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Abstract Neutron monitors are the premier instruments for precisely tracking time variations

in the Galactic cosmic ray flux at GeV-range energies above the geomagnetic cutoff at the location

of measurement. Recently, a new capability has been developed to record and analyze the neutron time
delay distribution (related to neutron multiplicity) to infer variations in the cosmic ray spectrum as well.

In particular, from time delay histograms we can determine the leader fraction L, defined as the fraction of
neutrons that did not follow a previous neutron detection in the same tube from the same atmospheric
secondary particle. Using data taken during 2000—2007 by a shipborne neutron monitor latitude survey,
we observe a strong dependence of the count rate and L on the geomagnetic cutoff. We have modeled this
dependence using Monte Carlo simulations of cosmic ray interactions in the atmosphere and in the neutron
monitor. We present new yield functions for the count rate of a neutron monitor at sea level. The simulation
results show a variation of L with geomagnetic cutoff as observed by the latitude survey, confirming that
these changes in L can be attributed to changes in the cosmic ray spectrum arriving at Earth’s atmosphere.
We also observe a variation in L with time at a fixed cutoff, which reflects the evolution of the cosmic ray
spectrum with the sunspot cycle, known as solar modulation.

1. Introduction

Neutron monitors (NMs) are ground-based detectors of secondary neutrons and other particles produced in
atmospheric cascades from primary cosmic ray ions. NMs are sensitive to secondary particles that undergo
nuclear interaction with a dense lead producer, inducing tertiary neutrons that are detected by proportional
counters filled with BF; or 3He gas. The count rate is the most widely used measurement from the NMs.
Monitoring the count rate provides information about variations of the cosmic ray flux entering at the top of
the atmosphere. Long-term variations (with the 11 year sunspot cycle and the 22 year solar magnetic cycle)
and short-term variations (with the rotation period of the Sun or Earth and temporary Forbush decreases due
to solar activity) have been intensively studied since the middle of the twentieth century with a worldwide NM
network. The altitude and the geographic location of the detector affect the atmospheric structure and the
geomagnetic field encountered by the primary particles. Combining the data from the different NMs requires
a reliable characterization of the relationship, called the yield function, between the energy spectrum of the
cosmic rays at the top of the atmosphere and the observed count rate. Data analysis as well as Monte Carlo
simulations have often been used to provide estimates of the neutron monitor response function [Clem and
Dorman, 2000; Caballero-Lopez and Moraal, 2012; Mishev et al., 2013; Nuntiyakul et al., 2014; Maurin et al., 2015].

From 1994 to 2007, a shipborne neutron monitor with three BP-28 ('°BF;) counter tubes which we call the
mobile monitor (MM) was carried across a large range of geomagnetic cutoff rigidities to directly measure the
response function and provided fruitful observations about the primary Galactic cosmic ray (GCR) spectrum
[Nuntiyakul et al., 2014]. Starting in 2000, thanks to special electronics, in addition to the count rate measure-
ment, the MM was able to record histograms of the time delay between two consecutive counts in the same
tube [Bieber et al., 2004]. Such data are related to the multiplicity (number of counts per secondary particle)
but provide additional information about variations in the cosmic ray spectrum [Ruffolo et al., 2016]. So far,
only a small portion of the latitude survey time delay data have been analyzed. From the multiple latitude
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surveys, we now perform an analysis of the time delay histograms for varying geomagnetic cutoff rigidity by
extracting a parameter introduced by Ruffolo et al. [2016], the leader fraction L, i.e., the fraction of counts that
are not temporally associated with a previous count in the same neutron counter tube.

Section 2 presents analysis and results from the time delay histograms recorded during the latitude surveys of
2001-2007. In section 3, we detail a complete set of Monte Carlo simulations performed to model the count
rate and the leader fraction L observed in the latitude survey data at varying cutoff rigidity. The comparison
of observations with Monte Carlo results is discussed in sections 3.2 and 4.

2. Analysis of the Latitude Survey Data

The purpose of a latitude survey with a cosmic ray detector is to take data over a large range of cutoff rigidity
in a short period of time. For each survey epoch, the derivative of the count rate as a function of cutoff rigidity,
called the differential response function, is the NM yield function times the cosmic ray spectrum. Although
the three-tube MM had a smaller size than most fixed NMs, there are clear advantages of using such an instru-
ment to study the cosmic ray spectrum as opposed to using multiple fixed NM stations: (i) the single detector
system requires no intercalibration; (ii) the geomagnetic field can be used as a continuous spectrometer;
and (iii) a wide range of rigidity cutoffs can be covered, up to more than 16 GV. The only modern fixed station
at such high cutoff, the Princess Sirindhorn Neutron Monitor station located in Thailand at a vertical cutoff of
~16.8 GV, began operating afterward, in August 2007.

The MM and its operation were described by Nuntiyakul et al. [2014], and so they are discussed only briefly in
this article. The MM was composed of three proportional counter tubes of standard NM6é4 design [Hatton and
Carmichael, 1964], in other words a 3NM64. The MM was installed inside an insulated container (called the
TasVan) carried by one of the Polar Class icebreakers of the U.S. Coast Guard. As shown in Figure 1, a typical
journey of the ship through the Pacific Ocean started from Seattle (USA) in November. The ship traveled to
McMurdo Base in Antarctica during the austral summer and returned to Seattle in April. In the following, the
“survey year” refers to the year in which the survey began.

2.1. Time Delay Distributions

For each of the three tubes, the electronics provided hourly time delay histograms with different time scales
as presented in Figure 2. For more details about the experimental determination of the histograms, we refer to
Ruffolo et al. [2016]; in particular, the present measurements used the 600 series electronics described there.
The long time histogram presents an exponential tail representing the coincidence time delay distribution
between two uncorrelated incoming secondary particles (SPs, mostly neutrons). The short time histogram,
whichis actually azoomin the long time histogram, shows the nonexponential excess at short time delays that
can be attributed to the time delays between neutrons produced in the same secondary particle interaction
in the lead.

It has been shown by Ruffolo et al. [2016] that it is possible to extract a parameter from the time delay his-
tograms, the leader fraction L, which is the statistically determined fraction of neutron counts that did not
follow a related count due to the same primary cosmic ray. The L value is the inverse of the average multi-
plicity, i.e., the average number of counts produced by a secondary particle. Three methods can be used to
estimate L from the time delays histograms [see Ruffolo et al., 2016, section 3.1]. In the present work, we use
the first method, in which L is determined by

1-— e—aro

L=
aeatd

m

where « and A are the parameters from the long time histogram fitted to the function /i(t) = Ae™*, t, = 142ms
is the overflow time in the electronic system, and t; ~ 80-90 s is the electronic dead time in the circuit
dedicated to the computation of the time delay histograms.

2.2, Data Selection

The full available data set was first cleaned using the redundancy of the three tubes and anomalous time
periods were excluded as described in section 3 of Nuntiyakul et al. [2014]. As in that work, periods including
Forbush decreases larger than 10% at the McMurdo NM were removed. In addition to this selection, we
excluded from the analysis any period of time with at least one problematic neutron counter tube. The time
delay distributions during survey year 2000 were recorded with an early version of the electronics. In order to
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Figure 1. Tracks of the shipborne neutron monitor latitude surveys from 2000 to 2007, superimposed on contours of the
vertical cutoff rigidity in GV. The year of a survey refers to the year in which it started.

avoid systematic effects from the firmware version, those data have also been excluded in the present analysis.
Thus, only six surveys starting from 2001 have been used here.

The method described above requires sufficient statistics to properly fit a histogram and thus to extract the
leader fraction from the time delay distribution. Due to the low count rate per tube at sea level, typically
between 4 and 13 Hz, the histograms have been summed for every 3 h. We assume here that during a period
of 3 h, the count rate as well as the rigidity cutoff are relatively constant. Then, for a given 3 h period at time
t, the total leader fraction is computed as

3
L = Y L) 2
i=1

where L(t) is the leader fraction of the ith tube as calculated from the time delay distribution and f,(t) is the
contribution fraction of the ith tube to the total number of recorded time delays for the period t. Due to
its central position in the 3NM64 configuration, the contribution of the middle tube, f,, is larger than the
individual contributions of the two edge tubes. Typical values were f; ~ 0.32,f, ~ 0.36, and f; ~ 0.32. Note
that with this definition, L for the whole detector assesses the same information as each individual L, i.e., the
ratio of the total number of leader counts by the total number of counts for the whole detector.

The geomagnetic rigidity cutoff R, used in this analysis is the apparent cutoff presented by Clem et al. [1997],
using the efficient calculation technique presented by Bieber et al. [1997]. For every location and time of data
operations, nine incoming directions (the vertical one and eight directions with a zenith angle of 30°) are used
to determine R,. Thus, the anisotropy of the geomagnetic field and the east-west asymmetry at low latitude
are taken into account.

2.3. Observational Results
For each of the six surveys, L is sorted per bin of R,. Figure 3 presents the results. Each point shows the mean
value of L for the corresponding bin, and the error bar corresponds to the standard error. For each survey year,
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Figure 2. Distribution of the time delay between successive neutron counts at one counter tube recorded during one
specific 3 h interval. (left) Long time delays show the exponential distribution typical of unrelated events, while (right)
short time delays deviate substantially from the exponential function (red line). The electronic dead time is typically
ty ~ 80 — 90 ps.
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Figure 3. Dependence of the leader fraction L measured by the mobile The modulation due to changes in

neutro.n mor\itor on the apparent cutoff rigidit.y R, for the six surveys solar activity also impacts the value of
gperatmg with the §ame ﬁrmware, together with the rangg of Monte . L, as found by Ruffolo et al. [2016] for
arlo results for various cosmic ray spectra and atmospheric profiles. This

confirms that the observed L is related to the rigidity spectrum of primary @ fixed station. At low R, a variation
cosmic rays impinging on Earth’s atmosphere. Note the overall dependence  up to ~0.004 is observed between the
on time at a given R, which is clearest at low R, reflecting the variation of  different surveys with a larger L for sur-
the cosmic ray spectrum with the sunspot cycle, known as solar modulation.
Monte Carlo results reproduce those trends but slightly underestimate the
absolute value of L.

vey years 2005 and 2006, which corre-
spond to a period of low solar activity,
weaker solar modulation, and softer
GCR spectra. Due to the lower modulation amplitude of the GCRs at high rigidity, this effect is smaller and
cannot be clearly observed at high cutoff rigidity with the available data set.

The systematic decrease of L from the R, range of 1 to 2 GV to the range of 0 to 1 GV could be related to
a significant decrease of the atmospheric pressure near Antarctica, which is the location where the survey
reached R, <1 GV. It is standard for NM count rates to be corrected for the effect of atmospheric pressure
variations, which would otherwise dominate over cosmic ray flux variations. Similarly, the leader fraction at
Doi Inthanon, Thailand, is corrected for a positive correlation with pressure variations [Ruffolo et al., 2016].
However, in each case the pressure effect needs to be determined from a large data set with good statistics.
In the present work, the statistics for L are insufficient to determine the pressure effect, so L has not been
corrected for pressure variation. We can merely speculate that there could be a positive correlation between L
and atmospheric pressure, as found at Doi Inthanon, because as the atmospheric depth seen by the primary
particles is lower, the SP spectra are harder, and L decreases. This could account for the lower L value for R, of
Oto1GV.

3. Monte Carlo Simulations

3.1. Methods

We performed Monte Carlo simulations using the software FLUKA 2011 [Ferrari et al., 2005; Bohlen et al.,
2014] with the interaction model DPMJET-IL.5 as recommended in the FLUKA manual. In this work we use the
method presented in Mangeard et al. [2016], consisting of three stages: (i) interactions due to primary cosmic
rays in the Earth’s atmosphere are simulated and secondary particle fluxes are extracted at the altitude of the
detector plus six meters, (ii) the sensitivity of the detector (including its surroundings) is determined for nine
species of SPs, and (iii) both simulation outputs are combined to estimate the detector response to primary
cosmic rays as well as the leader fraction.

3.1.1. Primary Cosmic Ray Spectrum

The simulated primary particles are protons (up to 1000 GeV) and alphas (up to 2000 GeV). Their distribu-
tions are assumed to be isotropic at the top of the Earth’s atmosphere. Simulations are performed for different
ranges of kinetic energies with the flux assumed to be uniform over kinetic energy within each range; the
desired spectrum is implemented later by means of weighting. The transport through the atmosphere is
determined without a geomagnetic field. Every SP produced by interactions in the atmosphere is linked to its
PP. The SPs are selected postsimulation depending on the rigidity cutoff at the location of the detector.
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Table 1. Characteristics of the Five Atmospheric Profiles

Name of Profile McM Hob Sea4 Seall Hon
Location McMurdo Hobart Seattle Seattle Honolulu
Latitude (deg) 77.86S 42.88S 47.59N 47.59N 21.3N
Longitude (deg) 166.65E 147.34E 122.34W 122.34W 157.87W
Period Jan-Feb Dec Apr Nov Nov
R. (GV) 0.1 1.71 1.73 1.73 12.6
Pressure P (mmHg) 7453 756.8 760.4 763.8 761.5
Atmosphere depth D (g cm™2) 1013.0 1031.4 1035.8 1040.5 1039.8

The cosmic ray spectrum above the atmosphere is modeled postsimulation using weights according to the
chosen model and solar activity. There is a systematic uncertainty from the choice of the local interstellar
spectrum (LIS) of GCR protons. While the Voyager 1 spacecraft has traveled beyond the heliopause, and its
data [Stone et al., 2013] can provide improved observational constraints on the LIS [Bisschoff and Potgieter,
2016; Ghelfi et al., 2016], there are differing opinions as to whether Voyager 1 is directly measuring the LIS
[e.g., Schereretal., 2011; Zhang et al., 2015], and in this sense the LIS remains somewhat uncertain. To estimate
the effect of the uncertain LIS, we employed a variety of LIS models for which the model dependence of the
modulation parameter has been investigated by Herbst et al. [2010]. Effects from the GCR heliospheric mod-
ulation are determined with the widely used force field approximation of Gleeson and Axford [1968]. Despite
some limitations exposed by Caballero-Lopez and Moraal [2004], the force field approximation allows a rela-
tively good parameterization of the modulation with only one parameter (¢). This simplicity allows us to easily
discuss the variations of the detector response with respect to the solar activity. The expression of the fluxes
and of the modulation depends on the differentiating energy variable: the kinetic energy per nucleon T or
the rigidity R. In the rest of this paper, this variable is indicated via a subscript. Let LISy ; be the LIS in terms of
T,i.e,, dN,;/dT, where N; refers to the number of PP of type i (proton or alpha) per unit area, unit time, and unit
solid angle at the edge of the heliosphere. The primary cosmic ray spectrum above the Earth’s atmosphere
can be expressed as a function of T and ¢:

T(T + 2E)
(T+®)(T +®, +2E,)’

Gr (T, ) = LIS; (T + @) (3)
where E, = 938 MeV/nucleon, ®; = (eZ;/A;)¢, and Z; and A are the charge and the atomic number of the PP,
respectively. If we express the flux in terms of R, the modulation relation becomes a function of R and ¢:
RZ

Ggi(R. @) = m'—'sm("? + ¢). (4)
Note here that ¢ can vary from a few hundred to more than a thousand MV during a solar cycle. As dis-
cussed by Herbst et al. [2010], the value of the modulation parameter ¢ actually depends significantly on
the chosen LIS. Herbst et al. [2010] also determined linear relations between the modulation parameters for
four different LISs with respect to the parameter ¢ ;5,5 determined by Usoskin et al. [2005]. We use those rela-
tions for the parameter ¢, (an updated version of ¢sos by Usoskin et al. [2011]). In this way, we tested
five different LISs, each with an appropriate time-dependent modulation parameter derived from ¢s;,. Dur-
ing the period of interest, ¢, varied roughly from 350 to 1000 MV, so those two values are used in the
simulation as boundaries for the solar activity during the latitude survey period (the peak ¢ys;; > 1200 MV
in November 2003 occurred in the recovery period from a large Forbush decrease of 28 October 2003,
which is removed from this analysis). In addition to those models, direct measurements of the proton and
alpha spectra from the Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics (PAMELA)
satellite are also used. The proton spectrum combined data measured for the period of 13 November
to 4 December 2006 [Adriani et al., 2013] up to a break energy F,, ~ 48.62 GeV, and data from the
period 2006-2008 [Adriani et al., 2011] at higher energy, assuming a negligible solar modulation above E, ,.
We lowered the latter spectrum by 3.2% according to the footnote of Adriani et al. [2013]. The He spectrum
comes only from the measurements of Adriani et al. [2011].

A significant fraction of the NM count rate is due to cosmic nuclei heavier than He impinging on the top of
the atmosphere. Their contribution is simulated by applying the appropriate factor F,, to the flux of alphas.
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Figure 4. Model geometry for Monte Carlo simulation of the mobile neutron monitor in a shipping container on
board a ship.

In the case of the LIS models, expressed in terms of kinetic energy per nucleon in Herbst et al. [2010], the overall
ratio of nucleons in nuclei with Z > 2 (modeled as « particles) to protons is set to 0.3 following Usoskin et al.
[2011]. In the case of the spectra from PAMELA for which the flux of alphas is measured, nuclei heavier than
alphas at a given kinetic energy per nucleon are assumed to contribute a fraction F = 0.354 of the nucleons
from cosmic rays heavier than protons, so we multiplied the PAMELA He spectrum in terms of kinetic energy
per nucleon by the factor F,, = 1/(1 — F) =1.548 [Caballero-Lopez and Moraal, 2012].
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Figure 5. (a) Simulated response of the middle neutron counter tube as function of the secondary particle (SP) kinetic
energy for various SP species at vertical incidence. (b) Comparison of the simulated neutron counter response to
secondary neutrons from the present work and from Clem and Dorman [2000] along with experimental data from
Shibata et al. [1997, 1999].
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Table 2. Percentage Contributions of Various Cosmic Ray
Shower Components to the MM Count Rates in Monte Carlo

Simulations

Secondary Particle Contribution (%)
n, £, < 10 MeV 1.74(1)
n, 10 MeV < E; < 1 GeV 79.6(5)
n, E, > 1GeV 8.1(1)
p 5.93(8)
e 3.01(2)
wt 0.614(3)
7 0.563(3)
e~ 0.153(1)
et 0.144(1)
- 0.128(8)
zt 0.088(6)

3.1.2. Atmospheric Model

The atmospheric models we use represent typical profiles in temperature, pressure, and composition of the
air with respect to altitude at the location of interest. The detailed calculation of the profiles used in this work
is explained in the appendix of Mangeard et al. [2016]. The profiles combine information from the Global Data
Assimilation System (https://ready.arl.noaa.gov/gdas1.php) at altitude up to ~26 km and the Naval Research
Laboratory Mass Spectrometer, Incoherent Scatter Radar Extended model (NRLMSISE-00) [Picone et al., 2002]
at higher altitude. The simulation of the cascade development stops at an altitude of 6 m above the altitude
of the detector. In the FLUKA simulation, the first 6 m over the detector are modeled by a fully absorbant
(blackhole) material. Particles entering this layer are recorded as SPs along with their characteristics and those
of their parent PP. Simulations of the cosmic ray interactions in the air were performed separately for five atmo-
spheric models according to the typical journey of the ship: Seattle (Sea11) and Honolulu (Hon) in November,
Hobart (Hob) in December, McMurdo (McM) in January and February, and Seattle (Sea4) in April. Their main
characteristics are presented in Table 1. For each simulation, about 48 million (SP, PP) pairs were recorded.
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Figure 6. Simulated yield functions of the MM for primary cosmic ray p and a using the Sea4 atmospheric profile

(P =760.4 mmHg and D =1035.8 g cm~2) from the present work and previous results (scaled to three neutron counters)
from Mishev et al. [2013] (MUK13) and from Clem and Dorman [2000] (CDOO; vertical incidence only). The empirical yield
functions from Caballero-Lopez and Moraal [2012] are presented for comparison.
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Table 3. Proton Yield Functions of a Standard 3NM64 at Sea Level for Various Electronic Dead Times

Counts Per Primary Flux (cm? sr)

R E,/Nucleon Dead Time

(GV) (GeV) Os 20 ps 100 ps 1.2ms 4ms
0.5 0.1249 — — — — —
0.7 0.2324 1.34e-2 1.33e-2 1.30e—-2 1.19e-2 1.18e-2
1 0.4331 3.65e-1 3.62e—1 3.52e-1 3.20e—-1 3.18e-1
2 1.271 1.12e+1 1.10e+1 1.07e+1 9.60e+0 9.51e+0
3 2.205 4.26e+1 4.27e+1 4.06e+1 3.61e+1 3.57e+1
5 4.149 1.61e+2 1.59e+2 1.52e+2 1.33e+2 1.37e+2
7 6.125 2.38e+2 2.34e+2 2.24e+2 1.94e+2 1.97e+2
10 9.106 3.78e+2 3.72e+2 3.54e+2 3.05e+2 3.01e+2
20 19.08 8.59¢e+2 8.43e+2 7.99e+2 6.81e+2 6.71e+2
30 29.08 1.37e+3 1.28e+3 1.27e+3 1.03e+3 1.07e+3
50 49.07 2.18e+3 2.14e+3 2.0%e+3 1.70e+3 1.67e+3
70 69.07 3.04e+3 2.97e+3 2.79e+3 2.34e+3 2.30e+3
100 99.07 4.23e+3 4.13e+3 3.87e+3 3.24e+3 3.19e+3
200 199.1 8.06e+3 7.83e+3 7.30e+3 6.06e+3 5.95e+3
300 299.1 1.18e+4 1.14e+4 1.06e+4 8.76e+3 8.59%e+3
500 499.1 1.86e+4 1.80e+4 1.67e+4 1.38e+4 1.35e+4
700 699.1 2.53e+4 2.44e+4 2.26e+4 1.85e+4 1.81e+4
1000 999.1 3.73e+4 3.58e+4 3.30e+4 2.68e+4 2.62e+4

3.1.3. MM Response to Secondary Particles

The response of the MM to the SPs was estimated with a separate simulation. The geometry of the surround-
ings has been included inside the FLUKA geometry editor. The ship has been simulated as three hollow boxes
(three decks) of stainless steel (thickness of 2 cm) as well as the shipping container as a smaller hollow box
(thickness of 2.54 cm) as presented in Figure 4. The geometry reflects the actual placement of the shipping
container on an upper deck to the side of the superstructure. The air composition is defined as that in the first
layer of the atmospheric simulation, and the pressure chosen is the one from the McMurdo profile. As shown
by Clem and Dorman [2000], the contribution of nonvertical SPs must be taken into account in the Monte
Carlo simulation. Moreover, the position of the detector on board and the structure of the ship is not invari-
ant with the incident azimuthal angle of the secondary particle. Following the method from Mangeard et al.
[2016], many sets of simulations have been performed depending on the type of particle, the kinetic energy,
and the incident direction with five zenith angles 8 (0°, 15°, 30°, 50°, and 70°) and eight azimuthal angles ¢
(from 0° to 315°). The beam is centered and located at 6 m over the MM with a rectangular area of 100 m? for
vertical incidence. The area is expanded depending on the incidence angle in order for the beam to cover the
detector well [Aiemsa-ad et al., 2015]. An electronic dead time of 28.4 ps has been used for the middle tube
and 19.4 ps for the edge tubes, according to the experimentally determined dead times.

The determination of the leader fraction from the simulation results is simpler than the determination from
the data for three reasons: (i) the absence of chance coincidences, (ii) the capability to identify each count
with a specific simulated secondary particle, and (iii) the knowledge of the time of the boron disintegration.
The dead time of the time delay electronics (known for each tube thanks to the time delay histograms) is then
imposed. As reported in Ruffolo et al. [2016], the dead time in the time delay electronics is about ~62 ps larger
than the dead time in the count rate electronics. A value of 90.4 ps is used for the middle tube and 81.4 ps for
the edge tubes. The leader fraction is then determined as the ratio of the number of SPs giving at least one
count to the total number of counts.

3.2. Monte Carlo Results

3.2.1. Count Rate as Related to Secondary Particles

Figure 5a presents the number of boron disintegrations (counts) in the middle counter tube of the 3NM64
per beam luminosity (SP cm™2), i.e,, the counter response, for beams of vertically incident SPs of various types.
The response generally increases with increasing energy. Above 1 GeV, the detection efficiencies of hadronic,
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Table 4. Alpha Particle Yield Functions of a Standard 3NM64 at Sea Level for Various Electronic Dead Times

Counts Per Primary Flux (cm? sr)

R E,/nucleon Dead Time

(GV) (GeV) O0s 20 ps 100 ps 1.2ms 4ms
0.5 0.0327 = = = = =
0.7 0.0632 = = = = =

1 0.1249 6.80e-3 6.75e-3 6.59e-3 6.09e-3 6.05e—-3
2 0.4331 5.37e+0 5.32e+0 5.17e+0 4.69e+0 4.65e+0
3 0.8311 3.76e+1 3.72e+1 3.60e+1 3.22e+1 3.19e+1
5 1.732 1.57e+2 1.56e+2 1.50e+2 1.32e+2 1.31e+2
7 2.685 3.54e+2 3.49e+2 3.35e+2 2.94e+2 2.90e+2
10 4.149 7.3%e+2 7.29e+2 6.96e+2 6.04e+2 5.96e+2
20 9.106 1.66e+3 1.64e+3 1.56e+3 1.34e+3 1.32e+3
30 14.09 2.64e+3 2.5%+3 2.46e+3 2.10e+3 2.07e+3
50 24.08 4.35e+3 4.26e+3 4.04e+3 3.43e+3 3.38e+3
70 34.07 5.78e+3 5.67e+3 5.36e+3 4.55e+3 4.47e+3
100 49.07 8.15e+3 7.98e+3 7.52e+3 6.35e+3 6.25e+3
200 99.07 1.57e+4 1.53e+4 1.44e+4 1.27e+4 1.18e+4
300 149.1 2.28e+4 2.22e+4 2.08e+4 1.73e+4 1.70e+4
500 249.1 3.70e+4 3.59e+4 3.35e+4 2.78e+4 2.73e+4
700 349.1 5.03e+4 4.88e+4 4.54e+4 3.76e+4 3.68e+4
1000 499.1 7.01e+4 6.78e+4 6.29e+4 5.18e+4 5.07e+4

electromagnetic and muonic SPs are clearly separated. The hadronic SPs are the most efficient in producing
counts. The response to protons and z* drops strongly below ~200 MeV, but the response to neutrons and
z~ remains strong due to the greater possibility of binding with and disrupting a lead nucleus to produce
neutrons that result in counts. The response to electromagnetic SPs increases by about 4 orders of magnitude
from 10-100 MeV to 100 GeV but remains significantly lower than that of hadronic SPs. Note that the pho-
tonuclear resonance in the lead (~10-15 MeV) is not present in the plot and the simple line between 10 MeV
and 50 MeV is not a proper estimation of the response to photons in the resonant energy range. We estimate
that neglecting this resonance in the present work affects the count rate by ~1%. The response to p* is about
3 orders of magnitude lower than that for neutrons. Above 1 GeV, the efficiency of p~ is similar to that for p*,
but below this energy, p~ are much more efficient in producing counts. Due to its negative charge and small
Bohr radius, a p~ is likely to be bound to and absorbed by a lead nucleus that then deexcites by emitting
neutrons that can enhance the count rate.

The contributions of the nine species of SPs to the total count rate are presented in Table 2. Percentages were
determined using the atmosphere model “Sea4” at sea level for the case of PAMELA spectra and no geo-
magnetic cutoff. About 89.4% of the counts are produced by neutrons, mostly between 10 MeV and 1 GeV.
However, about 10% of the count rate is due to the other SPs. Protons make the second largest contribution,
6%. Muons at sea level mostly have an energy between 1 and 100 GeV, where the detection efficiency is very
low, so their contribution to the count rate remains low, ~3.6% (mostly p~ with £,<10 GeV). The electromag-
netic component of the atmospheric shower at sea level is mainly at energies lower than 1 GeV, where the
detector sensitivity is very low. Thus, the contributions of y and e* to the count rate are minor. Despite the
high sensitivity of the detector to pions, those SPs provide only a minor contribution to the total count rate
due to their low fluxes at sea level. This is why the detector is called a neutron monitor.

We compared our simulation results with previous FLUKA work by Clem and Dorman [2000] and with exper-
imental determination of efficiency of the NM64 by Shibata et al. [1997, 1999] (Figure 5b). The experimental
results were obtained using neutron beams impacting about half of a TNM64 detector. This includes more
reflector than in our simulation of a 3NM64. All results were normalized to a 3NM64 middle tube response
using the coefficients from Mangeard et al. [2016]. We observe a good agreement between the two simu-
lations above 50 MeV where most of the counts come from. Differences at lower energy may be explained
by different geometries and surroundings implemented in the simulations, and environmental details have
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Figure 7. Dependence of the simulated count rate on the apparent cutoff rigidity R, for the five atmospheric profiles.
(a) Count rate as uncorrected for pressure. (b) Count rate corrected for pressure. (c) Black: Pressure corrected count rate
relative to that for Seattle in April. Dashed blue: Relative count rate corrected using the effective pressure, for McM and
Hon, which brings the relative count rates closer to unity.

significant effects on the neutron spectrum at this range of energy. Note, however, that such neutrons have
little effect on the count rate (see Table 2). For this comparison, a dead time of 20 us was used in all cases.
To estimate the experimental response in terms of counts (SP cm~2)~", we multiplied the efficiency values
from Shibata et al. [1997, 1999] by the area of a TNM64 (48.5 x 226.5 cm?). To take into account the dif-
ference between a TNM64 counter tube and the middle tube of the simulated 3NM64, we multiplied the
experimental 1NM64 efficiencies by a factor of 1.46 [Shibata et al., 2001], because an additional ~46% of that
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Figure 8. Deviation of the pressure P from the mean sea level pressure Py with respect to the deviation of the
atmospheric depth D from the mean sea level atmospheric depth Dy, for the five atmospheric profiles. The relation for
the profiles Hob, Sea4, and Sea11 (dots) can be fitted by a straight line of equation y(x) = 0.77x — 1.9 (dashed line). The
points for the profiles McM and Hon (open squares) lie significantly away from the straight line. The fitted function is
used to estimate effective pressures for McM and Hon.

count rate is expected in a middle tube due to neutrons impinging at the lead around neighboring tubes.
Considering the differences in setup and uncertainties, the experimental results and simulations are in fairly
good agreement.

3.2.2. Count Rate as Related to Primary Cosmic Rays

Our simulated yield functions for the profile Sea4 (760.4 mmHg; 1035.8 g cm~2), calculated using monoen-
ergetic and isotropic fluxes of protons and alphas, are presented by circles in Figure 6. The yield functions
are expressed in counts per primary particle per cm? sr. The yield function values for protons and alphas are
presented in Tables 3 and 4, respectively. Figure 6 also shows previous Monte Carlo simulation results for sea
level by Clem and Dorman [2000] (vertical incidence only) and Mishev et al. [2013], as well as empirical yield
functions that aim to explain latitude survey data by Caballero-Lopez and Moraal [2012]. We have corrected
a printing error in the first five values of the alpha yield function in Table 1 of Mishev et al. [2013] (I. Usoskin,
private communication, 2016). The previous Monte Carlo results were scaled from 6NM64 to 3NM64 config-
urations using the simulated normalization coefficients from Mangeard et al. [2016]. An electronic dead time
of 20 ps is assumed. At high rigidity, the various yield functions are similar and the yield function for alphas is
higher than that for protons by a factor of ~2, roughly corresponding to the ratio of the total kinetic energy
of an alpha and a proton at the same rigidity. In our results, the crossover at low rigidity between alpha
and proton yield functions occurs at ~5 GV, which is ~3 GV higher than the value determined by Clem and
Dorman [2000] and that reported in Figure 4 of Caballero-Lopez and Moraal [2012] and is compatible with the
crossover of Mishev et al. [2013]. The proton yield function in our results below 100 GV is mostly similar to
that of Clem and Dorman [2000] but seems to be significantly overestimated below 7 GV in comparison with
Caballero-Lopez and Moraal [2012].

The systematic effect of the choice of the atmospheric profile as a function of the rigidity cutoff is shown in
Figure 7, using PAMELA spectra of primary cosmic rays. Here and in other figures the error bars on Monte Carlo
results indicate the statistical uncertainty. As expected the absolute difference of the count rate between the
five profiles (Figure 7a) is dominated by the barometric effect. The simulated count rates were corrected to a
mean sea level pressure P, =760 mmHg using

Cp = CePP=Pa), (5)
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Figure 9. Dependence of the simulated pressure corrected count rates on the apparent cutoff rigidity R.. (a) Several
assumptions of local interstellar spectrum are presented, from Herbst et al. [2010], for two values of the solar modulation
parameter ¢s11 that bracket the range of values during the latitude survey period. The PAMELA spectra used here, for
2006, correspond to solar modulation at about 400 MV. (b) Comparison between the simulated response function for
PAMELA spectra with the Dorman function from the 2006 latitude survey [Nuntiyakul et al., 2014]. There is a substantial
discrepancy from the data at R, <6 GV.

where P is the pressure, C the count rate, and C,, the count rate corrected for pressure variation. The pressure
correction coefficient g, in units of percent per mmHg, was empirically determined by Nuntiyakul et al. [2014]
and depends on the cutoff rigidity R, (in GV):

f = 1.006 — 0.01534R,. ©6)

In other words, in order to correct the count rate, the variation of pressure is used here as a proxy of the
variation of the atmospheric depth D with respect to a mean sea level atmospheric depth D, =1033 g cm~—2.
The agreement between the two profiles at Seattle and the one at Hobart is ~1% (Figure 7b). This shows
the quality of the empirical correction for pressures close to P, and relatively similar profiles. For the other
two profiles (“McM” and “Hon"), a remaining shift of + ~1 Hz can be observed after the pressure correction.
Looking at McMurdo at R, = 0 GV and at Honolulu at high R, i.e., in the real geomagnetic conditions, Figure 7c
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Figure 10. Simulated leader fraction of the middle neutron counter tube as a function of secondary proton or neutron
kinetic energy at vertical incidence.

indicates that the pressure correction procedure of Nuntiyakul et al. [2014] can be expected to achieve the
correction within about +2%.

Much of the remaining difference of McM and Hon profiles relative to Sea4 is explained by the nonlinearity
of the relation between the variation of P around P and the variation of D around D, for the five simulated
profiles. As one can see in Figure 8, the linearity holds well for the three profiles where the pressure correction
gives good results (“Hob", Sea4, and “Sea11”). For McM and Hon, which are very different in terms of latitude,
humidity, temperature, and vertical atmospheric structure, a different correction must be applied. In order
to apply an appropriate correction, we determined, for each of those two profiles, an effective pressure P g
such that

Peff_Pslzy(D_Dsl) (7)

where y(AD) is the function of the straight line of Figure 8. We obtained Py v = 742.3 mmHg and
Peft on = 763.3 mmHg. Figure 7c shows that the agreement after the final correction is around 1%. In the
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Figure 11. Simulated leader fraction for the MM as a function of kinetic energy per nucleon, T, of primary cosmic ray p
and a using the atmospheric profile Sea4 (P = 760.4 mmHg; D = 1035.8 g cm~2).

MANGEARD ET AL.

NEUTRON MONITOR TIME DELAY DISTRIBUTION 11,632



@AG U Journal of Geophysical Research: Space Physics 10.1002/2016JA023515

0.845_— (1) S1 1:350 MV

0

u

=1000 MV
S11

0.84 U
0.835

0.83

Simulated leader fraction

0.825

0.82

2 4 6 8 10 12 14 16 18
R. (GV)

Figure 12. Monte Carlo results for the leader fraction as a function of the apparent cutoff rigidity R, for five atmospheric
profiles and five assumptions of the local interstellar spectrum from Herbst et al. [2010], for two values of the solar
modulation intensity that bracket the range of values of ¢, during the latitude survey period. In addition, we show
the range of Monte Carlo results based on PAMELA spectra for 2006 corresponding to a solar modulation of about

400 MV.

o

case of McM, where the pressure is significantly different (|Py, — Pyl ~ 15 mmHg), the difference from Sea4
progressively increases to a level of 2-3% for R. > 12 GV. This indicates that the correction is not sufficient at
high-rigidity cutoff and at low atmospheric pressure. The lack of data with a large |P — P| at a location with
a large R, [see Nuntiyakul, 2014, Appendix B] probably contributes to this remaining shift.

The effects from the choice of LIS model were estimated. As we can see in Figure 9a, there are system-
atic variations due to the choice of model and more generally to the chosen primary cosmic ray spectrum.
While the pressure effect is small and relatively constant with R, this LIS effect depends strongly on R, as
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Figure 13. Dependence of the leader fraction L measured by the mobile neutron monitor on the apparent cutoff rigidity
R, for the six surveys operating with the same firmware, together with the range of Monte Carlo results for various
cosmic ray spectra and atmospheric profiles. Observations were normalized relative to the leader fraction for the 1-2 GV
cutoff rigidity bin for survey year 2006 (0.851). Simulation results are normalized to the calculated leader fraction at

R. =1 GV using PAMELA spectra and the Sea11 atmosphere (0.843).
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well as on the solar modulation. This finding is in agreement with previous work, which shows variations
from 10 to 30% between different computed count rates [Clem and Dorman, 2000] and between different LIS
models [Herbst et al., 2010]. Taking into account the nonvertical primary particles at the top of the atmosphere
does not reduce the yield function at low rigidities, and the simulated differential response function is still
largely overestimated under 10 GV (Figure 9b) in comparison with latitude survey data. Finally, the difference
of response to primary cosmic rays between the middle tube and the edge tubes is noticeable in our simu-
lated results where the edge-to-middle tube count rate ratio decreases from about 0.894 at R, = 0 GV t0 0.892
atR. = 16 GV, for PAMELA spectra.

3.2.3. Leader Fraction as Related to Secondary Particles

Figure 10 presents the variation of the leader fraction in the middle tube with kinetic energy for SP protons
and neutrons with vertical incidence angle, using the measured dead time of 90.4 ps for time delay data; note
that the dead time for the count rate is much shorter at 28.4 ps. As expected, the more energetic hadronic
SPs undergo interactions (typically in the producer) with greater multiplicity (lower L). The leader fraction for
hadronic SPs is highly dependent on the SP energy and decreases from L ~1 at 1 MeV to L < 0.5 at 10 GeV.
Neutrons with energy lower than 1 MeV typically produce at most only one count; the corresponding leader
fraction is consequently about 1. As was found for the count rate, the asymmetric surroundings have signifi-
cant effects on L, depending on the incidence angle. For instance, in the middle tube for a beam of 100 MeV
neutrons, the azimuthal dependence (~1%) of the leader fraction at nonzero zenith angle is associated with
the ship’s structure due to attenuation of the high-energy portion of the neutron beam along with produc-
tion of less energetic neutrons as the beam passes though the metal structure. The same effect, upon passage
through the atmosphere, explains an overall increase in L at high zenith angle.

3.2.4. Leader Fraction as Related to Primary Cosmic Rays

The leader fraction has been also calculated using monoenergetic and isotropic fluxes of primary cosmic ray
protons and alphas. Figure 11 shows a decrease of L with the kinetic energy per nucleon of the simulated
primary particle. Above 10 GeV, protons and alphas of the same energy per nucleon give the same L value. It
can be interpreted that the secondary particle spectrum (at sea level) is similar for both types of primaries for
the same energy per nucleon.

The leader fraction, L,c, was determined from simulation results as a function of the cutoff rigidity for realistic
models of the primary cosmic ray spectrum. For each of two solar modulation parameters, ¢s;; = 350 and
1000 MV, which bracket the range of values during the latitude surveys, Figure 12 shows the ranges of Ly,
values for the 25 combinations of 5 LIS + force field models and the 5 atmospheric profiles. The range of results
using PAMELA spectra for five atmospheric profiles is also shown. Note that no pressure correction is applied
to the leader fraction. Ly decreases by ~0.02 as the apparent rigidity cutoff increases from 0 to 18 GV. The
solar modulation is stronger at low rigidity, where the ranges of Ly, values for ¢s;; =350 and 1000 MV are
separated. Atlarge R, for a given ¢,;5,; deviations between results for different LIS models and for atmospheric
profiles are larger than at low R.. The overlap of the bands shows that the variation with the solar modulation
is smaller at large R.. Figures 3 and 13 show that the Monte Carlo results can explain the observed changes in
L, both with respect to the cutoff rigidity R. and with respect to the solar modulation, with a nearly constant
shift in the absolute value. This confirms that changes in L can be used as an indicator of the spectral variation
of the primary cosmic ray flux at the top of the atmosphere.

4. Discussion

In this work, we further explore the use of the leader fraction L determined from neutron monitor time delay
histograms to indicate changes in the primary cosmic ray spectrum. Our analysis of multiple latitude surveys
(from 2001 to 2006) provides the first measurements of the variation of a neutron monitor leader fraction L
with geomagnetic cutoff rigidity and with solar modulation. To confirm that the observed changesin L indeed
indicate changes in the cosmic ray spectrum, we developed a Monte Carlo simulation of the mobile neutron
monitor. We determined the sea-level yield functions for the MM count rate as well as expected variations in
the count rate and L.

Our results show an absolute count rate agreement within 22% between our Monte Carlo results and latitude
survey observations from Nuntiyakul et al. [2014] with a better agreement, <5%, at large cutoff rigidity. Note
that to account for overall changes in the MM count rate for some (but not all) surveys, presumably due to
different placement and surroundings of the MM on the ship from year to year, Nuntiyakul et al. [2014] nor-
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malized the MM count rate in those surveys based on the count rate ratio of the MM to the NM at McMurdo,
Antarctica while the ship was near McMurdo, with changes up to 4.7%. This shows that the varying place-
ment of the MM on the ship affected the observed count rate by up to 4.7%, implying an uncertainty on the
Monte Carlo estimation of the count rate. In any case, our Monte Carlo results overestimate the count rate at
low cutoff rigidity by more than this uncertainty.

If the count rate is normalized to 1 at R, = 0 GV, the normalized count rate at a given R, represents the frac-
tional contribution of primary cosmic rays at R > R_ to the total count rate at all P. Our simulated results predict
the contribution to the count rate of the primary cosmic rays at R. > 17 GV to be about 40.2%, compared
with about 50.2% in the observation. Comparing to the Figure 4 of Mishev et al. [2013] that gathers several
previous results for an equivalent solar modulation, our values are in agreement with previous results of sim-
ulation using the GEANT4 simulation package [Agostinelli et al., 2003] by Debrunner et al. [1982], Fliickiger
et al. [2008] and Matthid et al. [2009]. We obtain a better agreement with the observation than the previ-
ous FLUKA simulation results by Clem and Dorman [2000], which predict a much lower contribution (<35%)
from primary particles with R, >17 GV. We do not achieve a relative agreement with normalized latitude sur-
vey data as good as in Mishev et al. [2013] and Gil et al. [2015], which use GEANT4 with PLANETOCOSMICS
[Desorgher et al., 2005]. This may be due to the change of the hadronic interaction model used by FLUKA from
DPMJET at T > 5 GeV nucleon™ to the Relativistic Quantum Molecular Dynamics (RQMD) model at lower T.
The transition energy is within our energy range of interest. Improvements in the FLUKA atmospheric shower
development calculation are needed to achieve a better agreement between the observed and simulated
count rates for the primary particles with a rigidity lower than 10 GV. At R, >12 GV, we note that absolute
(unnormalized) agreement between our simulated and observed count rates is very good (<5%).

We studied the systematic effect from the choice of atmospheric profile. The count rate can be corrected for
pressure and atmospheric depth differences. After correction, the agreement between the count rates using
the five atmospheric profiles is at the level of ~1%. We studied the systematic effect of the choice of the
cosmic ray spectrum at the top of the atmosphere. In particular, we employed five existing models of the local
interstellar spectrum (LIS) together with the force field model for a previously tabulated solar modulation
parameter as a function of time, adjusted as appropriate for each model [Herbst et al., 2010]. We also used
the spectrum observed by PAMELA during 2006 (for details see section 3.1.1). The difference between Monte
Carlo results for different LIS models represents the dominant uncertainty in Monte Carlo estimation of both
the count rate and the leader fraction.

There is a shift of about 1% in the absolute value of L between data and Monte Carlo simulation (Figure 3).
This could be explained by an incomplete simulation of the detection process within the detector (e.g., all
boron disintegrations are counted in the simulation). The simple geometry for simulation of the ship may also
impact the SP interactions in the surroundings of the MM and modify the energy distributions of the SPs that
produce counts.

The observed variations of L with changing cutoff rigidity and solar modulation are consistent with our Monte
Carlo simulation results, confirming that L can be used as an indicator of cosmic ray variation.
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