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Abstract.
The neutron monitor provides continuous ground-based recording of the hadronic

component in atmospheric secondary radiation which is related to primary cos-
mic rays. Simpson (1948) discovered that the latitude variation of the secondary
hadronic component was considerably larger than the muon component suggesting
the response of a neutron monitor is more sensitive to lower energies in the pri-
mary spectrum. The di�erent methods of determining the neutron monitor response
function of primary cosmic rays are reviewed and discussed including early and
recent results. The authors also provide results from a new calculation (Clem, 1999)
including angle dependent yield functions for di�erent neutron monitor types which
are calculated using a simulation of cosmic ray air showers combined with a detection
e�ciency simulation for di�erent secondary particle species. Results are shown for
IGY and NM64 con�gurations using the standard 10BF3 detectors and the new 3He
detectors to be used in the Spaceship Earth Project (Bieber et al., 1995). The method
of calculation is described in detail and the results are compared with measurements
and previous calculations. A summary of future goals is discussed.
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1. Introduction

In order to understand the ground-based neutron monitor as a primary
particle detector a relationship between the count rate and primary ux
must be established. Primary particles, not rejected by the geomagnetic
�eld, enter the atmosphere and undergo multiple interactions resulting
in showers of secondary particles which may reach ground level and
be detected by a neutron monitor. Therefore a yield function must in-
corporate the propagation of particles through the Earth's atmosphere
and the detection response of a neutron monitor to secondary particles
such as neutrons, protons, muons and pions. The response functions
can then be determined by convolving the cosmic ray spectra with the
yield function. The expected count rate from latitude surveys can be
calculated by integrating the resulting response functions.

After the invention of the neutron monitor by Simpson (1948), the
concept of response functions was introduced by Fonger (1953), Brown
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Figure 1. Count rate recorded on the Italian Antarctic Program 3-NM-64 survey
during 1996-97 (Villoresi, 1997).

(1957) and Dorman (1957) , and since then, a number of ventures have
been taken to fully characterize these functions and to understand their
inherent features. Complete interpretation requires knowledge of the
detection e�ciency, atmospheric particle transport, primary compo-
sition and energy spectrum, and geomagnetic particle transport. This
paper focuses speci�cally on particle transport through the atmosphere
and the detection e�ciency of a neutron monitor.

The integral response function (count rates) is directly measured
during a neutron monitor latitude survey, which is a mobile station
that records counting rates while traversing a range of geomagnetic
cuto�s (Moraal et al., 1989, and references therein). An example of
count rates recorded during a typical survey is displayed in Figure 1, re-
vealing a strong correlation with geomagnetic cuto�. Equation (1) pro-
vides a simpli�ed mathematical description of the relationship between
parameters relevant to a latitude survey in the usual approximation:

N(PC ; z; t) =

1Z

PC

X
i

(Si(P; z)ji(P; t))dP =

1Z

PC

WT (P; z; t)dP (1):

where N(PC ; z; t) is the neutron monitor counting rate, PC is the ge-
omagnetic cuto�, z is the atmospheric depth and t represents time.
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Si(P; z) represents the neutron monitor yield function for primaries
of particle type i and ji(P; t) represents the primary particle rigidity
spectrum of type i at time t. It should be emphasized that the geo-
magnetic cuto� PC and the yield function Si(P; z) both depend on the
arrival direction of the incident primary particles. The vertical cuto�
rigidity usually su�ces as an adequate approximation to the lower-limit
rigidity of the primary spectrum, however there are some documented
cases where the contribution of obliquely incident primaries are re-
sponsible for anomalies observed in latitude surveys (Clem et al., 1997
and Stoker et al., 1997). The total response function WT (P; z; t) on
the right hand side of Equation (1) is de�ned as the summed product
of Si(P; z) and ji(P; t), and has a maximum value in the range of 4-
7 GV at sea-level depending on the solar modulation epoch at time t.
It should be explicitly noted that a latitude survey can only provide a
response function at the time of the survey since the primary spectrum
ji(P; t) is time correlated with the 22 year solar cycle (Fisk et al.,
1969 and Garcia-Munoz et al., 1986) and is also subject to sudden
transient e�ects such as Forbush decreases or solar energetic particles.
The study of response functions has lead to improved understanding of
the quantities mentioned above and of the neutron monitor operation.
including the additional information gained from multiplicity counts.
A brief review of the neutron monitor design is discussed.

2. Background and Review of the Neutron Monitor Design

In a neutron monitor, neutron sensitive proportional tubes, surrounded
by moderator material and a lead target, detect near-thermal neutrons
produced locally from interacting incident particles. Even though neu-
trons do not leave an ion trail in the proportional tube, the absorption
of a neutron by a nucleus is usually followed by the emission of charged
particles which can be detected. A proportional tube �lled with either
10BF3 or 3He gas responds to neutrons by the exothermic reaction
10B(n,�)7Li or 3He(n,p)3H. The reaction cross-sections for both nuclei
is inversely proportional to the neutron speed, having a thermal end-
point (0.025eV) of roughly 3840 barns and 5330 barns respectively, as
shown in Figure 2.

Surrounding each counter is a moderator which serves to reduce the
energy of neutrons, thus increasing the probability of an absorption in-
side the counter while also providing a reecting medium for low energy
neutrons. The moderator material is chosen to contain a signi�cant frac-
tion of hydrogen as the energy loss per neutron elastic collision increases

with decreasing atomic mass (dEE = 4A cos2�recoil

(1+A)2 ). The neutron elastic
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Figure 2. The reaction cross section versus neutron energy for 3He and 10B.

interaction pathlength of hydrogen in typical moderator materials is
roughly 1 cm (En � 1 MeV) and each interaction reduces the incident
neutron energy by a factor of 2 on the average. The lead producer,
which surrounds the moderator, provides a thick large-nucleus target
for inelastic interactions in which secondary neutrons are produced.
A high atomic mass (A) is preferred in the producer as the neutron
production rate per unit mass of a material is roughly proportional to
A with  � 0:7 in the 100-700 MeV incident energy range and slowly
decreasing with increasing energy (E � 400 GeV,  � 0:0). (Shen,
1968). Surrounding the lead is an outer moderator, usually referred
to as to the reector, which serves to contain low energy neutrons
produced in interactions within the lead as well as reject unwanted low
energy neutrons produced in the local surroundings from entering into
the detector.

In some stations each counter has a dedicated electronics interface
allowing the ability to measure multiplicity coincidences between coun-
ters which is the simultaneous occurrence of counts in multiple counters.
The count rates of di�erent multiplicity levels can then be recorded
and analyzed (Raubenheimer et al., 1980). The neutron monitor's peak
energy response to secondary particles increases with increasing mul-
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tiplicity, suggesting each multiplicity level is related to the primary
spectrum through a di�erent yield function.

Generally the most unstable component of the neutron monitor
is the Earth's atmosphere which must be closely monitored at each
station. The response of a neutron monitor is dependent on the air
mass over-burden, and therefore meteorological changes can a�ect the
counting rate. Even though the neutron monitor design is optimized
to detect secondary neutrons from interactions occurring primarily in
the producer, atmospheric corrections are still necessary at the few
percent level as discussed in the next section. For further details on
neutron monitor design see Stoker et al. (2000)

3. Atmospheric E�ects

Atmospheric corrections for neutron monitors are based on theory and
experimental investigations of meteorological phenomena that a�ect
the passage of particles through the atmosphere (Dorman, 1970, Hat-
ton, 1971 and Iucci et al., 1999). The meteorological e�ects that are
associated with changes in the air mass overburden are obviously the
most important. During stable atmospheric conditions, the barometric
pressure recorded at the monitor site is a good measure of the air
overburden and an approximate correction can be written as

dN = ��Ndp (2)

where � is the attenuation or barometric coe�cient, dN is change in the
count rateN and dp is the change of the barometric pressure. In general
the barometric coe�cients used at each neutron monitor station are
determined empirically, however these values can be calculated through
Monte Carlo simulations. Direct measurements have shown that the
barometric coe�cient is a function of latitude and altitude (Moraal
et al., 1989 and Raubenheimer et al., 1974) which increases with alti-
tude below 600mm-Hg and decreases with altitude above 600mm-Hg
(Carmichael et al., 1969b). Observations have also shown that the
barometric coe�cient varies with the solar cycle (Hatton, 1971 and
references therein).

The barometric coe�cient is actually a weighted sum of individual
barometric coe�cients for each secondary component that contributes
to the counting rate. These individual coe�cients are directly coupled
to the fundamental properties that de�ne particle transport through
the atmosphere such as hadronic interactions, energy loss, scattering
and particle decay length. Since the resulting e�ect from each of these
mechanisms is energy dependent, the barometric coe�cient is expected
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to vary to some degree with the rigidity cuto� and the shape of the
primary spectrum (modulation level). The energy, angular and species
distribution of secondary particles in the atmosphere varies greatly with
depth therefore the barometric coe�cient is also expected to vary in
altitude. As an example, equation (2a) provides the barometric coef-
�cient values derived empirically from a �t to coe�cients reported by
11 sea-level neutron monitor stations with various cuto�s during 1995
(Clem et al., 1997).

� = 0:983515� 0:00698286Pc (2a)

where � is in units of percent per mmHg and Pc is units of GV(gigavolts).
A change in the density-altitude pro�le, usually caused by tempera-

ture changes at di�erent altitudes, will vary the population of unstable
species produced in the atmosphere. The most signi�cant e�ect is the
change in the ratio of the number of pion interactions to pion decays.
This e�ect alters the distribution of species types which contribute to
the count rate and therefore, varies the e�ective barometric coe�cient.
Unlike the pressure e�ect, the temperature e�ect is related to a series of
coe�cients de�ning the mass distribution between the �rst interaction
point and ground level (Dorman, 1957, Bercovitch et al., 1966). At sea-
level the e�ect is much less than in the muon counter array (Duldig,
2000) mainly due to the relatively low contribution of muons and pions
to the neutron monitor count rate.

It also has been reported that measurements of atmospheric pressure
are signi�cantly a�ected by strong turbulent winds due to the Bernoulli
e�ect. Consequently, the standard pressure corrections (equation 2) for
neutron monitor data for the e�ects of air overburden changes can lead
to erroneous results during high wind conditions. Various techniques
for wind speed corrections have been proposed which improve the re-
liability of pressure corrected data (B�utikofer et al., 1999, Iucci et al.,
1999 and references therein).

Particular care in monitoring meteorological phenomena must be
taken during latitude surveys. Neglecting the accuracy in these obser-
vations can produce serious systematic e�ects in the resulting response
function that are derived from the pressure corrected count rates.

4. Review on Determining Response Functions

The methods for determining a neutron monitor response function
can be separated into 3 di�erent categories; 1) parameterization of
latitude survey observations, 2) theoretical calculation and 3) Monte
Carlo simulation of cosmic ray transport through the atmosphere and
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the neutron monitor detector using fundamental knowledge of high
energy physics, nuclear physics and geophysics. The limitations and
advantages of each method are discussed below.

4.1. Parameterization Method

The parameterization method directly determines an approximation to
the total response function by �tting a chosen function to the count
rates measured during a neutron monitor latitude survey (Rauben-
heimer et al., 1981). Lockwood et al. (1974) derived the response func-
tion through a piece-wise function to match the slope changes in lat-
itude survey observations while others have used simple polynomials
in log-log space to �t to latitude surveys. However, the most com-
monly used �tting function is the Dorman function (Dorman, 1970)
shown as equation (3). Numerically, the Dorman Function represents
most latitude surveys fairly accurately (Stoker, 1995, Moraal et al.,
1989), particularly when the geomagnetic cuto� values are corrected
for obliquely incident particles (Clem et al., 1997, Stoker et al., 1997).
Futhermore, the upper and lower limits in the Dorman function are
physically acceptable. However, the simplicity of this technique, which
uses only 3 free parameters, is a double edged sword. It is very stable
and simple to apply, but the fact that very little physics was used
to construct the Dorman function may cause unphysical smoothing of
data. Moreover, this analysis limits the amount of information that can
be isolated and extracted such as the primary spectrum, atmospheric
transport and detection e�ciency.

In their extensive analysis of latitude surveys, Nagashima et al.
(1989) constructed a modular �tting function by combining the modu-
lation function, galactic spectrum, atmospheric transport and detection
e�ciency through separate parameterizations based on the theories and
observations of the process. This method allows isolation of each term
(ignoring correlation e�ects) and the ability to verify physical repre-
sentation through comparing the derived quantities with other obser-
vations and calculations. The resulting response functions are shown in
�gure 3. The analysis was quite successful in reproducing latitude sur-
vey observations, however the derived galactic spectrum is somewhat
atter than that obtained from balloon and space measurements.

In general, the parameterization method restricts direct determi-
nation of response functions to depths of latitude survey observations
which are usually performed at sea-level and 30,000 ft (Nagashima et
al., 1989). There are only 3 documented airborne surveys that have
been performed at mountain altitudes (5000-10,000 ft) (Sandstr�om,
1958 and Carmichael et al., 1969a), while a good fraction of monitor
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Figure 3. Total di�erential response function of a neutron monitor for di�erent
atmospheric depths during solar minimum (solid lines) and maximum (dashed lines)
as derived by Nagashima et al. (1989) .

stations reside on mountains. Moreover, the choice of functional form
to be used in a parameterization analysis can bias the �nal �t, however
with special care as with Nagashima et al. (1989) biasing e�ects can be
easily recognized and corrected.

4.2. Theoretical Calculation Method

The calculation method does not necessarily rely on observational data,
but instead attempts to quantify all the fundamental physical mech-
anisms that signi�cantly a�ect the transport of radiation through the
atmosphere. This method is obviously more complex to perform and
requires very accurate input data such as interaction cross-sections,
interaction kinematics, secondary multiplicities, secondary angular dis-
tributions, energy loss e�ects, multiple Coulomb scattering and the
atmospheric density pro�le just to name a few. Most of the required
input data have been measured to the accuracy needed to perform this
calculation, however a single inaccurate input can lead to systematic
errors. The major advantage to this method is that the range of input
parameter values is limited to the accuracy of the measured input data
and each parameter has a fundamental physical de�nition. In most
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cases however, the physical uctuations and correlations in the trans-
port equations are not implemented properly and instead approximate
independent Gaussian errors are propagated through the calculation
leading to systematic e�ects in determining mean values. Dorman and
Yanke (1981) developed an atmospheric cascade calculation to deter-
mine yield functions for neutron monitor stations located at mountain
altitudes. Ignoring scattering e�ects, and pion and muon production,
they constructed transport equations of di�erential particle multiplicity
and determined a solution by the method of successive generations. The
solution was then used to determine the yield function and response
functions. In comparison with other work, this result is more consis-
tent with sea-level observations than higher elevations, possibly from
neglecting the e�ects mentioned above.

Yanke (1980), Belov (1997) and Belov (1999) parameterized the
results of Dorman and Yanke (1981) using a depth dependent Dorman
function as shown in equation (3)

N(R) = N(0)(1� exp(��P��+1C )) (3)

where PC is the cut-o� rigidity and � and � are depth dependent
parameters. The �rst derivative of equation (3) gives the total response
function

W (PC) =
�dN

N(0)dPC
= �(� � 1) exp(��P��+1C )P��C

having a maximum value

Wmax = �P�1max exp
�
�

�

� � 1

�
;where Pmax =

��(�� 1)

�

�1=(��1)

The median rigidity is

Pmed = (�= ln 2)1=(��1)

For solar minimum the derived parameters are expressed by the follow-
ing expression

ln� = 1:84+0:094h�0:09 exp(�11h); � = 2:40�0:56h+0:24 exp(�8:8h)

and for solar maximum activity

ln� = 1:93+0:15h�0:18 exp(�10h); � = 2:32�0:49h+0:18 exp(�9:5h)

where h is atmospheric depth in bars. These functions provide a good
representation of the Dorman and Yanke (1981) calculation in the
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rigidity range of 2 < R < 50GV . The least square �t of this parameter-
ization was applied to calculated data only within this range therefore
results calculated outside of these limits are unphysical.

The detection e�ciency of neutron monitors can be separately deter-
mined using similar techniques. Hatton (1971) calculated the particle
transport through a neutron monitor structure and determined the
neutron monitor response to ground-level particles. This required the
combining of results from three di�erent calculations: 1) the probability
of a particle punching through the reector and interacting within the
lead, 2) the mean number of neutrons produced per interaction and
3) the probability for detecting a neutron. The results provided the
average number of counts per incident proton and neutron for NM-64
and IGY con�gurations as discussed in section 5.1. The muon con-
tribution was determined as a percentage to the total counting rate.
This result has become the standard detection response adopted by
numerous workers.

4.3. Monte Carlo Method

A Monte Carlo simulation of particle transport can be constructed if
the probability distribution is known for each process. In this method,
particle transport is simulated as a sequence of ights along a trajec-
tory where each ight length is a random variable depending on the
process cross-section of the material. As with a theoretical calculation,
the Monte Carlo method does not necessarily rely on observational
data and requires very accurate input data of fundamental transport
quantities. The major di�erence is that the Monte Carlo attempts to
simulate all the signi�cant physical mechanisms in the expected time
sequence producing a history of particle tracks. In general the Monte
Carlo is used to generate a population of cascades and the history of
each cascade in the form of particle tracks is recorded. The recorded
data can then be used to determine spectra uences scored for di�erent
particle species and then the results are weighted by the detection
e�ciency of a neutron monitor to determine the counting rate.

One of the �rst successful attempts in developing a Monte Carlo
to simulate cosmic ray cascades was the work of Debrunner and co-
workers (Debrunner et al., 1968, Fl�uckiger, 1977, Raubenheimer et al.,
1977). The results from this work are fairly consistent with the observed
secondary proton spectrum and latitude surveys. This Monte Carlo
also has been used to determine the detection e�ciency of modi�ed
NM-64 neutron monitors and to study the multiplicity observations in
latitude surveys (Raubenheimer et al., 1980). They reported that good
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Figure 4. Comparison of solar neutron yield functions at the Climax Neutron Mon-
itor station as function of incident energy at the top of the atmosphere with slant
depth of 776g/cm2. Shibata (1994) results are represented by the circle symbols and
Debrunner et al. (1997) results are shown as squares.

qualitative agreement is found between observational and simulated
results.

The input data in this Monte Carlo has since been updated and the
code has been modi�ed to transport solar neutrons (Debrunner et al.,
1997). Shibata (1994) developed an extensive Monte Carlo calculation
independent of the above work to also simulate the transport of primary
neutrons. Figure 4 displays yield functions determined from both Monte
Carlo calculations for conditions expected at the Climax neutron mon-
itor station with primary neutrons arriving at 28.8o with respect to the
zenith at the station. As shown there are signi�cant di�erences in the
low and high energy regions. This could be the result of implementing
di�erent treatments of elastic neutron-nucleus collisions and obliquely
incident primaries. The attenuation of neutrons through thick carbon
slabs has been measured using an accelerator at the Research Center
for Nuclear Physics, Osaka University. This work should help resolve
di�erences between the two simulations (Koi et al., 1999).The details
of solar primary neutrons are beyond the scope of this chapter and will
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not be further discussed, however Debrunner (2000) and the above are
excellent references to the subject.

Over the years, numerous particle accelerator sites have supported
groups to construct software tools to simulate elementary particle trans-
port using the available data. After much work and cross-checking
some of these software packages have become very accurate, but are
usually specialized for applications associated with the facilities. There
are a few packages, however that are applicable outside this domain.
One such package entitled FLUKA (FLUcuating KAscades) (Fass�o et
al., 1993,1997) is applicable to the 3-dimensional transport of particles
through the atmosphere and a neutron monitor with energies ranging
0.02eV to 20TeV (Clem et al., 1997, Clem, 1999). As an example,
the FLUKA package was used to determine the detection response
of di�erent neutron monitors and the transport of particles through
atmosphere. These results will be discussed and compared to work
mentioned in the following section.

5. Monte Carlo simulation based on FLUKA

5.1. Detection Response

The neutron monitor (NM) detection response for secondary particles
at ground level was determined using FLUKA combined with programs
written by Clem (1999) to simulate the proportional tube and electron-
ics response to energy deposition in the gas. The standard dimensions
and composition of materials of an IGY and NM-64 were used as input
to the geometry (Hatton, 1971). Initially, a four meter diameter parallel
beam of mono-energetic particles at a �xed angle fully illuminates the
neutron monitor and is repeated for di�erent incident beam angles,
initial energy and particle species including neutrons, protons, positive
and negative pions and muons. Data are stored for every beam particle
that produces a minimum value of energy deposited in any counter.
These data are then used to generate a pulse height distribution which
is integrated (with dead-time and pile-up e�ects) to determine the total
number of counts per beam luminosity (number of beam particles/beam
area).

Figure 5 displays the resulting detection e�ciency of a NM-64 with
10BF3 counters for 6 di�erent particle species in the vertical incident
direction. As shown the detector response is optimized to measure the
hadronic component of ground level secondaries. The NM response
from muons above 1 GeV is roughly 3.5 orders of magnitude below
the hadrons. In this energy region, the primary mechanisms for muon
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Figure 5. Standard (BP-28 proportional tubes) NM64 calculated detection e�ciency
for secondary particles arriving in the vertical direction.

induced counts are neutron production in photo-nuclear interactions
and electromagnetic showers resulting in multiple ionization tracks in
a counter. Below 1 GeV, stopping negative charge muons are captured
by a lead nucleus into a mesic orbit and absorbed by the nucleus. The
de-excitation of the nucleus occurs with the emission of neutrons which
is reected in the rise in detection e�ciency with decreasing energy.

As expected, there is practically no di�erence in the response be-
tween neutrons and protons in the high energy region, while at lower en-
ergies the ionization energy loss of protons becomes signi�cant, greatly
reducing the probability of an interaction, which is reected in the
decreasing detection e�ciency. Positive and negative charged pions pro-
duce almost identical responses at high energies while at lower energies
negative pions undergo nuclear capture like negative muons. However,
the pion absorption time after capture is much less, compensating for
the pions shorter decay-time as reected in the rise in negative pion
e�ciency. It also should be noted that the pion inelastic cross sections
are smaller than those of a nucleon in the high energy region and,
therefore, have a lower detection response since the NM vertical lead
depth is only 80% of the nucleonic inelastic interaction pathlength.

Shown in Figure 6 is the resulting detection e�ciency for protons
and neutrons in NM-64 and IGY neutron monitors compared with
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Figure 6. Comparison of Neutron Monitor detection e�ciency data and calculations.

Hatton's calculation (1971) and NM-64 accelerator data (Shibata et
al., 1997, 1999). The dashed lines represent Hatton's calculation and
solid lines represent the present calculation. Unfortunately, the data
lie in the only region where the calculations agree and the data are
consistent with both calculations. Coincidently, in this region lies the
peak response for both NM-64 and IGY monitors when ground-level
spectra are considered. It is not clear why the two calculations di�er
outside this region.

Figure 7 displays the calculated detection response of an NM-64
for vertical incident neutron and proton beams. This plot shows sim-
ulations for the traditional BP-28 detector employing 10BF3 and for
a detector using 3He designed to have a similar response (Clem, 1999,
Pyle et al., 1999). The calculated 3He NM-64 response is systematically
slightly higher. Pyle et al. (1999), reporting preliminary results from a
recent latitude survey, suggest that the 3He NM-64 response is roughly
5% higher than predicted by this calculation. Various small e�ects in
the survey system not included in this simulation could contribute to
this di�erence (see Stoker et al., 2000 for detector speci�cations).

Figure 8 shows the detection response of an IGY, BP-28 NM-64
and 3He NM-64 for incident neutrons extended down to near thermal
energies. Both NM-64 types agree quite well for the full energy range
with curves almost superimposed, however the IGY has a di�erent
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Figure 7. Calculated detection e�ciency of 3He NM-64 and 10BF3 NM-64 for
protons and neutrons.

Figure 8. A comparison of calculated detection e�ciency of incident neutrons over
full range of energies.
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response in both magnitude and shape. The shapes of the curves are
very similar for energies above 100 MeV, however, below this energy
the shape di�erences are signi�cant mainly due to the thicker reector
used in the IGY. As shown, the additional thickness is much more
e�cient at preventing low energy neutrons from entering the detector
region, however this increases the number of carbon inelastic collisions
reducing the average neutron yield per interaction.

5.2. Particle Transport through the Atmosphere

The propagation of primary particles through the Earth's atmosphere
was also simulated with FLUKA. Primary particles are �ltered through
either a uniform or angle dependent e�ective cuto� rigidity (Clem
et al., 1997, Cook et al., 1991, Lin et al., 1995, Smart et al., 2000)
calculated for each geographical location, and the surviving particles
are transported through the atmosphere. The simulated ground-level
particle intensities, folded with the calculated neutron monitor detector
response are then used to calculate a geographically dependent counting
rate. The details of the simulation are described below.

Mono-energic primary protons and alphas are generated at di�erent
�xed incident directions within the rigidity range of 1 GV | 2000 GV.
Alpha particles are initially transported with a separate package called
HEAVY (Engel el al., 1992) to simulate fragmentation. This package
interfaces with FLUKA to provide interaction starting points for each
nucleon originating from a helium nucleus.

The atmosphere is divided into sixty (bottom boundary radius =
6378.14 km) concentric spherical shells with di�ering radii and density
to simulate the actual density pro�le (Gaisser, 1990) with a vertical
total 1033g/cm2 column density for sea level and 305 g/cm2 for 9.1 km
(30,000 ft). Above 500 meters the atmospheric composition (Zombeck,
1982) is constant with a 23.3% O2, 75.4% N2 and 1.3% Argon distri-
bution by mass while below 500 meters a varying addition of H2 from
0.06% at sea-level to 0.01% at 500 meters is included to account for
the abundance of water vapor.

The outer air-space boundary is radially separated by 65 kilometers
from the inner ground-air boundary. A single 1 cm2 element on the
air-space boundary is illuminated with primaries. This area element
de�nes a solid angle element with respect to the center of the Earth
which subtends a slightly smaller area element on the ground. Particle
intensity at sea-level or 30,000 ft-level is determined by superimposing
all elements on the bottom boundary. Due to rotational invariance this
process is equivalent to illuminating the entire sky and recording the
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ux in a single element at ground level, but requires far less computer
time.

An event data base was accumulated from outputs of many runs with
di�erent rigidities, incident angles and primary types. The information
for all generated primaries and resulting particles at sea-level was stored
in a format such that the sea-level particles could be linked to the
parent primary. This format allows the same data base to be used for
calculations with di�erent rigidity cuto�s.

The propagation calculation ignores some e�ects that should be
pointed out:

� The geomagnetic �eld is ignored during transport through the
atmosphere. For instance, the trajectory of a vertical incident 5GV
primary proton near the geomagnetic equator is deected by roughly
8 degrees over an arc length of 50km

� The additional overburden grammage from typical housing struc-
tures for neutron monitor such as walls and ceiling is disregarded.

� The Earth's surface is treated as a perfect particle absorber (black
hole material) and splash albedo is ignored from ground interac-
tions.

Admittedly, some of these e�ects are small, but the combination could
produce a signi�cant di�erence in the results. Future projects will
involve work implementing these mechanisms into the full calculation.

As a check, sea-level vertical particle uxes (Rossi, 1948) are calcu-
lated from the event database and compared to published data (Allkofer
and Grieder, 1984). The absolute normalization of the simulated ux is
determined from the number of generated primaries, weighted accord-
ing to a standard primary spectrum (Seo et al., 1991, Badhwar et al.,
1996), with no free parameters in the comparison. The particle types
compared are muons, protons and neutrons. Clem et al. (1997) show
that the observed and simulated data agree fairly well which provides
con�dence in the accuracy of the atmospheric particle transport for
this simulation.

5.3. Yield Functions

To convert ground-level particle intensities to a neutron monitor count-
ing rate one must know the detection e�ciency of a neutron monitor
system. As described in the detection response subsection, the mean
number of counts per incident secondary particle for a neutron monitor
detector as a function of incident angle, energy and particle type has
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Figure 9. Calculated yield function spectra of NM-64 counts at sea level from verti-
cal incident primary protons is shown (top line). The individual contributions made
by secondary components to the vertical proton yield function are separated into
di�erent curves. The dominating contribution is from secondary neutrons.

been calculated. A yield function is then determined by calculating
the average number of neutron monitor counts per incident primary
which is essentially the neutron monitor detection e�ciency of primary
particles.

The calculated NM-64 yield function at sea-level for vertical incident
primary protons is shown in Figure 9 as the top curve. The yield units
are the average number of NM-64 counts for every incident primary
particle per cm2. The contributions from di�erent secondary particle
species are separated into di�erent curves. As shown, the dominating
contribution to the yield function is from secondary neutrons, however
protons and negative muons contribute a signi�cant fraction above 5GV
while the pion contribution increases with energy becoming a signi�cant
component above 50GV.

Figure 10 displays the yield function calculation at sea level for
3 di�erent conditions. The solid lines in both left and right frames
represent the NM-64 yield function from primary protons arriving at
di�erent �xed incident angles with respect to the zenith at the top of
the atmosphere. The top curve represents vertical incident primaries
with 0o, the middle curve represents the 45o incident direction and
the bottom curve is 60o. The dashed lines in the left frame represent
the NM-64 yield function for primary alpha particles while the dashed
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Figure 10. In the right frame, the yield function of an IGY (dashed lines) and NM64
(solid lines) from primary protons arriving at 0o, 45o and 60o incidence are shown.
In the left frame, the yield function of NM64 from primary alphas (dashed lines)
are also shown for same arriving incidence. The solid lines shown in both frames are
the same.

lines in the right frame represent the IGY yield function for primary
protons. As expected, the smaller IGY results in a lower yield function,
but having a similar shape. For the same high rigidity, one would expect
alphas to have a higher yield due to having a larger total kinetic energy
than protons, however at lower rigidities the higher ionization energy
loss of alphas is more e�ective in preventing inelastic collisions than for
protons, which is reected in the cross-over in yields.

6. Comparison of Results

For comparison primary proton yield functions as a function of vertical
cuto� derived from di�erent methods are shown together in Figure 11
for a NM-64 at sea-level. For many purposes, use of the vertical cuto�
(i.e. the cuto� for a vertically incident particle) is su�cient, but in
reality the cuto� rigidity depends upon direction of incidence. Since
cosmic rays arrive almost isotropically there is a large population of
obliquely incident primaries. Atmospheric absorption increases rapidly
with increasing slant-depth, so the �rst approximation is to consider
only the particles incident vertically. However, as shown in the previous
section, response to o�-vertical particles is �nite, and the primary in-
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Figure 11. A comparison of di�erent proton yield function for a NM-64 at Sea-Level.
The yield functions derived by Lockwood et al. (1974) and Stoker (1981) were
determined using similar parameterization methods while Debrunner et al. (1982)
and Clem (1999) used Monte Carlo simulations of atmospheric cascades.

cidence direction does not accurately determine the slant depth for all
secondary components (Clem et al., 1997). In order to compare results,
the commonly used e�ective vertical cuto� will be employed (Cook et
al., 1991).

Stoker (1981) and Lockwood et al. (1974) determined their results
from observations using parameterization methods while Clem (1999)
and Debrunner et al. (1982) used di�erent Monte Carlo simulations to
derive their results. In most cases results agree to within a factor of
2, however the results from Stoker (1981) and Debrunner et al. (1982)
are more consistent with each other than any other pair. Lockwood et
al. (1974) results deviate considerably from the others in the 1-3 GV
region while at higher rigidities the Clem (1999) results are signi�cantly
lower. The deviation in the Lockwood et al. (1974) analysis could be
due to an unphysical representation of the primary spectrum of protons
and alphas used to extract the yield function from observations while
it is currently not clear as to the source of the deviation of the Clem
(1999) results with respect to the others, although some of the neglected
mechanisms described earlier are currently under investigation.

The use of neutron monitor yield functions is not restricted to galac-
tic cosmic rays, but is also very important to the analysis of solar cosmic
ray events. High energy nucleons produced in solar mass eruptions
propagate through the interplanetary medium and sometimes enter
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the Earth's atmosphere. The simultaneous detection of a solar event
at di�erent rigidity cuto� locations can provide information relating
to the spectra shape, however the value of such information is highly
dependent on the yield function accuracy for each location. As dis-
cussed in the Monte Carlo section, work in determining an accurate
solar neutron yield function continues, however as with the proton
yield functions, the results are signi�cantly di�erent. Generally Monte
Carlo or theoretical calculations directly determine yield functions and
inaccurate results can usually be traced to unphysical models in ei-
ther the fundamental processes involved in particle transport or in the
material composition and geometry. However, inaccurate results from
parameterization methods, which extract the yield function through
deconvoluting latitude survey data, are usually caused by not knowing
the actual primary spectrum or geomagnetic �eld during the time of
the survey. Systematic inaccuracies can also be introduced through un-
physical smoothing of latitude survey count rates. Due to the nature of
latitude surveys, yield functions derived through the parameterization
method are usually less reliable in the lower rigidity regime.

As previously discussed, weighting the yield function (Figure 11)
with a chosen primary spectrum produces an associated response func-
tion (Figure 12) and the total count rate of a neutron monitor (integral
response) is calculated by integrating the response function over rigidity
(Figure 13). The response function is a di�cult quantity to compare
since researchers publish results with di�erent primary spectra depend-
ing on the application or observation. The comparison of response
functions determined from observations (i.e. parameterization method),
assuming the actual yield functions are identical, reect changes in
primary particle spectrum and the geomagnetic �eld since latitude
surveys are rarely performed during the same time and over the same
geographical locations. Therefore a quantitative comparison is only
possible after a detailed analysis of each response function is performed
(Moraal et al., 1989).

As a qualitative comparison Figure 12 displays total response func-
tions at sea-level during solar minimum. As shown, the peak responses
vary in the range of 4-7 GV with a median rigidity in the range of
13-17 GV. The Moraal et al. (1989) curve is the result of �tting a
Dorman Function to the 1987 survey on the research vessel S.A Agul-
has. Numerous surveys were analyzed revealing signi�cant di�erences
indicating a 22 year modulation cycle in the primary spectrum (Moraal
et al., 1989, Bieber et al., 1997). The Nagashima et al. (1989) result
is also shown for solar minimum. They derived the interstellar galactic
spectrum with a power index as a free parameter obtaining the best �t
value of 2.59, which is lower than the observed values of 2.75 for protons
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Figure 12. A comparison of di�erent sea-level response functions during solar min-
imum. The response functions derived by Webber and Quenby (1959), Moraal et
al. (1989) and Nagashima et al. (1989) were determined using similar parameteri-
zation methods while Debrunner et al. (1982) and Clem (1999) used Monte Carlo
simulations of atmospheric cascades. The Webber and Quenby (1959) results were
determined with an IGY monitor while the other results displayed were determined
with a NM-64 monitor.

and 2.7 for alphas (Swordy, 1993). Nevertheless, the NM-64 results
determined from parameterization methods have a very similar shape
in particular in the high rigidity regime. The Debrunner et al. (1982)
results were determined using the yield function shown in �gure 12
folded with the spectrum reported in Raubenheimer et al. (1977). The
Clem (1999) results were determined with a galactic spectrum of power
index of 2.7 in momentum space for both protons and alphas modulated
to solar minimum level. Also shown in Figure 12 is the Webber and
Quenby (1959) results which were determined with an IGY monitor
and normalized by requiring the count rate to equal 100/sec at 15 GV.
As previously discussed the yield function of a IGY monitor is similar,
but not identical to a NM-64, which is mainly attributed to a di�erent
detection e�ciency.

Figure 13 shows data recorded during the 1994-95 Tasmania-Bartol
survey using a 3-NM64. The result is typical of prior surveys, showing
mainly random deviations at the 0.5% level while others seem rather
systematic, such as the deviations in the region of 6-8 GV. Stoker (1995)
noted similar humps in airborne surveys, and suggested that obliquely
incident particles may be responsible (Rao et al., 1963). Also shown in
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Figure 13. Count rate recorded during the Tasmania-Bartol 1994-95 latitude survey
compared with various derived count rates. The solid line was determine using Dor-
man function �t to the displayed observations. The dashed line represents Nagashima
et al. (1989) parameterization for solar minimum epoch. The two dash-dot lines were
determined using the Clem (1999) Monte Carlo result with angle dependent cuto�s
(Clem et al., 1997) for each location along the survey. The long dash-dot line was
determined using the Hatton (1971) neutron monitor detection e�ciency with the
Clem (1999) atmospheric transport.

Figure 13 are di�erent derived count rates for comparison. The results
derived from the Clem (1999 and references therein) Monte Carlo used
angle dependent e�ective cuto�s for di�erent geographical locations
along the survey. As shown, the scaled derived count rates have a
somewhat steeper slope than observations which could be symptomatic
of neglected e�ects discussed earlier, nevertheless the results produce
a similar anomaly within the same rigidity region of observations. The
anomaly is the result of a change in the contribution of obliquely in-
cident primary particles to the count rate (Clem et al., 1997, Stoker
et al., 1997). For comparison purposes, we display the results using
the Hatton (1971) NM64 detection e�ciency with the Clem (1999)
atmospheric transport Monte Carlo which seems to produce a steeper
slope. Also shown is the result of a Dorman function �t to the displayed
observations which is represented by the solid line while Nagashima et
al. (1989) results are represented by a dashed line. Both of these param-
eterization techniques ignore the e�ects of obliquely incident particles
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and so the hump anomaly is not reproducible. Even though the overall
representation derived by the parameterization techniques is adequate
for some purposes, these types of anomalies can signi�cantly a�ect the
derived response function.

7. Summary

Over the past 40 years much progress has been made in providing
increasingly accurate neutron monitor yield functions. Even though
there are signi�cant disagreements between results of various workers,
the understanding of this complex problem is continuously growing.
Any physics problem that involves energy ranges of nearly 14 orders of
magnitude (near-thermal to 2 TeV) is expected to have many di�cul-
ties, however most published results are surprisingly consistent within
a factor of 2 while current Monte Carlo calculations di�er by roughly
15 percent from latitude survey observations. For the future, achiev-
ing a few additional goals could greatly improve our understanding of
neutron monitors at the fundamental level and provide clearer insight
on how each basic transport mechanism plays a role in de�ning the
inherent features of response functions.

The current work on calibrating a neutron monitor at the Osaka
University nuclear accelerator facility is very interesting and is provid-
ing exciting results (Koi et al., 1999, Shibata et al., 1997, 1999). More
data frommeasurements at di�erent energies and particle species would
be valuable. According to simulations, the neutron monitor detection
e�ciency of protons and neutrons above 2 GeV are indistinguishable.
Therefore, a calibration run at proton accelerator sites with beam en-
ergies between 2-200 GeV would be quite useful, in particular when
studying the multiplicity distributions. Once the detection e�ciency
is determined experimentally and a solid theoretical prediction is es-
tablished for �tting and interpolation purposes, the particle transport
of particles through the atmosphere is the only component needed to
determine the neutron monitor yield function. Improved communica-
tion is needed between independent researchers involved with atmo-
spheric particle transport problems to relay and exchange ideas on
their progress and milestones. Arranging informal workshops would
allow personal interaction and would hopefully provide fruitful results
in establishing a standard transport package.

The continuation of latitude surveys provides important information
on the time variation of geomagnetic cuto�s and the primary spec-
trum, and how these variables a�ect the derived response function.
Re-establishing air borne latitude surveys at di�erent altitudes would
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greatly complement the sea-level measurements providing greater con-
straints on the yield function calculations. The con�dence level of yield
functions used for mountain neutron monitors would also signi�cantly
improve from low altitude (5-10 kft) surveys. It would also be useful
to create a data base from all neutron monitor surveys that have been
performed so far. The database would be updated each time a new
successful survey is completed.

A portable neutron monitor calibrator should be developed to deter-
mine the relative responses from station to station. The di�erent local
surroundings at each site could attenuate or even augment a neutron
monitor count rate, and therefore possibly change the normalization
and shape of the yield function. A relative calibration of each station
is required at network sites to study spatial and spectral e�ects in
solar events or changes in the primary galactic spectrum (Moraal et
al., 2000).

Faster calculations of geomagnetic cuto�s are needed in order to
determine angle dependent cuto�s (Lin et al., 1995, Smart et al., 2000).
As shown earlier, the angle dependent yield functions show that the
contribution of obliquely incident particles is signi�cant (Clem et al.,
1997, Stoker et al., 1997), however the computer time required to calcu-
late an angular cuto� grid with adequate resolution is currently about
40 hrs of CPU.
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