation of cosmic rays during the neu-
tron monitor era: Calibration using PAMELA data for 2006-2010. Journal of Geophysical Research: Space Physics, 122, 3875-3887.
https://doi.org/10.1002/2016JA023819

Villoresi, G, Dorman, L. I., lucci, N., & Ptitsyna, N. G. (2000). Cosmic ray survey to Antarctica and coupling functions for neutron compo-
nent near solar minimum (1996-1997): 1. Methodology and data quality assurance. Journal of Geophysical Research, 105,21,025-21,034.
https://doi.org/10.1029/2000JA900048

Zreda, M., Desilets, D., Ferré, T. P. A,, & Scott, R. L. (2008). Measuring soil moisture content non-invasively at intermediate spatial scale using
cosmic-ray neutrons. Geophysical Research Letters, 35, L21402. https://doi.org/10.1029/2008GL035655

NUNTIYAKUL ET AL.

15


https://doi.org/10.1029/2004SW000089
https://doi.org/10.1016/0032-0633(87)90046-8
https://doi.org/10.1002/2016JA023819
https://doi.org/10.1029/2000JA900048
https://doi.org/10.1029/2008GL035655

OUTPUT 2

mMIrawIa T Tasih



OUTPUT 2.1

Tl WIS U UNITROWIIWIY 4 NISUIVIT



Fn19@N¥12561 ANALIawi 1

cMmumIis

CHIANG MAI UNIVERSITY

PONMIPRREYN  ivasns/fanssu fansayn

AMITNUTIH

Bo-ana:
Uraanupains
ANANIBM

AnyassEumE Aududnya amfivaa

WAINNIE DN
viinsEn noaul e
naingmand maiuianduaziaamand

@ ®

Wlifsnszun : ssnmamnsel uiona

Wi,

DanmINI=yY]

A nauniman

A Tl

anm @ vhawdnd

 wanvin

ERTTTE
Dnafine: 2561 ¥ manadmin: mansnuil v
yumunanviimand lunssundmivinndudivnin T luszoudvbus
udly sy No. Course No. TITLE LEC LAB CREDIT DAY SCHEDULE TIME ROOM asld i
1 201100 INTEGRATED SCIENCE 001 000 3 Monday, Thursday 0800 - 0930 SCB1100 250 274
2 201100 INTEGRATED SCIENCE 002 | 000 Tuesday, Friday 0930 - 1100 'SCB1100 250 258
3 207103 PHYS FOR SCI STUD 1 001 | 000 3 esday a) 1300 - 1430 Pb1-330 150 143 |
4 207115 |PHYS LAB ENG AND AGRO | 000 002 1 Y 0930 - 1230 ScB1302 30 28
5 207419 'INTRODUCTION TO ASTROPHYS 001 000 3 Monday. Thursday 1300 - 1430 PB2-104 30 32
6 226711 [HIGH-ENERGY ASTROPHYSICS 001 | 000 3 Tuesday, Friday 1430 - 1600 PB2-105 10 5

Un19@N1¥12561 nnatIawi 2

erl'M'S

Aldmaszun : wsnmsnss Wuiona
CHIANG MAI UNIVERSITY 3
i an, |

PONMIPRRYTN  sivasns/fansiu aiiuaa

famsnya dnynaTEume Aududnya

MITURD
[ & ndumibman |
©0 - AN AN EWiNA
Uszanunaing ; winaouem ingndol sz
Afamuwgn : aazinnmand maiuildnduasianmand
Ay 910170
e shawnd
@ wanring
[ & uindon |
Tmadaw: 2561 ¥ | apnsdne 0 anmsdinsi 2 ¥
#simaenaniimaud unszuawidimadugiin i o s Tavindus
uily  au No. Course No. TITLE LEC LAB CREDIT DAY SCHEDULE TIME ROOM asld Ay

1 207108 PHYS ENG AND AGRO STUD Il 001 000 3 Monday, Thursday 0800 - 0930 PB1-230 120 81

2 207314 [ADV PHYS LAB Il 000 | 001 1 | Wednesday 1430- 1730 PB2210 |

3 207314 IADV PHYS LAB I 000 002 1 | Wednesday 1430 - 1730 PB2-210

4 207314 |ADV PHYS LAB Il 000 003 1 \ 1430 - 1730 PB2-211 5 | 5

5 207314 |ADV PHYS LAB Il 000 004 1 | 1430 - 1730 PB2-211 5 5

6 226703 (OBSERVATIONAL ASTRONOMY 001 000 3 | Monday, Thursday 1430 - 1600 PB2-305 20 | 5

7 226710 COMPUTATIONAL ASTROPHYSICS 001 000 3 Monday, Thursday 1100 - 1200 PB2-104 20 5

8 226789 'SELE TOPICS ASTRO & ASTRSPHYS 003 000 3 | Tuesday, Friday 1430 - 1600 PB2-106 10 | 1

9 226791 'SEMINAR IN ASTRONOMY 1 001 000 | 1 Wednesday 1300 - 1500 PB2-112 10 | 2
10 226792 'SEMINAR IN ASTRONOMY 2 001 000 1 [ 1300 - 1500 PB2-112 10 | 2
1 226891 Ph.D. SEMINAR IN ASTRRONOMY 1 001 000 1 | Wednesday 1300 - 1500 PB2-112 10 1




OUTPUT 2.2

&I Qﬂﬂiﬂiﬁ%’m%ﬂﬁﬁﬂﬁiﬂ@aadluﬂ’?ﬂ LAUAITNAN






2 lunsgadiin Tudea1si 16 aatAN W.A.2561
B—

2.n5.997050 Uufiana (Wauthlasenis)

ANRINNATILI UL




2/19/2019 2115 as.aasal Tuana Mminlasensidansainadadiuazdian arnstlssinaeinidnduasiaamans aaginemans ua. J3age...

yld DID1SY QS.ISINSTU UUNgNa KOKUNIASLNMISIVYNIS
disoodaadnua:ana oosgus:oiMAdsIWaNGLa:ddQAaqs
ACU:INEIAEAS Uy, IdsauudlanldAnusodnoain

i Inendudas v (uy.) HudY FafuiTaardmaasurizné (asdnsumizu) (805.) ATENTIY

Snenaansuasinatulad untinlasenisanusuidadniTaasamansuasinemanstiian
sWauLasasfiadtaiadnsinanssnuuasivdrasfiniifisalan saudiiasasiiansaniin
mmmanfadifadinaAutayaaniudeihlanls uszaznal 5 wiau wivasvasdaNsIvsu

AZnda15@ans

http://www.physmats.science.cmu.ac.th/news-detail.php?id=35

7



2/19/2019 a3. 1910500 Juiiena | &

® g1uANTTe BTUNATIA Q MENU
amsil 19 nuaviug 2562 (lsearch) )

wtusn (/) 1 éddey / @5 990500 Tudana

Seans7 18 fugney 2561 1aan 13.20 .
wisasAGines NS nafinsedmasaanidlanis

Lo u'ﬁﬂiﬂn']iﬂ'nlli')llllaﬁﬂ]:ﬂ']'»!LIm']i"lﬁ'lﬂmiltﬂu'lmﬂ']ﬂ']ﬂﬂill'ﬁﬂn ﬁﬂuﬂﬂ'\i'}ﬂ'\ﬂﬁﬁﬁﬂﬂ"ﬁﬂﬂﬂaﬂnn'l/ll.lauﬂ'liﬂﬂfn mnummumwmumauwnmmuuﬁ

| Go to Top a

gllt/666 3
UANNATY ue & ‘
mauﬁﬂamﬁ © 2559 - 2560 u5E¥N AwszenasAuw A1da

(http //truehits.net/stat. php'z

@-{g Mys%em time : 155)02 2019 21:38:04

fnsiataran (/ads)
fAnmals (/contact)
FIUNUAULI (/jobs)

swsanatod B (https://www.facebook.com/dailynewsonlinefan) &
(https://twitter.com/dailynewstwit)

(https://plus.google. Com/+%EO%BQ%SO%EO%88%94%EO%B8%A5%EO%B8%B4%E0%BS%9

[ You JR4 VR SR ) A - PSRRI FR U M e ol B 1 o WRRY TR N IR N o 4 ST RS b A PR BN Py [ [ ) PR, -

https://www. dallynews co. th/tags/%EO%BB%94%EO%BS%A3 %20%E0%BB%A7%E0%BB%A3%EO%BS%BZ%EO%BS%AO%EO%BB%A3%EO%BB% 1/2


https://www.dailynews.co.th/it/666761
https://www.dailynews.co.th/
https://www.googleadservices.com/pagead/aclk?sa=L&ai=C8BiD0BRsXJCdL9GMvgSRpaGgBprZkJhTnaSZ0toHsvaky60JEAEgmbWJQ2D9hYCAtCCgAcWk2tQDyAECqQJcb7GKs92nPuACAKgDAcgDmQSqBNUBT9CM2IPA0si-bMGke5RDb5wLiVaFYr-oPezvcEjO7Tt0MiZo3cxqKri5r9c-NPGPWnLM0qPp1UDfg8GH74A34UjEtp4xXECKOUDnrqxztDBmDhMXaCA0VjbDHwjXR78aQDBfGihOi4re3szGnfMAkq0MabSYwSZSj_1z3oqsHaoxLVjyXbeL3wlIXVu3NHxUiFO7IS0aoLFO5H4VkzYLf4ReXLi33d5YqnEuN87skHrobTw9wQg1BG5cTQVDlR7fMYHDUUExDgZrosiFAfMmnP7emhOe4AQBkAYBoAYCgAej26UriAcBkAcCqAeOzhuoB9XJG6gHqAaoB9nLG6gHz8wbqAemvhvYBwHSCAYIABACGAGxCWc2KAnmcWhugAoD2BMK&ae=1&num=1&cid=CAMSeQClSFh3t0oxYHv20nM5vM3DsXapf3kglOUbtYyrqhQZEdc_Aat5K4jBooXleBQBlP1_WcF_7lrbqypX6m6ZM5gJnDekLRpzrVzDKEvLyq6FN-3X7kaeSVfFE5inQwP-nZKShwG3cfsAaQNvX8EL1pc5rMiQSgRYHdE&sig=AOD64_0jnsoj7GT18hIrPVmopeJepCVAtg&client=ca-pub-5111137191506013&adurl=https://www.icmarkets.com/lp/the-ecn-brokerage-platform-for-real-traders/%3Fcamp%3D16091%26gclid%3DCjwKCAiA767jBRBqEiwAGdAOrwczUlyQiO0Nxwr3e13C06ctvtv3UYtdhrnWYl0ovHScvMNwEejwnhoCrw4QAvD_BwE
https://www.dailynews.co.th/tags/%E0%B8%94%E0%B8%A3.%20%E0%B8%A7%E0%B8%A3%E0%B8%B2%E0%B8%A0%E0%B8%A3%E0%B8%93%E0%B9%8C%20%C2%A0%20%E0%B8%99%E0%B8%B1%E0%B8%99%E0%B8%97%E0%B8%B4%E0%B8%A2%E0%B8%81%E0%B8%B8%E0%B8%A5
https://www.dailynews.co.th/tags/%E0%B8%94%E0%B8%A3.%20%E0%B8%A7%E0%B8%A3%E0%B8%B2%E0%B8%A0%E0%B8%A3%E0%B8%93%E0%B9%8C%20%C2%A0%20%E0%B8%99%E0%B8%B1%E0%B8%99%E0%B8%97%E0%B8%B4%E0%B8%A2%E0%B8%81%E0%B8%B8%E0%B8%A5
http://truehits.net/stat.php?login=dailyweb
https://www.dailynews.co.th/
https://www.dailynews.co.th/ads
https://www.dailynews.co.th/contact
https://www.dailynews.co.th/jobs
https://www.facebook.com/dailynewsonlinefan
https://twitter.com/dailynewstwit
https://plus.google.com/+%E0%B9%80%E0%B8%94%E0%B8%A5%E0%B8%B4%E0%B8%99%E0%B8%B4%E0%B8%A7%E0%B8%AA%E0%B9%8C/about
https://www.youtube.com/user/THDailyNews
https://www.instagram.com/dailynews_ig
https://www.dailynews.co.th/tags/%E0%B8%94%E0%B8%A3.%20%E0%B8%A7%E0%B8%A3%E0%B8%B2%E0%B8%A0%E0%B8%A3%E0%B8%93%E0%B9%8C%20%C2%A0%20%E0%B8%99%E0%B8%B1%E0%B8%99%E0%B8%97%E0%B8%B4%E0%B8%A2%E0%B8%81%E0%B8%B8%E0%B8%A5?page=1
https://www.dailynews.co.th/
https://www.dailynews.co.th/search

2/19/2019 77 Junarfu wruitaaAEnsg “‘wauansndinn”

Ch)ﬂ[l_zlf'@ (https://m.mgronline.com/) =E (http://truehits.net/stat.php?login=manager) (het %
(https://mgronline.com)
= Fnendgns

7 Full Version (https://mgronline.com/science/detail/9610000093729)

77 Tunddu wiuIdaandansg uauasnann”

LHauws: 19 a.a. 2561 01:56 1aa: ann1saaulail

s @ -"::} O Jwunnagvas

lpsamsm'\uslouﬁaﬁnm:‘ﬁu
AUASIFNEnSIa:Snuans’

M5.29510501 iuiiuna

77 Junatflu wiouidaansidaasyg “wauaisndnn”

ndofuraigualasenisidasainaiag 77 Ju wawdauanuwsandanmmeaasifuiayaiodaasdnlinsausuzadmihudeg uaumsndnrzasiu usisadvinduanaldidaula
N1 NiueNnsuazIulsTInauduIin

fnfluafousndwmsulsanalnaviagladeouidaanmanslily “wauasndni” niddunumifunsihlanled Taasanfuiamnamansuemd (805.) uazuminedadaslu o
wpdnnunsanzaslasonisanuiufiadnenidoasmansuarinemaasimea aiuOdtmnahmaduaaituidediianuviedu (Polar Research Institute of China : PRIC)

o . . . . . < o S://<
iﬁmnpmmﬁmsaﬂmmmwammmnpmmwﬁammmmammmﬁmmﬁmﬂmmmmmmmmwmm@mmLsz\;_._u;,n(f%% 11
“ariviag” (Xue Long) vda “Fatensiiuy” aaniumaiiutayannfiadald ssasgistanauiu lldeaaniiisoasany (Zhongshan) deagusnanaderamitualmingnn

iginal_refi =https%3A%2F%2F ine. %2Fsci % 2F il%2F961 =77%20%EQ0%B8%A7%E0%B8%B1%E0%B8%99%E0%B8%81%E0%B
B e B B A A b T A R e e AR A A A S S R S
arDulusodsEing i wninndneaiws uagiminmdsisnaudu snaswaad nanszausan uazinadaduy Ustnadily maludadaaiasanataiinsau s

https://m.mgronline.com/science/detail/9610000093729 1/9


https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjstON6Kfjzn7n_cRqEPE7ruwBQb2VPUD4aqDHm__z_BtMOMqID_4-qT8lg9fCgort8yf5CclhH_jHCzVXTT2CAn8WGNaZ15nSMOfuxb40wEq2ogsSxG_OIHhJ66fMiVsWbvfTLJQasSiscZ71nTTsx_i2NEEUq5aaKcUUzI4A4JvHi8YsIQYGRrqM1J75N9UFN7Uw1QiwqbIsXVPwSRF91L-ahZa-20Eb5UAVH1pe0SpUegceocwaOyKiGKaDer-4hSYVQO1iK_G6Pg&sai=AMfl-YSOxqePvjehD28bxLNu58fcMoaSzFZgI3kboJAb1JQqep_MgUeyk-4tYwwbvLmBTOCc0arPILVUn6tb67JIDE7xy3MHDSRXYf3Hj2IWxnmgc-sdZn23DclTjeCmPiwqMZVGQQ&sig=Cg0ArKJSzLjaBYxKwSl7&adurl=https://drive.google.com/file/d/1RXd11zE64z1qtza-2geUX7bGu0kdWBJQ/view%3Fusp%3Dsharing&nx=CLICK_X&ny=CLICK_Y
https://mgronline.com/science/detail/9610000093729
https://www.facebook.com/sharer/sharer.php?app_id=286286018051153&u=https%3A%2F%2Fmgronline.com%2Fscience%2Fdetail%2F9610000093729
https://social-plugins.line.me/lineit/share?url=https%3A%2F%2Fmgronline.com%2Fscience%2Fdetail%2F9610000093729
https://twitter.com/intent/tweet?original_referer=https%3A%2F%2Fm.mgronline.com%2Fscience%2Fdetail%2F9610000093729&text=77%20%E0%B8%A7%E0%B8%B1%E0%B8%99%E0%B8%81%E0%B8%A5%E0%B9%89%E0%B8%B2%E0%B8%9D%E0%B8%B1%E0%B8%99%20%E0%B8%9E%E0%B8%B2%E0%B8%87%E0%B8%B2%E0%B8%99%E0%B8%A7%E0%B8%B4%E0%B8%88%E0%B8%B1%E0%B8%A2%E0%B8%94%E0%B8%B2%E0%B8%A3%E0%B8%B2%E0%B8%A8%E0%B8%B2%E0%B8%AA%E0%B8%95%E0%B8%A3%E0%B9%8C%E0%B8%AA%E0%B8%B9%E0%B9%88%20%E2%80%9C%E0%B9%81%E0%B8%AD%E0%B8%99%E0%B8%95%E0%B8%B2%E0%B8%A3%E0%B9%8C%E0%B8%81%E0%B8%95%E0%B8%B4%E0%B8%81%E0%B8%B2%E2%80%9D&url=https%3A%2F%2Fmgronline.com%2Fscience%2Fdetail%2F9610000093729
https://m.mgronline.com/
https://mgronline.com/
http://truehits.net/stat.php?login=manager
https://news1live.com/

2/19/2019 q05.-07. 89 gRaumuuasiowunsaNindde asiFatonsiiug sasilanlsd Anwedaaaiin

A1 AAaRMALATINDUNLINIE Ak dai
ihantd dnwnsiaaati

Suii 18 fuanau 2561 - 14:09 u.

O iy Ry @

/f Changvan

\\\'Ill

i fean g Kﬂ \;’ viconiix River Falls

P MahidolUniversity  Mamp .

Fuii 18 Auenau da11TuiTaaAEATWIITNE (29ANITUWIZU) HIUAY N Inendedaalni waad
217 TATINITANNNINT AN M TIRHA A FASLRYINENARATUIIENATATI e f 5A.UUSA JUNT

85554 NUSA &0 TUIIUANTARATUNIZNEA TA.FUWUS JFIKT12ITIWUE TavadnIsuANKIINeNRE
tatealuaal @s 1s1nsai aAeina niIin1esan1533e8n1531516 2N UALERA@ LLAZUN IR AAS 2111l

Hluauase! Aatluuiivaing Tnas 3 ussviade 'ine’
uan 24 Ju1 Wa...uu

aruunauea‘talil >

https://www.matichon.co.th/local/quality-life/news_1135813 1/2


https://www.matichon.co.th/local/quality-life
https://www.matichon.co.th/wp-content/uploads/2018/09/1-192.jpg
https://www.matichon.co.th/politics/news_1346089

2/19/2019 Thailand Send astronomical Travel cosmic rays in Antarctica. — Manchikoni

. _—

b CHIANG MAL ' ST
9 UNIVERSITY “A‘R” Ms)

@Chcngvcn

=Y

—

=

MahidolUniversity  ni®

Prof. and Chiang Mai University collaborated on research in astronomy and polar science. Develop tools and

equipment to study the effects of cosmic rays. Sending astronomers to take a boat to explore Antarctica.

National Institute of Astronomy (Public Organization) or Faculty of Natural Sciences, University of Chiang
Mai. Press Conference on Astronomy and Polar Science Research Collaboration with Associate Prof.
Boonpar Suntonthamthum, Advisor, National Institute of Astronomy Associate Professor Dr. Lion King Vice
President of the University of Chiang Mai Dr. Waraporn Nuntiyakul, Head of Research Project and Mr.
Pongpichit | have treatment Astronomers said the Astronomy and Polar Science Research Collaboration
project will begin in 2013. Her Royal Highness Princess Maha Chakri Sirindhorn Chakri Sirindhorn His
Majesty the King wants to study Astronomy and Polar Atmosphere Research with the People's Republic of
China. And assigned The project has been coordinated with the relevant agencies. Until 6 April 2019, HRH
Princess Maha Chakri Sirindhorn. Chakri Sirindhorn Majesty graciously. President of the Polar Research
Institute of China (PRIC) in Beijing, China. He joined the Scientific Committee on Antarctic Research (SCAR)
in the same year. Antarctica is a challenging area, both the weather and the terrain. It is difficult to lead to the
development of innovation and technology to work. The purpose of the National Astronomical Research

Institute

https://manchikoni.com/thailand-send-astronomical-travel-cosmic-rays-in-antarctica/ 2/4
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A Thai scientist will join a Polar Research Institute of China team in a five-month research project covering astronomy and pole science to begin on Nov
10 and end on April 10, next year in Antarctica.

The purpose of the study is to better understand the impact of cosmic rays on Earth, which will lead to development of new equipment for further study
the impact of cosmic rays.

Pongpichit Chuanraksasat, 25, Thailand's first and only astronomer to take part in the planned Antarctic research, said he was honoured to be selected.

Apart from the fact that he would become a part of an important effort to generate knowledge, he also hoped to inspire students interested this field of
studies, said Mr Pongpichit, who works with the National Astronomical Research Institute of Thailand (NARIT).

Assoc Prof Sampan Singharajwarapan, vice-president of Chiang Mai University, said the university in cooperation with the NARIT had earlier this year
submitted a research proposal to the PRIC suggesting a study into the impact of cosmic rays on Earth.

The proposal was approved, as was a request to bring a cargo container modified into a research laboratory to Antarctica on the Xue Long ship together
with the research team, he said. The ship is due to leave Shanghai on Nov 10.

Thai-Chinese astronomical and Pole science cooperation was initiated in 2013 after Her Royal Highness Princess Maha Chakri Sirindhorn expressed a
wish for Thailand to begin cooperation in this field of studies, said Assoc Prof Boonraksa Soonthorntham, an adviser to the NARIT.
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UWREF

Physics Depariment « (715) 425-3235
The UW System Center of Excellence in Undergraduate Physics and Chemistry

March 21, 2017

Dr. Waraporn Nuntiyakul Program of Physics
Faculty of Science

Chandrakasem Rajabhat University

39/1 Ratchadaphisek Road

Khwaeng Chantharakasem, Chatuchak District
Bangkok, Thailand 10900

Dear Dr. Nuntiyakul:

| am writing to invite you to the University of Wisconsin-River Falls as a visiting scholar in the
Physics Department for the period of May 30, 2017 to July 28, 2017. During your time at
UWREF, you will be able to collaborate and interchange knowledge and skills with members of
the Physics department on neutron monitor research. 1 would be pleased to host you and pay all
your local expenses (food, housing, and local transportation) while you are in River Falls. You
also can insure your health care through the university-sponsored insurance policy. Currently the
cost of the insurance is approximately $125 per month for you as a Visiting Scholar. 1 will also
pay for air travel to and from the Minneapolis/St Paul International Airport from Bangkok,
Thailand.

About 10 undergraduates will be working with me and Assistant Professor Surujhdeo Seunarine
on astrophysics research this summer at UWRF including at least 3 who will work on neutron
monitor projects. You can learn more about the UWRF physics program at
www.uwrf.edu/PHYS/. The IceCube Research link on the left brings you to an astrophysics link
that describes the summer research opportunities for students. You can learn more about the
neutron monitors at http://neutronm.bartol.udel.edu/ and the IceCube Neutrino Observatory at
http://icecube.wisc.edu/.

Professor Seunarine and | are looking forward to having you at UWRF. We are confident that
your presence would be mutually beneficial to our strong and growing neutron monitor research
program. Please do not hesitate to contact me if you have questions.

Sincerely,

O@N\JM

James Madsen
Professor, Chair Associate Director, Director of E&O
UWREF Physics Department IceCube Collaboration

UNIVERSITY OF WISCONSIN-RIVER FALLS
410 S. Third Street * River Falls, W| 54022-5001 » USA



UWREF

Physics Depariment « (715) 425-3235
The UW System Center of Excellence in Undergraduate Physics and Chemistry

March 14, 2018

Waraporn (Fhon) Nuntiyakul, Ph.D.
Department of Physics and Material science,
Faculty of Science, Chiang Mai University
239 Huay Kaew Road, Muang District
Chiang Mai THAILAND, 50200

Dear Dr. Nuntiyakul:

| am writing to invite you to the University of Wisconsin-River Falls as a visiting scholar in the
Physics Department for the period of June 4, 2018 to August 10, 2018. During your time at
UWREF, you will be able to collaborate and interchange knowledge and skills with members of
the Physics department on neutron monitor research. 1 would be pleased to host you and pay all
your local expenses (food, housing, and local transportation) while you are in River Falls. You
also can insure your health care through the university-sponsored insurance policy. Currently the
cost of the insurance is approximately $125 per month for you as a Visiting Scholar.

About 10 undergraduates will be working with me and Assistant Professor Surujhdeo Seunarine
on astrophysics research this summer at UWRF including at least 3 who will work on neutron
monitor projects. You can learn more about the UWRF physics program at
www.uwrf.edu/PHYS/. The IceCube Research link on the left brings you to an astrophysics link
that describes the summer research opportunities for students. You can learn more about the
neutron monitors at http://neutronm.bartol.udel.edu/ and the IceCube Neutrino Observatory at
http://icecube.wisc.edu/.

Professor Seunarine and | are looking forward to having you at UWRF. We are confident that
your presence would be mutually beneficial to our strong and growing neutron monitor research
program. Please do not hesitate to contact me if you have questions.

Sincerely,

O%N\qd’eﬁ

James Madsen
Professor, Chair Associate Director, Director of E&O
UWREF Physics Department IceCube Collaboration

UNIVERSITY OF WISCONSIN-RIVER FALLS
410 S. Third Street * River Falls, W| 54022-5001 » USA
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g 104 The Green
SITYor Department of Physics 217 Sharp Lab

EIA\/VARE & Astronomy Newark, DE 19716-2570
‘ Phone: 302-831-2661

Fax: 302-831-1637

May 10, 2017

Dr. Waraporn Nuntiyakul
Chandrakasem Rajabhat University
Faculty of Science

39/1 Ratchadaphisek Road
Khwaeng Chantharakasem
Chatuchak District

Bangkok 10900 THAILAND

Dear Dr. Nuntiyakul:

Thank you for telling me that you will be in Wisconsin this summer. | hope you may
also be able to visit us here in Delaware to discuss our ongoing collaboration. Pierre-
Simon and | would very much like to hear of your work on the latitude survey data.

If you are able to visit us, we are prepared to pay your local expenses for a stay of
approximately one week. We would also pay your travel expenses from Minneapolis.
At your option we will provide you with a round trip air ticket to Philadelphia, or (with
appropriate documentation) we will reimburse you for the additional expense of
adding a stop in Philadelphia to your international ticket.

Please note that, in order for us to pay any of your expenses, you must have a
minimum of a “B-1 Business” visa. You should be able to apply for this visa at the US
Embassy in Bangkok. When you have the visa we can also reimburse you for any
expense you incur in obtaining it. Original receipts would be required for any
reimbursement.

We look forward to your visit.

-

A0 ———

aul Evenson
Professor

Best regards,

pae:xps

www.udel.edu



NIVERSITYoF Department of Physics
L]

AWARE ‘ & Astronomy

April 12, 2018

Dr. Waraporn Nuntiyakul

Chiang Mai University

Department of Physics and Materials Science
Faculty of Science

239 Huaykaew Road,

Tumbol Suthep, Amphur Muang

Chiang Mai 50200 THAILAND

Dear Dr. Nuntiyakul:

Thank you for telling me that you will be in Wisconsin this summer. | hope you may
also be able to visit us here in Delaware to discuss our ongoing collaboration. Pierre-
Simon and | would very much like to hear of your work on the analysis of the Oden
survey.

If you are able to visit us, we are prepared to pay your local expenses for a stay of
approximately one week. We would aigo pay your travel expenses from Minneapolis.
At your option we will provide you with a round trip air ticket to Philadelphia, or (with
appropriate documentation) we will reimburse you for the additional expense of
adding a stop in Philadelphia to your international ticket.

Please note that, in order for us to pay any of your expenses, you must have a
minimum of a “B-1 Business” visa. You should be able to apply for this visa at the US
Embassy in Bangkok. When you have the visa we can also reimburse you for any
expense you incur in obtaining it. Original receipts would be required for any
reimbursement.

We look forward to your visit.

Best regards:”
/ D / 1 i
#/?/?,ﬂ (é({i/“f’ M
I ;ul Evenson
Professor

pae:Xps
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Analysis of Data from the 2009-10 Ship-Borne Bare Neutron
Counter Latitude Survey

Waraporn Nuntiyakul

Chandrakasem Rajabhat University Thailand

Within our solar system, space weather is influenced by the solar wind and the interplanetary magnetic field
(IMF) carried by the solar wind plasma. Severe space weather storms can expose people to increased radiation
levels, shut down electrical systems, and interfere with radio signals. Space weather probably effects the weather
and climate on our planet but we do not yet have a precise understanding of the influence. Space weather can be
monitored at ground level by indirectly observing changes in the interplanetary magnetic field with detectors that
measure cosmic rays from the Sun and galactic sources. The specific objective of this research is to refine
understanding of the detectors termed “bare neutron counters” which are now installed at the United States
National Science Foundation station at the geographic South Pole. The main goal is to determine the response
function of detectors using data collected on a latitude survey on the Swedish icebreaker Oden from Helsingborg,
Sweden to McMurdo, Antarctica and back from November of 2009 to April of 2010. Initial results on the data due to
pressure variations and short-term variations in modulation level over the course of survey based on variations in

the McMurdo count rate are reported. Supported in part by the Thailand Research Fund via Research Grant for New
Scholar MRG6080086 and Research Team Promotion Grant RTA5980003.

Astronomy and Astrophysics from Antarctica
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ABSTRACT

Neutron monitors are ground-level detectors of cosmic ray-induced atmospheric secondary particles (mostly neutrons) that are employed world-wide to study variations in the flux of galactic
cosmic rays and solar energetic particles in the GeV regime. The neutron monitor standard design (NM64) minimizes detector response to neutrons below ~10 MeV produced by cosmic ray
interactions in the ambient medium. Bare detectors or simply “bares”, which lack the lead and polyethylene of NM64 monitors, detect such neutrons and therefore respond on average to
cosmic rays of lower energy. The array of NM64 and bares at the South Pole has been used for many years to measure solar energetic particle spectra relying primarily on relative response
functions derived from a single latitude survey in 1976. We have recently completed analysis of a second survey from November, 1995 to February, 1996 from three bares operated together
with a 3NM64. The solar modulation conditions in 1995 and 1976 were remarkably similar but the results from the 1995-6 survey differ significantly from the interpretation of the 1976 survey
most commonly used for the determination of solar particle spectra. We present results from another survey from November, 2009 to April, 2010 with two bares that are now installed at the
South Pole. A significant correction to the 2009 data due to highly different modulation conditions, and implications for interpretation of solar energetic particle spectra will be discussed.

INTRODUCTION

Ground level cosmic ray detectors respond to the primary particles by detecting atmospheric
secondary particles. The relation between the primary flux and the detected particles is most
fundamentally expressed by the yield function, which is basically an energy dependent effec-
tive area. Another key concept is the differential response function (DRF) which is the product
of the primary particle spectrum (G), modulation function (M), and the yield function (YF). The
DRF is defined as the negative of the derivative of the count rate as a function of local geo-
magnetic cutoff rigidity (P.), expressed in momentum per charge, and measured in GV. The
Dorman analysis for determining the response function [Dorman et al., 1969] utilizes a param-
eterized fit to pressure-corrected data as a function of apparent geomagnetic cutoff rigidity.
The Dorman function is given by:

N(

P

Cc

)= N, (1-¢%"), (1)

where N, is the count rate at low P., and o and x are unphysical fit parameters that provide
an excellent representation of the integral response function N, which can be analytically dif-
ferentiated to describe the DRF:

DRF(P) =—

N(P)=[ DRF(P)dP, (2)
DRF (P)= N,aP " 'ke ™", (3)
We can relate the DRF to G(P), M(P,t), and YF(P,h) for primary particles of each type i:
=26 (p)u (PayE (P, (@)
| e dp d

OBSERVATIONS

Track of the USCGC Polar Star for
the 1995-1996 Survey
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BF, PROPORTIONAL COUNTER
(STAINLESS STEEL WALL)

URETHANE FOAM

PVC bare detector

INNER PVC, HEAT TAPE

Track of the Oden Swedish Icebreaker for
the 2009-2010 Survey

=

proportional counter:
97% helium-3 and 3% CO,

Paraffin-wax bare detector

Figure 1 Each white-background block illustrates the route of a survey, superimposed on contours of
vertical cutoff rigidity. Numbers give vertical cutoff rigidity in GV. The 1995-6 latitude survey employed
two types of neutron detectors, three PVC bare detectors and a standard 3NM64, whereas the 2009-10
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latitude survey employed two Paraffin-wax bare detec-
tors and the IceTop tanks now installed at the Geo-
graphic South Pole, which are important for monitoring
solar energetic particle (SEP) events.

Figure 2 Example of data for the 2009-10 survey
year: (a) Counting rate corrected for barometric pres-
sure of the paraffin-wax bare detectors. Blue points
Indicated the data when the ship was in the ocean.
Red points indicated the data at the port calls. (b) Ge-
omagnetic cutoff rigidity in GV as a function of time.

DATA REDUCTION

Figure 3 Pressure coefficient » (mmHg™) as a function of

0.015

k- 3w (19042007 apparent geomagnetic cutoff rigidity P.. Black triangles and
U ¢ sevcsae s line: 3NM64, 13 years of summed data [Nuntiyakul et al.,
0.0051 4 20den-Bare (2000) * l 2014]. Blue circles: Three bare counters, 1995 data. Red

o

circles and line: Two bare counters, 2009 data. Vertical er-
o : ror bars represent the standard error of pressure coeffi-
.-r—+,+-nf—+—-—f? J’—i*#: cient deduced from the scatter of the points. The 2009 re-
+ + sults imply b vs. P. that is similar to that inferred from
J 0 3NM64 data. For the 1995 and 2009 analyses we have
corrected bare data with the well-determined coefficient

‘ I from the 13 year dataset for the 3NM64.

Figure 4 (a) McMurdo count rate vs. time. (b)

Paraffin-wax bare count rate corrected for pressure

vs. McMurdo count rate. The gray data points indi-

T ARTE cated Forbush Decrease event. Linear trend of

L RV count rates in different cutoff rigidity bins against
BN the count rate of the McMurdo monitor.
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Figure 6 (a) Dorman function fits to data for three bare counter surveys. (b) Comparison of
normalized differential response functions for the 1976, 1995 and 2009 surveys for the bare neutron
detectors. Our best estimates of the Pole yield function for bares and monitors using all available da-
ta: To date all of our papers have been based on one latitude survey, conducted in 1976 by a South
African group. Specifically we have used an interpretation of the data published by Stoker (1985)
with few details of his data fitting method. He gives two “limiting cases” of his analysis — the solid
lines (without error shading) in the figure, called Stoker-A and Stoker-B. The result of the 1995 sur-
vey is shown by the black curve (3Bare — 1995). The differential response function depends on the
cosmic ray spectrum. It turns out that the modulation conditions in 1995 and 1976 were remarkably
similar. The result is the green curve (1Bare — Previous work — 1976) which is virtually identical to
our measurement in 1995. The 2009 survey data analysis is preliminary. The first results are shown
in the red and blue curves (2Bare — this work — 2009) representing the Southbound and Northbound
trips. At this point a direct comparison with the earlier data is impossible because 2009 had highly
different modulation conditions — a “record high” at low energy and a primary cosmic ray spectral
shape that was also highly unusual.

CONCLUSIONS & FUTURE PLAN

/
l

To understand the fundamental properties of the bare counters we must develop corrections for three different solar modulation effects. (1) Overall flux levels are higher in 2009. (2) Parti-
cle spectral shapes have changed more than one would expect from, for example, the force-field model. (3) Solar magnetic polarity in 2009 is opposite to that in 1976 and 1995. We plan to
develop new electronics to do absolute timing and minimize dead time for a neutron monitor latitude survey in 2019 collaborating with the National Astronomical Research Institute of Thai-
land (NARIT) and CAA of China. Supported in part by the Thailand Research Fund via Grant RTA5980003, Research Grant for New Scholar MRG6080086, and SCAR AAA group.
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Polar Research Institute of China

Address: 451 Jingiao Road, Shanghai 200136, China Fax: +86-21-58711663

Dr. Waraporn Nuntiyakul
Department of Physics and Materials Science, Chiang Mai University
239 Huay Keaw Road, Muang, Chiang Mai, 50200, Thailand

Subject: Invitation to visit Polar Research Institute of China
Dear Dr. Waraporn Nuntiyakul

The Latitude Survey Project (LSP) is a joint scientific research project between
National Astronomical Research Institute of Thailand, Chiang Mai University, Polar
Research Institute of China and University of Delaware. The project aims to
investigate changes in magnetic fields in the solar wind and in the magnetosphere of
the Earth, via measurements of neutrons in the cascade reactions produced by
primary cosmic rays entering the upper atmosphere along the path from Shanghai to
Antarctica. LSP has been approved, by China Arctic and Antarctic Administration,
State Oceanic Administration, as a scientific research project of the 35™ Chinese
Antarctic Expedition. We plan to install the instruments of LSP onto “Xuelong”
icebreaker around the end of October.

Since you are the key scientist of LSP, | am writing to invite you to visit Polar Research
Institute of China to discuss the procedures of installation and operation of LSP
instruments. The suggested schedule is as following: 10" October to 15™ October for
discussion with related scientists attending Asian Forum for Polar Sciences held in
Xiamen; 20" October to 31 October for equipment installation in Shanghai. |
understand that the cost of your international flights, accommodation and local
expenses in China is fully covered by Chiang Mai University.

| am looking forward to meeting you in Xiamen and Shanghai.

Sincerely yours,

Peng liang  Associate Professor
Antarctic Astronomy Division, Polar Research Institute of China
E-mail: jiangpeng@pric.org.cn  Tel: 0086-21-50366419

07 Oct 2018

passport and personal information:

Nuntiyakul, Waraporn

Passport no: AA6398141; Issue date: 11 MAY 2016; Expiry date: 10 MAY 2021
Gender: Female

Date of birth: 13 AUG 1981
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