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ABSTRACT 

Methods of surface exposure dating usmg terrestrial cosmogemc nuclides require 

accurate knowledge of the spatial variability of nuclide production rates. The nucleon 

component of the secondary cosmic-ray flux is responsible for a major fraction of terres

trial nuclide production and this component is particularly sensitive to variations in alti

tude and position in the geomagnetic field. To be applied at widely different locations, 

calibrated production rates must be scaled to account for variations in cosmic-ray intensity 

due to these two factors. 

Current scaling models are based on a small number of nuclear emulsion and cloud 

chamber measurements and data from BF3 proportional counters that are mostly limited to 

altitudes above 3,000 m. Over the past 50 years, however, there have been numerous alti

tude and latitude surveys with neutron monitors as well as additional measurements with 

proportional counters. These surveys not only describe more precisely how the nucleon 

flux depends on altitude and geomagnetic position, but also provide valuable data on the 

energy spectrum and on the effects of solar activity. 

This work utilizes more recent and more extensive measurements of nucleon intensity 

along with an improved understanding of cosmic-ray phenomena to derive scaling models 

for thermal neutron absorption reactions and high-energy spallation reactions. Latitude 

data are ordered according to effective vertical cutoff rigidity [GV] and altitude data 

according to mass shielding depth [g cm-2]. Neutron monitor data are corrected for instru

mental biases and parameterized using polynomials. Attenuation lengths for thermal neu

trons are greater than for high-energy neutrons by 15% at 3800 m and 14 GV, whereas the 

difference at sea level is estimated to be negligible at all latitudes 
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1.0 Introduction 

In recent years, landform dating methods based on the in-situ accumulation of cos

mogenic nuclides have been applied to a variety of problems in the Earth sciences. A pre

requisite to using terrestrial cosmogenic nuclides is that their production rates must first be 

accurately constrained. Production rates are usually determined by calibrating on land

forms with independently known ages. Unfortunately, due to a paucity of suitable calibra

tion sites, the spatio-temporal sampling of calibrated production rates is limited to a few 

locations and a few integrated time periods. Calibrated production rates corresponding to a 

small number of locations and integrated time periods must therefore be applied to widely 

different locations and time periods. To accomplish this, production rates are scaled for 

spatial and temporal variations in cosmic-ray intensity. 

Cosmic-ray intensity on Earth varies spatially due to the interaction of primary cosmic 

rays with terrestrial and interplanetary magnetic fields and due to the attenuation of cos

mic rays by the atmosphere and lithosphere. Temporal variations important to cosmogenic 

dating are related mostly to changes in geomagnetic, heliospheric and galactic properties 

occurring on time scales ranging from hours, in the case of isolated solar flare events, to 

106 years, in the case of galactic changes. Spatial and temporal variations are linked, since 

time dependent variations of the cosmic ray flux affect some places on Earth more than 

others. The I I-year solar cycle, for example, affects only the cosmic ray flux at high lati

tudes, whereas variations in Earth's magnetic dipole strength affect most strongly the low

latitude flux. 

There are several approaches to scaling cosmogenic nuclide production rates for secu

lar and spatial variability. A purely empirical approach is to directly measure cosmogenic 
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nuclide production in geological samples along attitudinal, latitudinal and temporal 

transects. The complexities and uncertainties inherent in using geological samples, how

ever, make this approach impractical for large-scale studies of cosmic-ray variations. A 

major problem is in constraining the erosional, burial and prior exposure history of a sam

ple. Also, reliable, independently measured ages suitable for calibration are rarely avail

able. Even if it were feasible to derive a purely empirical scaling model, little insight 

would be gained into the physical processes governing the distribution of cosmic-ray 

intensity in space and time. Geological samples covering a limited spatio-temporal distri

bution, however, could be used to validate independently derived scaling models (e.g. 

Zreda et al., 1991 ). 

Cosmogenic nuclide production rates can also be measured in artificial targets placed 

at different locations, allowing the direct measurement of production rates without many 

of the complexities (erosion, burial and prior exposure) inherent in geological samples. 

This approach, however, has two major limitations. First, artificial targets can sample only 

recent temporal variations in the cosmic-ray intensity, such as those associated with cycli

cal fluctuations in solar activity and isolated solar flare events. Second, targets must be 

exposed for a duration on the order of years (Yokoyama et al., 1977; Brown et al., 2000) 

in order for measurable concentrations of nuclides to accumulate. This is an impractical 

time frame for many researchers, and consequently the available measurements from tar

gets are insufficient to derive a scaling model. However, measurements of the altitude 

dependence of nuclide production in artificial targets (Mabuchi et al., 197 l; Brown et al., 

2000), are valuable for constraining models of the atmospheric attenuation lengths. 

Another approach is to calculate the distribution of productions rate from numerical 

cosmic-ray transport simulations. Masarik and Reedy ( 1996), for example, used the high-
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energy transport codes GEANT and LAHET, linked to the lower energy code MCNP to 

calculate atmospheric production rates for several cosmogenic nuclides. The accuracy of 

these simulations depends on the validity of the assumptions inherent in the models and 

the accuracy of model parameters. An assumption of the LAHET code is that nuclear 

interactions can be adequately described by parameters designed for all nuclei (global 

parameters). MCNP, on the other hand, uses libraries of evaluated cross sections for indi

vidual neutron reactions (Masarik and Reedy, 1996). For some important reactions, cross 

sections are unavailable and therefore must be estimated from similar reactions. Other 

parameters, such as the shape of solar and galactic cosmic-ray spectra, the density of 

nuclear energy levels in nuclei and cutoff rigidities are also subject to uncertainty. 

Because the hadron flux propagates through the atmosphere as a cascade, small errors 

in model parameters may have a large effect on the modeled cosmic ray flux deep in the 

atmosphere. Lal ( l 99 l) pointed out, for example, that a l 0% error in one of the nucleonic 

cascade parameters used by Yokoyama et al. (1977) can lead to a l 20% error in the sea 

level neutron flux. The high sensitivity of cascade models to small errors points to the 

necessity of validating these models with measurements of cosmogenic nuclide produc

tion rates and of cosmic-ray intensity. Once validated, cascade models could be used to 

constrain production rates corresponding to solar modulation levels and geomagnetic field 

strengths for which measurements are unavailable or unobtainable. 

A fourth approach is to synthesize direct measurements of the cosmic-ray intensity 

into a scaling model. Although this approach has been favored by several researchers (Lal, 

l 958; Dunai, 2000; Lifton, 2000) due to the abundance of cosmic-ray data collected over 

the past 50 years, the application of direct measurements of cosmic-ray intensity to scaling 

models also involves several complications. One is that cosmic-ray surveys sample only 
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recent temporal variations of the primary intensity (continuous measurements of nucleon 

intensity, for example, have only been available since the early 1950s), and therefore cor

respond only to recent geomagnetic and solar conditions. Another problem is that cosmic

ray measurements usually require corrections for instrumental biases (Desilets et al., 

2001 ). These biases depend on the instrumental design, and because cosmic rays have 

been recorded with widely different types of instruments over the years, these data are 

often not directly comparable. The comparison of cosmic-ray measurements is also con

founded by the frequent lack of information on the barometric pressure, locations, date 

and duration of experiments. Nonetheless, the precision and wide spatial coverage of cos

mic-ray measurements make these data the most suitable for deriving a scaling model. 

1.1 Literature review 

Two parameterizations of cosmic-ray data have been published as scaling models for 

nuclear disintegrations. The first model, given by Lal ( 1991 ), is essentially the same as the 

atmospheric scaling model derived by Lal (l 958) expressed as a polynomial. There are 

several drawbacks to this model: ( 1) Cosmic-ray measurements are ordered according to 

geomagnetic latitude (cosmic-ray intensity varies non-uniquely with geomagnetic lati

tude). (2) Data are ordered according to elevation calculated from the U.S. standard atmo

sphere (the relationship between mass shielding depth of the atmosphere and elevation 

depends on latitude) (3) The model assumes that the shape of the neutron energy spectrum 

is constant with depth at energies below 400 Me V (more recent measurements show the 

spectrum to be depth dependent even below 400 MeV). (4) Measurements taken since the 

1950s are not incorporated. 
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A scaling model has also been proposed by Dunai (2000), but this model is based on 

several erroneous assumptions, which are discussed in detail by Desilets et al. (2001 ). 

Dunai evaluates a very limited sample of the available cosmic-ray data, and does not cor

rect measurements for instrumental biases (Desilets et al., 200 l ). For these reasons, both 

the accuracy and reported uncertainty (e.g. -2% in the sea level latitude curve) of Dunai's 

scaling model are questionable. 

An important discrepancy between scaling models given by Lal and by Dunai is the 

value of the atmospheric attenuation length (A). Dunai's scaling model gives attenuation 

lengths that are about 5% lower than Lal's. This discrepancy results in differences of about 

13% between production rates scaled from 5000 m (600 g cm-2) to sea level (1033 g cm-

2). Given this large discrepancy, and the potential problems with both of these models, 

there is an obviously need to investigate the scaling problem in more detail. 

A scaling model based entirely on neutron monitor data has been proposed by Lifton 

(2001 ), however this model has not yet been published. 

1.2 Aim and scope 

The primary goal of this work is to establish the dependence of nuclear spallation rates 

and neutron absorption rates on atmospheric depth and cutoff rigidity. This will be accom

plished by first evaluating the large body of cosmic-ray flux measurements to see which 

are most suitable, and then determining the relationship between cosmic-ray measure

ments and spallogenic nuclide production rates. Because spallations are mostly initiated 

by nucleons, and the majority of nucleon flux measurements have been taken with neutron 

monitors, most of the data used in the scaling model will be from neutron monitors. How-
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ever, measurements from several other instruments will also be considered. Also, for rea

sons discussed in Section 4.0, the data mostly comprise measurements taken during solar 

minimum, but the effect of fluctuating solar activity on altitude and latitude measurements 

is evaluated. The dependence of neutron fluxes on temporal changes in the geomagnetic 

field changes is also discussed. 

Other topics, such as the spatial distribution of fast and slow muons, the zenith angle 

distribution of cosmic-ray neutrons and the east-west anisotropy of the primary flux are 

only marginally related to the altitude-latitude scaling problem, but are also discussed 

since they have not been adequately covered elsewhere. 
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2.0 Background 

2.1 The nucleonic cascade 

Primary cosmic rays collide with oxygen and nitrogen nuclei near the top of the atmo-

sphere, producing cascades of protons, neutrons and other secondary particles (Fig. 2. l 

and Table 2.1 ). In the lower atmosphere (Z > 200 g cm-2
), the nucleon flux changes as a 

function of mass-shielding depth approximately according to: 

(2. l) 

where N1 and N2 are the nucleon fluxes at depths Z1 and Z2 (g cm-2
), respectively, and AN 

Fig. 2.1. Chain reaction initiated by 
a primary cosmic-ray proton. A 
small fraction of secondary particles 
penetrate the atmosphere and trans
form nucei in the ground by chang
ing their atomic mass. Symbols: N: 
high-energy neutron, P: high-energy 
proton, n: fast neutron p: fast proton, 
e: electron, y: gamma ray, µ: muon, 
n: pion (adapted from Simpson, 
2000). 

e 

air 

ground 

primary 

nucleonic 
cascade 
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Table 2.1. Particles of the secondary cascade. 

Proper Principal 

Rest life- mode(s) of 

energy time Decay transforming 

Radiation Symbol (MeV) (sec) product(s) nuclei 

Strongly interacting- Neutron n 939.57 1020 p, e spallation 

particles (hadrons) n capture 

Proton p 938 .28 spallation 

Pion + 139.57 2.2e-8 + spallation rr- y, e-, 

1[0 
134.97 2.2e-16 

Weakly interactioning Muon µ± 105.65 2.2e-6 e, V µ - capture 
particles electromagnetic 

Electron e 0.51 electromagnetic 

Photon y photodisintegra-
tion 

is the nucleon attenuation length (g cm-2). The attenuation length is equivalent to the mass 

shielding depth required to change the flux by a factor of e. A nucleonic cascade loses 

energy through nuclear collisions and electromagnetic interactions, and therefore nucleon 

energy loss depends on the total mass of air transited by the cascade. The Earth's atmo-

sphere is approximately 1033 g cm-2 thick and has a density that varies with altitude, lati-

tude (Ziegler, 1996) and time. Figure 2.2 shows the relationship between mass-shielding 

depth and altitude according to the U.S. standard atmosphere. Other relationships should 

be used depending on the structure of the atmosphere at a particular location. 
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Fig. 2.2. Mass-shielding depth according to the U.S. standard atmosphere, 1976. For 
comparison, GPS and altimeter measurements from Mauna Kea, Hawaii are shown. Dis
crepenies between GPS readings and the standard atmosphere are related to the latitudi
nal variation of the atmospheric temperature structure and to systematic errors in GPS 
readings caused by the shape of the geoid. 
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3.0 Instruments for measuring the nucleon flux 

Instrumental design may have a large effect on the intercomparability of nucleon flux 

measurements (Desilets and Zreda, 2001 ). The purpose of this section is to discuss several 

methods by which relative neutron intensity can be recorded. Each of these methods has 

certain advantages and disadvantages, and some require corrections to the derived data 

before these data can used to scale cosmogenic nuclide production rates. 

3.1 Nuclear emulsions and cloud chambers 

Nuclear emulsions and cloud chambers allow the direct observation of particle tracks 

and are therefore particularly useful in the study spallation reactions. A nuclear emulsion 

is a type of photographic film that records ion trails left by charged spallation products. 

Microscopic particle tracks can be identified in the developed film. Cloud chambers (also 

called expansion chambers) record particle tracks through the rapid expansion of a vapor 

at saturation. This causes rapid cooling, which triggers condensation on ion trails left by 

charged particles. These short-lived ion trails can then be photographed (Rossi, 1952, p. 

115). 

Nuclear emulsions and cloud chambers are used to identify characteristics of individ

ual cosmic-ray particles, such as mass, charge and energy, from the length, width and cur

vature of particle tracks. Although neutrons posses no charge and therefore cannot leave 

tracks through ionization, disintegrations (stars) initiated by neutrons may produce ener

getic charged particles that are recorded in emulsions and cloud chambers. Neutron reac

tions are thus recorded indirectly, since the initiating neutron is not directly observed. 
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The energy of a star-producing neutron can be estimated from the number of tracks 

(prongs) produced in the disintegration, with higher energy disintegrations tending to 

leave more tracks (Brown et al, 1949) than low energy ones. The relationship between star 

size and incident nucleon energy depends strongly on the mass of the target nuclei, since 

larger target nuclei have less binding energy per nucleon. Neutrons of the same energy 

will therefore liberate more nucleons on average upon colliding with larger nuclei. 

Cloud chambers and emulsions directly record cosmogenic nuclide production. How

ever, the target elements and reaction products are often different from those used for cos

mogenic dating. The target nuclei in nuclear emulsions are most often silver and bromine, 

whose characteristics are than those of terrestrial target nuclei. Cloud chambers, on the 

other hand, may be filled with atmospheric gases (nitrogen, oxygen and argon) and there

fore it is possible to directly measure spallation rates for atmospheric nuclei, but not for 

most terrestrial nuclei. The primary value of these data for scaling in-situ production rates 

is in defining the spatial variability of relative nucleon fluxes rather than in recording 

absolute production rates. Information on the energy spectrum of nucleons can also be 

obtained, although these data are generally less precise. 

A major drawback of recording cosmic-ray intensity with emulsions and cloud cham

bers is that exposure times on the order of months to years are needed to obtain adequate 

counting statistics at low altitudes. A typical counting rate for nuclear emulsions is -28 

stars per day at 5964 m (Dixit, 1955), while a l-NM-64 neutron monitor, for comparison, 

would record neutrons at a rate of -53,000,000 per day at the same location (Hatton, 

1971 ). Furthermore, images having tracks must be meticulously scanned so that all tracks 

are counted. For these reasons, relatively few data from emulsions and cloud chambers are 

available. 

Another problem with both emulsions and cloud chambers is that they both tend to 

under count low energy disintegrations (Desilets and Zreda, 200 l ), although Lal ( 1958) 
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has shown that this can be corrected for. Since the altitude and latitude effects depend on 

nucleon energy, it is important that corrections for energy biases are made before these 

data can be applied to scaling models. The direction of this change depends on the reaction 

being considered. 

Finally, it should be noted that most of the relevant emulsion and cloud chamber 

experiments were conducted in the 1940s and 1950s, before neutron monitors came into 

wide use. Some of the technical terms used in these papers are not consistent with modern 

usage, which can lead to some confusion. Also, important parameters such as the latitude, 

longitude, and barometric pressure of the sampling site are not given. Finally, there is no 

continuous record of nucleon intensity prior to the 1950s, so the degree of solar modula

tion at the time of these experiments in some cases can only be estimated from sunspot 

data. 

Emulsion and cloud chamber data have been used in scaling models derived by Lal 

( 1958), who corrected for the energy bias, and by Dunai (2000), who did not. These data 

were not used in this work. 

3.2 Slow neutron measurements with proportional counters 

Cosmic-ray nucleon intensity can be measured through the detection of slow and ther

mal neutrons by using proportional counters. A proportional counter is a gas-filled alumi

num tube with a voltage of 1-2 kV maintained between the center of the tube and the outer 

wall. The filling gas usually includes the elements 3He or 10B (in the form of 10BF3), 

which tend to react with slow neutrons and generate charge avalanches. A proportional 

counter is different from a Geiger-Muller counter in that the charge avalanche generated in 

the former is proportional to the ionization energy of radiation passing through the tube, 
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making possible the discrimination of background radiation. The sensitivity of 3He and 

BF3 filled detectors is inversely proportional to neutron energy and therefore low-energy 

neutrons make the largest contribution to the overall neutron counting rate (Knoll, 2000). 

Slow and thermal neutron measurements in the atmosphere can provide an indirect 

measure of the atmospheric high-energy nucleon flux. High-energy nucleons collide with 
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Fig. 3.1. Neutron counting rates measured by Soberman et al. ( 1956) and Carmichael 

and Berkovitch (1969), normalized at 100 g cm-2. Soberman's measurements (open 
symbols) were taken with a balloon-borne thermal neutron detector over the North 

Pole (Pc< I GV) on September 6, 1953. The attenuation length (A) corresponding to 

these data was calculated by Soberman from these and additional measurements at 

this location. Carmichael's measurements (solid symbols) were taken with land-based 

and airborne neutron monitors from 1965 to 1966. The corresponding attenuation 

length is from a regression to these data. 
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nuclei, unleashing one or more fast neutrons from a nucleus. Fast neutrons generally travel 

only a short distance (- 1 km (Soberman, 1956)) before being thermalized and subse

quently absorbed by atmospheric nitrogen. If the relative fluxes of high-energy, fast and 

thermal neutrons are independent of altitude then the energy spectrum is said to be in equi

librium. If the assumption of an equilibrium energy spectrum is valid, measurements of 

slow neutron intensity can be used as a 'proxy' for measurements of high-energy nucleon 

intensity. The validity of this assumption will be discussed in Section 4.6. 

The most extensive data set on atmospheric slow-neutron fluxes comes from a series 

of balloon-borne measurements carried out by Soberman ( 1956). Reliable data were 

obtained only at relatively high altitudes, where the correspondingly high counting rate 

yielded good counting statistics in a matter of minutes. At low altitudes, measurements 

have large uncertainties and below 3000 m (730 g cm-2), no data are reported at all (Fig. 

3.1 ). A major limitation of these data, therefore, is that the altitude dependence of slow 

neutrons in the lower atmosphere is not well constrained. Although this may not be a 

major drawback for determining atmospheric production rates, where most of the produc

tion occurs in the stratosphere, these data are of limited use for scaling cosmogenic 

nuclides produced in situ in terrestrial solids. 

According to Lal ( 1958), atmospheric neutrons generated by nucleons with E > 400 

MeV may travel relatively far from where they are produced, and therefore the local ther

mal neutron flux does not reflect a proportionate contribution of neutrons from disintegra

tions initiated by these high-energy nucleons. Because the neutron attenuation length 

decreases with average nucleon energy, the under counting of high-energy disintegrations 

(and therefore also of high-energy nucleons) results in an overestimation of the attenuation 
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length for spallation reactions. The scaling model derived by Lal ( 1958) relies in large part 

on atmospheric measurements of slow neutron fluxes, which required Lal to use an uncer

tain correction to account for disintegrations initiated by nucleons with E > 400 Me V. 

Another problem is that no thermal neutron measurements were available below 3 km 

when Lal derived this model. This lack of data in the lower atmosphere significantly adds 

to the uncertainty of scaling cosmogenic nuclides produced in situ. 

3.3 Fast neutron measurements using moderated proportional counters 

Several investigators have measured atmospheric nucleon intensity using thermal neu

tron detectors surrounded by paraffin or polyethylene moderators. The principle here is 

that fast neutrons collide with Hand C nuclei in the paraffin and are moderated to thermal 

energies, at which point they can be detected by a proportional counter. The moderator 

also serves to screen out a large fraction of ambient thermal neutrons, thus making the 

detector primarily sensitive to fast neutrons which have been moderated. However, for 

moderator thicknesses of only a few centimeters or less, a substantial fraction of counts 

will inevitably arise from external thermal neutrons that pass through the moderator with

out being captured. Hence, proportional counters with thin moderators are also sensitive to 

diffusion of neutrons from the ground and nearby heavy objects. This problem can be rem

edied somewhat by surrounding the moderator with cadmium, which shields out neutrons 

with E < 0.5 eV (Simpson, 1951). 

Fast neutrons are also produced within the moderator through high-energy collisions 

of cosmic-ray nucleons with carbon nuclei. The relative proportion of internally to exter

nally generated neutrons is poorly constrained for most moderator geometries, and there

fore it is difficult to quantify the energy sensitivity of a moderated proportional counter. 

Complex numerical unfolding codes are often used for this purpose (e.g., Hajnal, 1981 ). 
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For large moderator thicknesses (> 10 cm), most neutrons are generated internally by the 

high-energy nucleons (E > 20 Me V) rather than through the moderation of externally pro

duced fast neutrons (E < 10 Me V). Instruments based on the detection of internally gener

ated neutrons are discussed in the following section. 

Due to the lack of information on energy sensitivity, measurements from moderated 

proportional counters can be difficult to interpret. However, for moderator thicknesses < 7 

cm, a proportional counter should be sensitive to nucleons with a median energy between 

that of a neutron monitor (-130 Me V) and that of an unmoderated thermal neutron detec

tor (-0.025 eV). 

3.4 The neutron monitor 

The neutron monitor was developed in the 1940s due to the inadequacies of bare pro

portional counters, cloud chambers and emulsions for continuously monitoring the nucle

onic component. Methods based on the recording of particle tracks are impractical both 

because of low counting rates and because the processing and analysis of images are labor 

intensive. Measurements with bare or moderated proportional counters yield high count

ing rates, but these are sensitive to changes in the ambient neutron flux. The neutron inten

sity from ambient sources can change with time, adding substantial noise to land based 

measurements. The problem of ambient neutrons can largely be eliminated by increasing 

the moderator thickness so that nearly all neutrons are generated by high-energy reactions 

occurring within the moderator. Instruments that record energetic neutrons produced by 

this method are called neutron monitors. 

A disadvantage of surrounding neutron detectors with thick moderators is that the 

counting rate rapidly diminishes with increased moderator thickness. This problem was 

overcome by placing a sufficient mass of lead within the paraffin. Due to the large size of 
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lead nuclei, the neutron production per interaction in lead is approximately 6.6 times that 

in carbon (neutron production is proportional to A o.7, where A is the atomic mass, accord

ing to Shen, 1968). 

The neutrons produced in lead (and also those in paraffin) are evaporation neutrons 

which have an energy spectrum peaked at about 1 Me V (Hatton et al., 1971 ). An addi

tional layer of moderator is therefore needed between the lead and the detector in order to 

thermalize evaporation neutrons so they can be detected by a proportional counter. 

3.4.1 Neutron monitor designs 

The essential components of a typical neutron monitor are 1) one or more thermal neu

tron detectors, known as counters, 2) a layer of paraffin or polyethylene directly surround

ing the counters known as the moderator (analogous to water and carbon moderators in 

nuclear reactors) 3) a layer of lead, known as the producer (analogous to the uranium neu

tron producer in nuclear reactors) and 4) an outer layer of paraffin or polyethylene, known 

as the reflector (analogous to water and carbon reflectors used in nuclear reactors). In 

some cases different materials are used. For example, the Lockheed neutron multiplicity 

monitor used bismuth as the target material and graphite as the reflector and moderator. A 

configuration of producer, moderator and reflector is known as a pile. 

Much of the early work with neutron monitors involved experimenting with different 

configurations of producer, moderator and reflector in order to maximize the counting rate 

and minimize the contribution of ambient neutrons. A standardized design did not arise 

until Simpson developed a monitor for the International Geophysical Year (IGY) from 

July 1957 to December 1958 (Simpson, 2000). The design parameters are given in Table 

3.1. 
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Fig. 3.2. IG Y and NM-64 neutron monitor des igns (Hatton , 1971) 
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Until the 1960s, the IGY design (Fig. 3.2A) remained the standard for most neutron 

monitors all over the world. To achieve a higher counting rate, Hatton and Carmichael 

(1964) made several modifications to the IGY design, the most important being the use of 

a thinner reflector and larger counting tubes. This type of neutron monitor was used for the 

International Quiet Sun Year (IQSY) of 1964-1965 (Fig. 3.28). Hatton and Carmichael's 

design is referred to as an IQSY monitor or an NM-64 supermonitor (Shea and Smart, 

2000). 

Table 3.1. Neutron monitor design parameters and counting rates 

Counters 

Active length (cm) 

Diameter (cm) 

Pressure (MPa) 

Filling gas 

Inner moderator 

Inner moderator (and reflector) material 

Thickness (cm) 

Lead producer 

Average thickness (cm) 

Area per counter (m 2) 

Length parallel to counters (cm) 

Average reflector thickness t (cm) 

Counting rate at high latitude and sea levef!: 

Per counter per hour 

Per m2 of producer 

Counter background(%) 

* From Hatton ( 1971) 

t Top and sides 

Standard 

IGY * 

86.4 

3.8 

0.06 

BF3 

paraffin 

3.2 

5.3 

0.16 

102 

28 

-2000 

-12800 

-1 

Arizona 
neutron 

NM-64 * monitor 

191 39.2 

14.8 2.6 

0.03 1.03 

BF3 3He 

polyethylene paraffin 

2.0 2.54 

5.4 5.1 

1.04 0.08 

207 40.6 

7.5 15 

-42000 -500 

-40000 -6250 

-1 -1.2 

+ Corresponds to counting rate in 1962 for IGY and NM-64 monitors and counting rate in 1999 for the 

Arizona neutron monitor. 
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Unlike detectors in which particle tracks can be directly observed, there is less cer

tainty as to the source of neutron monitor counts. In emulsions and cloud chambers, neu

tron and proton events are fairly easy to distinguish from muon events and there is no 

appreciable background from spurious counts. Neutron monitors, on the other hand, are 

somewhat sensitive to muons, which interact with lead nuclei to produce evaporation neu

trons. Although this contribution is small (-5% at high-latitude and sea level), because the 

muons are much more highly penetrating than nucleons, the effect on ANM may be signif

icant. Counts may also arise from spurious electrical discharges and alpha contamination 

of the counter tubes (Hatton, 1971 ). Another important factor is the energy sensitivity of 

the monitor, since the nucleon attenuation length depends on energy (Section 4.6). 

Due to differences in design features, some differences in the response of IGY and 

NM-64 neutron monitors to cosmic rays are expected. Perhaps the parameter most respon

sible for different responses is the reflector thickness. Considering the neutron monitor 

attenuation length (ANM), a thicker reflector will have the effect of increasing the relative 

contribution of muons, and therefore ANM would to a greater degree reflect the longer 

attenuation length of muons. However, a thicker reflector will also exclude more nucleons 

at the lower end (E < 50 Me V) of the nucleon energy spectrum. Because the nucleon atten

uation length increases with decreasing energy, this effect would work in the opposite 

direction of the muon effect. This may explain why in reality little difference 1s seen 

between attenuation lengths measured with the two types of monitors. 

3.5 The Arizona neutron monitor 

For the purpose of measuring nucleon attenuation lengths, a mobile neutron monitor 

was designed and constructed at the University of Arizona. This design differs from the 

standard IGY and NM-64 designs in several minor ways. A standard NM-64 arrangement, 
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such as that used in a land-based neutron monitor survey by Carmichael et al., ( 1969a) 

weighs more than 10,500 kg (Ziegler, 1996) and requires a special transport vehicle. A 

more mobile and less expensive neutron monitor was desired for this work, and therefore 

an alternative to the standard IGY and NM-64 designs was needed. This design (Fig. 3.3) 

includes several innovations: 

1) To fit the instrument in the back of a light truck, the overall size of the monitor is 

considerably smaller than an IGY or NM-64. The Arizona monitor weighs only 250 kg 

and is therefore considerably more mobile than the 10,500 kg monitor (Ziegler, 1996) 

used by Carmichael et al ( 1969a) during the IQSY neutron monitor survey. 

2) To minimize the influence of ambient neutrons, a reflector thickness is approxi

mately double that of an NM-64 monitor. 

3) To improve the counting rate, counter tubes containing 3He were used instead of 

BF3 counters. 3He has a higher thermal neutron capture cross section than the more ordi

narily used BF3. Fortunately, the responses of 3He and BF3 counter tubes are nearly iden

tical (Pyle et al., 1999; Stoker et al., 2000). These tubes were smaller than those typically 

used in NM-64 and IGY monitors (Table 3. l ). 

There are two drawbacks to the Arizona design. Most importantly, the Arizona neutron 

monitor is not as well characterized as the standard IGY an NM-64 monitors. Hence, the 

muon contribution and energy sensitivity have not been accurately determined for the Ari

zona neutron monitor and therefore can only be estimated based on the reflector thickness. 

This affects the comparability of our results with previous studies. Of the published neu

tron monitor designs, the Arizona monitor is most similar to that used by Carmichael et al. 
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( 1969b) for airborne measurements. 

Another drawback is that the counting rate of the Arizona monitor is low (a factor of 

40 lower than the NM-64 used by Carmichael et al. (1969a), for example). While high 

counting rates are needed to resolve variations in primary intensity occurring over short 

time scales, the counting rate of the Arizona monitor is suitable for measuring nucleon 

attenuation lengths. In Tucson (-950 g cm-2), the counting rate can be measured to within 

2% (I-sigma) within I hr. At mountain altitudes (-750 g cm-2), the same precision can be 

obtained in 15 minutes. Fluctuations in the primary intensity over such a short period are 

usually negligible (Fig. 3.4). 
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3.5.1 Experiment on Mauna Kea, Hawaii with the Ariwna neutron monitor 

In April 2000, measurements of the neutron monitor attenuation length (ANM) were 

made on Mauna Kea, Hawaii with the Arizona neutron monitor. The purpose of this 

experiment was to compare measurements from the Arizona monitor with those taken by 

Carmichael and Berkovitch ( 1969) on Haleakala, on the Hawaiin island of Maui. 

Hawaii is a particularly suitable location for measuring nucleon intensity. It has been 

the site of extensive measurements of cosmogenic 3He production in olivine (Kurz et al., 

1990), the site where the atmospheric attenuation length and has been measured in geolog-

ical samples (Zreda et al., 1991 ), and the location where a study of the altitude dependence 

of cosmogenic 3He, 14C and 36Cl in lava flows is currently under way. Also, a continuous 
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Fig. 3.4. Mean hourly counting rate of the Haleakala NM-64 neutron monitor 
operated by the University of Chicago, April 9- l l, 2000 (World Data Center A). 
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record of neutron monitor data is available from fixed IGY and NM-64 monitors on Hale

akala, so that temporal fluctuations in the primary flux can be accounted for. Because of 

the relatively high cutoff rigidity (Pc= 12.8 GV) the neutron monitor attenuation length 

should be fairly constant with solar activity, which makes it easier to compare attenuation 

lengths measured at different times. 

Measurements were performed over the course of three days (9 April 2000 to 11 April 

2000), during which time the coefficient of variation of the Haleakala NM-64 hourly 

counting rate was only 0.4%, and the maximum hourly counting rate was 1.02 times the 

minimum counting rate (Fig. 3.4). This represents the high altitude (3030 m) variation; the 

sea level variation should have been significantly less and therefore no correction was 

applied to data recorded near sea level. All other measurements were taken on April 10 

within 12 hours of each other, and any small changes in the primary flux were neglected. 

Furthermore, no corrections were applied for variations in the temperature structure of the 

atmosphere, since measurements were recorded over such a short time period. 

Measurements were taken only at level, unshielded sites so that the same solid angle of 

cosmic-ray flux would be intercepted at all locations. 

The counting rates and locations of this altitude survey are given in Appendix I. 
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4.0 Altitude scaling of nucleon intensity from neutron monitor data 

4.1 Data selection 

Numerous altitude surveys of nucleon intensity have been performed with neutron 

monitors since the 1950s. However, because of differences in neutron monitor design and 

due to temporal fluctuations in solar modulation between the times of experiments, it is 

difficult to make a meaningful comparison of these measurements. In order to evaluate 

these data in a systematic manner, only measurements performed with standard IGY and 

NM-64 type neutron monitors (or monitors that have been intercalibrated with IGY or 

NM-64 monitors) are used in this work. For these monitors the directional, energy and 

muon sensitivities are fairly well characterized. Data from the Arizona neutron monitor 

are used only to check the reliability of other measurements. 

Over the course of this work discrepancies between attenuation lengths for high-

energy neutrons and thermal neutrons became apparent. These discrepancies are beyond 

what could be attributed to minor experimental uncertainties. Since spallation reactions 

induced by high-energy nucleons (e.g., Ca(n,x)36Cl, Si(n,x)26 Al, O(n,x) 14C, O(n,x) 10Be) 

account for the production of a majority of the currently used nuclides, the emphasis of 

this work will be on scaling of the high-energy nucleon component. However, a scaling 

model for thermal neutron reactions (e.g., 35Cl(n,y)36Cl, 4°Ca(n,y)41 Ca) is also discussed. 
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4.1.1 Solar activity and neutron monitor surveys 

For the sake of consistency and to further simplify the analysis, this scaling model uses 

only measurements taken near solar minimum. The most comprehensive altitude survey 

(Carmichael and Bercovitch, 1969) as well as a majority of latitude surveys (e.g. Rose et 

al., 1956; Carmichael et al., l 969a-c; Potgeiter et al., 1980b; Moraal et al., 1989; Villoresi 

et al., 2000) have been conducted near solar minimum. 

An advantage of this scaling model is that it explicitly define the solar activity level it 

is applicable to. Other scaling models (Lal, 1991; Dunai, 2000) combine data from differ

ent solar activity levels in such a way as to make the meaning of the model ambiguous. 

Dunai's (2000) model, for example, is based on a sea-level latitude survey conducted dur

ing solar minimum and a high-altitude survey conducted during a period of elevated solar 

activity. Combining data from different solar activity levels produces a systematic error in 

Dunai's (2000) scaling (Desilets et al., 200 I). Dunai (2000) was apparently unaware that 

solar activity can effect both high-latitude attenuation lengths and the shape of the latitude 

curve, even near sea level. Lal ( 1991) uses the same solar minimum data as Dunai at sea 

level (Rose et al., 1956), although his model is mostly based on data from 1948-1949, cor

responding to a period of relatively high solar activity (Lal, 1991 ). Although Lal (Lal and 

Peters 1967) recognized the potential effects of solar activity on scaling, it is unclear how 

he accounted for these effects in later work (Lal, 1991 ). 
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4.1.2 Discrepancies among neutron monitor surveys 

There have been few attempts to systematically compare neutron monitor responses. 

Of primary concern is the difference between IGY and NM-64 responses, since these are 

the most widely used neutron monitors. Different responses would be expected on the 

basis of different thicknesses of reflector. The reflector thickness determines the energy 

response of a monitor, with thicker reflectors tending to shield out a larger fraction of 

nucleons with E < 50 Me V. Since protons are attenuated in the reflector more rapidly than 

neutrons, the ratio of protons to neutrons also depends on reflector thickness. In addition, 

the relative muon contribution should increase with increasing reflector thickness. 

The overall effect of a thicker reflector should be a greater ANM near sea level, where 

the relative muon contribution is greatest, and a lower attenuation length at higher alti

tudes, where the high-energy nucleon flux dominates over the muon flux. Other factors, 

such as the constant background contribution, the proportion of counted neutrons originat

ing in the reflector and the detector dead time following each count also tend to produce 

slightly different responses. 

An evaluation of the differences in neutron monitor responses is best accomplished 

through simultaneous measurements. However, it is often impractical to simultaneously 

carry massive instruments such as NM-64 and IGY monitors on either land-based or air

borne surveys. Relatively few direct comparisons have therefore been made. Some direct 

and indirect comparisons are discussed below. 
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4.1.2.1 Comparison of IGY and NM-64 responses 

Raubenheimer and Stoker (1974) report a series of airborne measurements performed 

m 1969 with a modified l-NM-64 and 2-IGY neutron monitor. The modified l-NM-64 

had a reflector double the usual thickness of a standard NM-64, making it intermediate 

between an IGY (28 cm) and NM-64 reflector (7.5 cm). The authors concluded that there 

is no difference in either the pressure or the cutoff rigidity dependence of the counting 

rates. Unfortunately, the data on which this conclusion is based have not been reported. 

In 1970 Carmichael and Peterson ( 1971) also compared responses of IGY and NM-64 

neutron monitors by performing airborne measurements. They reported only a small dif

ference and suggested that it could be explained by the longer dead time of the NM-64. 

Unfortunately, the authors do not report what (if any) modifications have been made to the 

monitors. Also, the data from the experiment were not published. 

Attenuation lengths have been measured extensively at Huancayo, Peru and Hale

akala, Hawaii, where stationary neutron monitors have been operated by the University of 

Chicago. These correspond to low latitude sites at nearly the same cutoff rigidity, and 

therefore the data should be intercomparable regardless of solar activity. Values for the 

Huancayo IGY monitor (elevation = 3400 m, Pc = 13.5 GV from 1957 to 1965) range 

from 14 l ± 2 to 138 ± 2 g cm-2 over the period 1957 to l 965 (Bachelet et al., 1972d), 

whereas extensive measurements at Haleakala (Pc = 13.3 GV in 1965) with an NM-64 

monitor yield an attenuation length of 147 ± 1 g cm-2 for the same altitude (Carmichael 

and Bercovitch, 1969). This discrepancy cannot be explained by the small difference in 

Pc, but may be due to the combined effects of different neutron monitor responses and dif

ferent methods of determining ANM at the two locations. 

Although the IGY monitor at Huancayo yields a significantly lower ANM than does the 

NM-64 used by Carmichael and Bercovitch ( 1969) on Haleakala, at other low-latitude, 
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high-altitude stations, IGY monitors yield higher attenuation lengths. Overall, the altitude 

and cutoff rigidity dependence displayed by stationary monitors is inconsistent (Fig. 4.1 ). 

This is probably related to the fact that the monitors were operated by different investiga

tors who employed different experimental methods. For example, some investigators used 

a linear regression of ln(C) (where C is the neutron monitor counting rate) versus atmo

spheric pressure, Z, to determine the neutron monitor attenuation length. Others used a 

regression between ln(C1/C2) versus P1-P2 (where subscripts l and 2 refer to data from 

successive days), which has been shown to be more accurate (Griffiths et al., 1965). Also, 

because small fluctuations in barometric pressure are used to determine ANM, stationary 

monitors may be particularly susceptible to other systematic errors in calculating ANM· 

Small temporal changes in barometric pressure, for example, could be correlated with a 

changing Bernoulli effect (see Section 4.2.2), as was observed during a recent sea-level 

latitude survey (Iucci et al., 2000). Finally, attenuation lengths reported from stationary 

monitors often have large uncertainties (Fig. 4.1) because the pressure changes at the loca

tions are generally small. 

Perhaps the most precise and carefully reported simultaneous measurements of IGY 

and NM-64 attenuation lengths was performed at Leeds, England (sea level, Pc - 2 GV) 

in 1965 (Griffiths et al., 1965). Within the statistical uncertainties of this experiment, the 

two monitors yielded identical responses (AIGY = 137.2 ± 1.0; ANM-64 = 136.1 ± 0.5) over 

a five month period. However, at this location (high latitude and sea level) the difference 

between the two monitors should be smaller than at high-altitude and low-latitude sites. 

More studies of this type at several different locations would be useful for comparing 

responses of different neutron monitors. 

In conclusion, there are systematic differences in reported attenuation lengths which 

cannot be explained by differences in cutoff rigidity, solar activity and atmospheric depth. 

Instrumental biases may account for these a part of these discrepancies, but there is not yet 
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any experimental evidence for large systematic differences between IGY and NM-64 

responses to changing altitude or latitude. Discrepancies may be due to different experi-

mental methods, or to differences in the electronics or detectors used with the monitors. In 

any case, these discrepancies indicate the necessity of using a consistent data set for which 

the experimental procedures and data analysis are well documented. 
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4.1.3 Neutron monitor altitude surveys 

It is inherently difficult to normalize measurements from many different investigations 

because usually different equipment and experimental procedures have been employed. 

This points to the necessity of using only data for which all experimental details have been 

recorded. In many cases, the lack of critical experimental details (such as the latitude, lon

gitude and time of measurements) precludes these data from being normalized. In this sec

tion, several potentially useful investigations are discussed and evaluated in terms of their 

suitability for scaling cosmogenic nuclide production rates. 

The first neutron monitor altitude survey was conducted by Simpson and Fagot (1953) 

using a prototype of the standard IGY monitor. The key difference between this monitor 

and modern IGY monitors is that the lead producer was placed on top of the pile. Nucle

ons with energies on the order of 10-20 MeV that would be unable to penetrate the reflec

tor of an IGY or NM-64 monitor could therefore interact with the producer. Hence, this 

prototype monitor was sensitive to lower energy neutrons than the NM-64 and IGY, which 

may explain why only small discrepancies were observed between these measurements 

and ones made without lead. Probably due to differences in energy sensitivity, the high

altitude attenuation lengths measured with the prototype neutron monitor are greater by as 

much as 10 g cm-2 than those measured with modern neutron monitors (e.g. Carmichael 

and Bercovitch, 1969). Because Simpson and Fagot ( 1953) did not use a conventional 

IGY or NM-64 neutron monitor (neither of which had been invented yet), their data are 

excluded from this scaling model. 

The first land-based, mobile survey of neutron monitor attenuation lengths was con

ducted in the summer of 1963 with an IGY monitor (Bachelet et al., 1965). These data, in 

addition to data from 25 IGY stations, were used to show the general behavior of ANM(P c, 
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Z) in the lower atmosphere (Z > 680 g cm-2). This work for the first time showed that the 

attenuation length reaches a minimum at a depth of about 800 g cm-2 (elevation = 2100 

m). It also demonstrated the need for a more thorough investigation of neutron monitor 

attenuation lengths, since ANM was shown to be a continuous function of depth throughout 

the atmosphere. 

This work was followed by a more comprehensive survey by Carmichael and Berco-

vitch ( 1969) during the International Quiet Sun Year ( 1965-1966). Measurements were 

performed using both a land-based 3-NM-64 carried in a truck and a cross-calibrated air-

borne monitor with a design similar to an IGY monitor. The land-based monitor covered 

sea level 
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Fig. 4.2. Altitude and cutoff rigidity coverage of the 1965-66 solar minimum lati
tude and altitude survey by Carmichael and Bercovitch ( 1969). 
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depths ranging from 600 g cm-2 to 1033 g cm-2 (sea level), while the airborne measure

ments extended the survey to depths as small as -150 g cm-2 (Fig. 4.2). For each of the 

110 measurements the latitude, longitude, cutoff rigidity, barometric pressure, counting 

rate and counting time have been carefully recorded. Furthermore, the investigators give a 

detailed description of their equipment and experimental procedures. Because of the large 

number of measurements and the careful reporting of experimental details, this survey 

provides the best available description of ANM(P c, Z). 

Another attempt to comprehensively describe ANM(P c, Z) was reported by Raubenhe

imer and Stoker ( 1974). In order to more effectively shield against ambient thermal neu

trons, this survey employed an NM-64 monitor with a reflector thickness double the usual 

7.5 cm. There are four reasons why Raubenheimer and Stoker's (1974) data are less suit

able than Carmichael and Bercovitch 's ( 1969). First, because the reflector thickness was 

doubled, the energy and muon sensitivity of the monitor should be slightly different than 

that of a standard NM-64 monitor. Second, many of the measurements were taken in 1969, 

which corresponds to solar maximum. At high latitudes (Pc > 5 GV) attenuation lengths 

obtained during solar minimum should be significantly greater (-7 g cm-2) than those 

obtained during solar minimum (see Section 4.7). The remainder of measurements were 

taken in 1971, which corresponds to a solar activity level lower than in 1969 but still 

greater than during a typical solar minimum. Third, all measurements were taken from an 

airplane, which limited most of the measurements to depths smaller than 850 g cm-2 (ele

vation = 1600 m). Carmichael and Bercovitch 's ( 1969) extends to both greater and smaller 

atmospheric depths. Finally, the individual counting rates and counting times have not 

been published in a tabular format, as have been those in Carmichael and Bercovitch 

( 1969). Attenuation lengths derived by Raubenheimer and Stoker are in good agreement 

with those measured by Carmichael and Bercovitch ( 1969) (Fig. 4.3). 

Measurements obtained with the Arizona neutron monitor (see Section 3.5) confirm 
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Fig. 4.3. Comparison of effective neutron monitor attenuation lengths measured at Pc= 

13.3 GV by Carmichael and Bercovitch ( 1969) (circles) with the relationship found by 
Raubenheimer and Stoker (1974) (dashed line). Both correspond to solar minimum. The 
effective attenuation length is that which reduces the counts at some arbitrary depth to the 
sea-level counting rate. 

the validity of Carmichael and Bercovitch's (1969) extensive measurements at Pc= 13.3 

GV (Fig. 4.4). Attenuation lengths given for solar minimum by Raubenheimer and 

Stoker's (1974) regression tend to be lower by 1-2 g cm- 2, which is almost negligible 

when the uncertainties associated with these measurements are considered. 

To avoid problems associated with normalizing data, the solar minimum measure-

ments of Carmichael and Bercovitch ( 1969) will be used as the primary basis for scaling 

spallation reactions. The exclusion of other survey data should not affect the accuracy of 

this model since the other neutron monitor measurements taken with similar instruments 
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and normalized to the same solar activity level are generally within -2 g cm-2 of Car-

michael and Bercovitch 's (l 969) data, especially at elevations below 4400 m. Further-

more, Carmichael and Bercovitch 's (l 969) survey covers a sufficient range of altitudes 

and cutoff rigidities which makes other measurements redundant. 
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4.2 Corrections commonly applied to neutron monitor altitude survey data 

4.2.1 Correction for primary variations 

Neutron monitor surveys are typically conducted over durations ranging from days to 

months. Over this time, changes in primary intensity may occur due to solar activity, and 

therefore measurements are usually normalized to a single date. It is standard practice for 

surveys conducted over weeks to months to correct counting rates by using the continuous 

record of solar activity available from stationary neutron monitors (Carmichael et al., 

1969a; Moraal et al., 1989; Villoresi et al., 2000). For surveys covering a wide range of 

altitudes and latitudes, data from several fixed neutron monitors covering similar ranges 

can be used to derive an empirical relationship between the percent variation in the count

ing rate of a fixed reference monitor and the percent variation in counting rate for fixed 

monitors at different Pc and Z (Carmichael et al., 1969a). 

4.2.2. Correction for the Bernoulli effect 

Strong winds may cause measurements of local barometric pressure to systematically 

underestimate the mass thickness of overlying air. This effect can be corrected by using 

data on the relative wind speed at the measurement location and the equations given by 

Iucci et al. (2000). During the most recent latitude survey (lucci et al., 2000), the Ber

noulli effect was shown to lower the high-latitude sea-level ANM from 138.5 ± 1.3 g cm-2 

to 135.7 ± 1.7 g cm-2. Such a correction was not applied by Carmichael and Bercovitch 

( 1969). 
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4.2.3 Correction for the atmospheric temperature structure 

The flux of unstable particles (mostly pions and muons) contributing to the neutron 

monitor counting rate depends not only on mass shielding depth but also on the density of 

the atmosphere. When the temperature of a layer of atmosphere increases, the width of the 

layer also increases, and the fraction of muons and pions that decay before penetrating the 

layer increases. Hence, temperature increases should correspond to small decreases in the 

neutron monitor counting rate. However, since muons arise from the decay of pions, there 

is also another temperature effect in the opposite direction. When atmospheric density 

decreases, more pions decay to muons before interacting with nuclei, thereby enhancing 

the muon flux. The net effect, however, is an inverse correlation between temperature and 

the fluxes of muons and pions (Hatton, 1971 ). Because temperature fluctuations have only 

a small effect on the neutron monitor counting rate (-0.5% over a few days (Hatton, 1971) 

near sea level, and even less of an effect at smaller atmospheric depths, this correction is 

often neglected (Carmichael and Bercovitch, 1969; Raubenheimer and Stoker, 197 4 ). Fur

thermore, detailed satellite and radiosonde measurements of the temperature structure of 

the atmosphere are often unavailable for the time of the measurements. 

4.2.4 Correction for the sea state effect 

When analyzing measurements of ANM taken from ships, it is necessary to account for 

the rolling of the vessel due to waves. Rolling motions cause a neutron monitor to be rela

tively more sensitive to obliquely incident particles. The first attempt to correct the attenu

ation length for this effect is reported by Iucci et al. (2000). They found that the sea state 
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effect lowered the high-latitude sea-level ANM (already corrected for the Bernoulli effect) 

from 135. 7 ± l. 7 g cm-2 to l 33.2 ± 0.9 g cm-2. They also found a strong statistical correla-

tion between the sea state effect and the Bernoulli effect, and therefore this correlation 

must be accounted for if both corrections are made. Because strong winds are usually 

associated with a rough sea, the correlation is expected. 

4.3 Data reduction 

4.3.1 Calculation of ANM e 
' 

The goal of this section is to parameterize altitude measurements of nucleon intensity 

from the extensive 1965 solar minimum survey reported by Carmichael et al. (l 969a-c) 

and Carmichael and Bercovitch (1969). Carmichael et al. (l 969a-b) obtained measure-

ments at 106 locations, covering cuff rigidities ranging from 0.5 GV to 13.3 GV and atmo

spheric depths ranging from 150 g cm-2 to 1033 g cm-2 (Appendix I). These data have 

already been corrected for differences in the temperature structure of the atmosphere and 

normalized to May 12-14, 1965. 

The iterative procedure used here to derive ANM.e (the effective neutron monitor atten-

uation length) is essentially the same as the one described by Carmichael and Bercovitch 

( l 969). This involves establishing a sea-level latitude curve for the neutron monitor count-

ing rate and then calculating ANM,e, which is defined as the attenuation length that reduces 

the counting rate at some depth, Z, to the sea level counting rate, for each data point. 

Effective attenuation lengths are then used to calculate an improved latitude curve, which 

is in tum used to calculate improved effective attenuation lengths. 

Because most of Carmichael and Bercovitch's ( 1969) measurements have been taken 
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at atmospheric pressures less than the average sea-level pressure of 1033 g cm-2
, a first 

approximation to ANM,e must be made in order to establish the sea-level latitude curve. 

The sea- level counting rates can then be fitted with the Dorman function (Dorman, 1974): 

C(Pc) = C0 li - exp(- aP/ )J (4.1) 

where C is the counting rate at Pc, C0 is the high-latitude counting rate and a and k are fit

ting parameters. From equation 4.1, a second approximation of ANM,e can be calculated. 

ANM,e(P c, Z) was fitted to a third order polynomial using weights l/cr2 where cr2 is the 

variance of the counting rate. ANM,e was then calculated from the regression and used to 

derive an improved sea-level curve. After four such iterations, the R2 of the Dorman func

tion fit to the sea level data stabilized at 0.986, and the final sea level curve was obtained 

(Fig. 4.5). For the purpose of obtaining this curve, only data from Z > 700 g cm-2 were 

used. 

From Figure 4.5 and the measurement listed in Appendix I, final values of ANM,e were 

calculated for all locations with Z < 1030 g cm-2. For locations with Z > l 030 g cm-2, 

uncertainties are on the order of ANM,e, and therefore these data are excluded from the suc

ceeding analysis of ANM,e(P c, Z). Measurement number 80 (Appendix I), was taken in the 

highly shielded Iao Valley of Maui, Hawaii, and therefore this point was also excluded 

from the analysis. 
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4.3.2 Parameterization of neutron monitor data 
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To obtain ANM.e as a continuous function of Pc and Z, the results above must be fitted 

to an equation which approximates the true physical relationship between variables. 

Because the true functional form of ANM.eCP c, Z) is exceedingly difficult to derive from 
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physical principles, it is necessary to fit a somewhat arbitrary equation to the data while 

trying to keep the fit physically realistic. 

The functional relationship of ANM,eCP c, Z) was determined by first observing the 

relationship between ANM,e and Z at locations where transects of neutron intensity had 

been made with atmospheric depth (Fig. 4.6). Data at Pc= 13.3 GV were best fitted by a 

third degree polynomial, while that at 5. 7 and > 1.5 GV was best fit by a second degree 

polynomial. To minimize any unrealistic smoothening of the data, functions were fitted 

separately to data at Pc > 6 GV and Pc < 6 GV with the constraint that the two functions 

must be continuous. Data at Pc < 6 GV with weights l/cr2 were fitted to a polynomial of 

the form: 

A(Pc,Z)=n1(l+exp(-a 1P-k1 )t' +(a0 +a1Pc +a 2 P/)z 

+ (a3 + a4Pc + asP/ )z2 

In order to obtain a realistic fit, it was necessary to 

constrain parameters a0, a 1, a 3 and a4 leaving four free 

parameters. Failure to constrain these parameters results 

in unrealistic distortions of the fitting surface. Also, it 

was observed that a more realistic fit could be obtained 

by neglecting the airborne measurements at Pc= 0.5 GV, 

which cause the curve to inflect. These data are consid-

ered to be anomalous, since the attenuation length should 

decrease monotonically with decreasing PC· The final 

parameters for equation 4.2 are given in Table 4. l. 
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Data at Pc> 6 GV with weights l/cr2 were fitted to: 

A(Pc,Z) = (ho +bl PC +h2P/ )+ (b3 +h4Pc )z + (b5 +b6PC )z 2 

+(b7 +b8 Pc )Z 3 
6GV <Pc< 14GV (4.3) 

with the parameters bi given in Table 4.2. 

The uncertainty of these regressions is expressed by a polynomial of the form of equa-

tion 4.3 and with the parameters given in Table 4.3. 

From equations 4.2 and 4.3, the true attenuation length can be calculated from the rela-

tionship (Carmichael and Bercovitch, 1969): 

J3( Z ) = p, ( Z ) + ( Z - Z0 ) :: 

1 
where p =-

(4.4) 

A 

Table 4.2. Parameters describing the 
effective neutron monitor attenuation 
length for Pc> 6 GV), before correct-

ing for muons and background. 

bo l.4 I 738e2 

b1 4.72074e-l 

b2 5.35145e-2 

b3 -3.68507e-2 

b4 I .52426e-3 

b5 5.22686e-5 

b6 -5. I 8406e-6 

b7 -2.2991 Se-8 

bg 3.97511 e-9 

Table 4.3. Parameters describing the 
uncertainty on the regressions to 
Ae,NM(P c ,Z) for Pc< 14 GV. 

bo 9.3 l 980e-3 

b1 -2.77592e-2 

b2 3.74568e-3 

b3 l.58286e-3 

b4 - l .502 l 9e-4 

b5 -3.56 l 07e-6 

b6 2.09079e-7 

b7 2.57239e-9 

bg -6.35966e- l l 
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4.4 Corrections applied to ANM 

4.4.1 Fast muons, stopping muons and background 

The neutron monitor counting rate arises from the combined contributions of neutrons, 

protons, pions, fast muons, slow negative (stopping) muons and background alpha-radia-

tion in the counter tube (Hatton, 197 l ). The contributions of muons and background to 

ANM can be removed using the relationship: 

i_s_ 
. A . 

--=-'--' 
/\NM n I,c; 

(4.5) 

i 

where C; and A; are respectively the percent contribution and attenuation length of the ith 

component. At sea level and high latitude, contributions from nucleons, slow negative 

muons, fast muons and constant background (CN, Cµ-(s), Cµ(f), and C8 , respectively) 

account for more than 98% of the neutron monitor counting rate (Table 4.4). Attenuation 

lengths for fast muons and slow muons are discussed next. 
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Table 4.4. Contributions to the IGY and NM-64 counting rates at high latitude and 
sea level (Hatton, 1971, p. 72). IGY NM-64 

Daily Daily 
counting % counting % 

Component rate Contribution rate Contribution 

Neutrons 161200 83.6 ± 2 4857000 85.2 ± 2 

Protons 15200 7.4 ± 1.0 423000 7.2 ± 1.0 

Pions 2530 1.2 ± 0.3 58000 1.0 ± 0.3 

Slow (stopping) 9150 4.4 ±0.8 212000 3.6 ± 0.8 
muons 

Fast (interacting) 4800 2.4 ± 0.4 118000 2.0 ± 0.4 
muons 

Background 2000 1.0 60000 1.0 
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4.4.1.1 Fast muon attenuation length 

In addition to conducting one of the most comprehensive neutron monitor surveys 

ever undertaken, Carmichael and Bercovitch (1969) also performeed extensive measure-

ments of fast muon intensity. Fast muons were measured with an MT-64 plastic scintillator 

muon telescope. The MT-64 was constructed by placing plastic scintillators on the top and 

bottom of the NM-64 neutron monitor so that muons penetrating the two scintillators and 

the NM-64 were recorded. Coincident pulses (those occurring simultaneously in the top 

and bottom scintillators) were recorded as counts. Fast muon measurements were taken at 

most of the locations where neutron data were recorded. 

The effective attenuation length Aµ(f),e for fast muons was calculated from the data in 

Appendix I by the same iterative procedure used to calculate ANM,e· The final latitude 
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curve and Dorman function parameters for fast muons are given in Figure 4.7. This lati-

tude curve was used to scale the relative muon contribution to sea level for different values 

of PC· Although the large scatter of data points makes it difficult to determine the func

tional form of Aµ({),e(P c, Z), a reasonable relationship is given by (Fig 4.8): 

(4.6) 

A weighted regression to Carmichael and Bercovitch 's ( l 969) fast muon data yields the 

parameters in Table 4.5. 

These fast muon data have been corrected for the 

effect of the temperature structure of the atmosphere. 

The temperature correction normalizes the fast muon 

data to a single atmospheric temperature structure. 

This is necessary because both muons and pions (from 

which muons originate) are unstable. Since muons and 

pions may decay before interacting with atoms, the 

flux of unstable particles attenuates in the atmosphere 

as a function of travel distance as well as the mass 

shielding. The density of the atmosphere, which is 

related to the atmospheric temperature, should there-

fore have an effect on pion and muon fluxes. Because 

Carmichael and Bercovitch 's (l 969) neutron monitor 

data have also been corrected for this effect, it is appro-

priate to use temperature corrected muon data. How-

ever, considering the uncertainties associated with 

Carmichael and Bercovitch's ( l 969) fast muon data 

Table 4.5. Parameters describ
ing the fast muon attenuation. 
length 

2.16575e2 

8.78296e0 

-1.353 l Se-3 

3. 78595e-l 

Table 4.6. Parameters describ
ing I-a uncertainty on the fast 
muon attenuation length. 

-l.88660e l 

l. l4206e0 

- l.65495e-3 

C3 2.9QQ53e-2 
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and the small fraction of fast muons counted by a neutron monitor, it makes little practical 

difference which is used. For the correction, Aµ(f),e was transformed to Aµ(!) using equa

tion 4.4, which yields the parameters in Table 4.6. 

One should note that the muons counted by an MT-64 may not correspond exactly to 

the energy range of those producing counts in the neutron monitor. The energy of fast 

muons recorded by Carmichael and Bercovitch ( 1969) corresponds to those capable of 

penetrating the 26.5 cm of lead and 5.4 cm of paraffin (average thicknesses) of the NM-64 

neutron monitor used for this survey. 
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are according to equation 4.6 while the dotted lines represent the 2-sigma uncertainty 

on the weighted regression. 
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4.4.1.2 Slow muons 

There are only two sources of data on the altitude dependence of slow muon intensity: 

one is a series of experiments by Rossi et al. (l 94 7) and Sands (l 950) (also reported by 

Rossi (1948), p. 547) and the other is a series of experiments by Conversi (1950). Rossi et 

al. (1947) measured slow muons with an instrument consisting of an aluminum absorber 

placed between horizontally arranged arrays of Geiger-Muller counters. The basis of this 

method is that muons, along with other ionizing radiation such as gamma rays and beta 

particles, trigger pulses upon passing through the top layer of Geiger-Muller counters. 

Most of these cosmic rays, including gamma and beta radiation and negative muons at the 

lower end of the momentum spectrum, stop in the absorber. While gamma and beta radia

tion stopping in the absorber produce only one count - that which is recorded by the top 

counters - a large fraction of the slow negative muons decay in the absorber, emitting a 

beta particle which is detected by the lower array of Geiger-Muller counters. Such a series 

of events is known as a delayed coincidence, because there is a short lag time between 

when the top and bottom arrays are triggered. Conversi (1950) and Sands (1950) 

employed a similar method of counting slow negative muons, but used three arrays of 

counters and two or more layers of different absorbing materials. This method takes 

advantage of the fact that negative muons tend to be captured by elements of high atomic 

number, whereas spontaneous decay becomes more probable in lighter elements. 

The cutoff energy for slow muons is defined in these experiments by the absorber 

thicknesses. Rossi et al. (l 947) and Sands (1950) used an absorber thickness equivalent to 

83 g cm-2 of air, whereas Conversi (1950) used 100 and 117 g cm-2 of air equivalent, both 
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of which correspond to muons with E < 0.3 GeV (Conversi, 1950). 

Although they used similar absorber thicknesses, the results of Sands ( 1950) and Rossi 

et al., (194 7), disagree with those of Conversi (1950). According to a weighted fit (Fig. 

4.9), Sand's (1950) measurements yield a high latitude attenuation length of 240 g cm-2 

whereas Conversi (1950) reports a value of 280 g cm-2. According to Conversi (1950), 

because the omnidirectional flux attenuates more rapidly than the vertical flux, this dis-

crepancy may be explained by the narrower solid angle intercepted by Conversi's (1950) 

apparatus. Conversi ( 1950) points out that the value of 280 g cm-2 is more appropriate for 

the vertical muon flux. 

400 A = 240 +/- 5 g cm-2 
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Fig. 4.9. Slow muon counting rates reported by Sands ( 1950). 
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The attenuation length for the omnidirectional slow muon flux can be estimated from 

Conversi's (1950) data under the following assumptions. First, it will be assumed that 

Conversi's (1950) uncorrected measurements represent only the vertical muon flux. The 

omnidirectional flux can then be calculated by integrating the zenith angle distribution 

over all zenith and azimuth angles. If the zenith angle distribution is represented by cosm 8 

and the vertical flux is given in flux per unit steradian then the total flux is given by 2rc/ 

(m+ I) (Ziegler, 1996). 

Second, it will be assumed that at the highest altitude of Conversi's ( 1950) measure

ments (-296 g cm-2), the zenith angle distribution can be represented by cosm 8, where m 

= ZIAµ-(s) = 296 g cm-2/240 g cm-2 = 1.23. Them= ZIAµ-(s) is a rough approximation that 

is most suitable for small atmospheric depths (Conversi and Rothwell, 1954 ). The zenith 

angle distribution at sea level is assumed to be the same as for fast muons, which Crookes 

and Rastin (1972) found to be proportional to cos2 8. Adjusting Conversi's (1950) 

reported value of A for these effects yields a value of Aµ-(s) = 252 g cm-2 for the omnidi

rectional flux. Although this calculation relies on several unverified assumptions, the size 

and direction of this correction bring Conversi's ( 1950) data into better agreement with the 

more omnidirectional measurements reported by Sands ( 1950). 

An attenuation length of 240 g cm-2 (Fig. 4.9) representing the absorption of the omni

directional slow muon flux will be used as the basis for correcting the neutron monitor 

counting rate. This attenuation length has been scaled from the measurement location, 

Cambridge, Massachusetts (Pc= 1. 7 GV), to higher cutoff rigidities by assuming that the 

latitude dependence at sea level is the same for slow muons and fast muons (see Fig. 4. 7), 

and that at 9144 m (Z - 296 g cm-2) the latitude dependence is the same as that given by 

Conversi ( 1950). According to Figure 2 of Conversi ( 1950), the latitude dependence of 

slow muons at 9144 m is nearly the same as the sea level latitude dependence of neutrons. 

A close correspondence between fast muon and slow muon distributions at sea level is 



79 

indicated by the measurements of Bilokon et al. ( 1989), which are consistent with Con

versi ( 1950) if it is assumed that the latitude dependence of muons should become flatter 

with increasing atmospheric depth, as does the latitude dependence of neutrons. It should 

be noted that others have found a greater latitude effect near sea level than did Bilokon 

(1989) (see Subramanian et al., 1958) and that more work in this area would be benefi-

cial. 

The slow muon attenuation length at all latitudes has been calculated by linking fast 

muon latitude curves at high and low latitudes using a single attenuation length. This link-

ing procedure is essentially the same as that described by Dunai (2000) and Lal ( 1958). 

The effective slow muon attenuation length between 1033 g cm-2 and 200 g cm-2 is 

described by: 

A_ (Pc)=3.68·Pc+233 
µ ( s) 

(4.7) 

The uncertainty on the attenuation length calculated from equation 4. 7 is based only 

on the counting errors. In order to account for possible instrumental biases, a more realis

tic uncertainty of 15 g cm-2 is adopted for the purpose of error propagation (Section 7). 

Finally, it should be reminded that the available experiments (Sands, 1950; Conversi, 

1950) give the effective attenuation length over the range 200 g cm-2 to 1030 g cm-2 of 

atmosphere. The probability of a muon decaying as it passes through the atmosphere 

depends on atmospheric density, which is a function of altitude and climatic factors. 

Somewhat different attenuation lengths should therefore be expected for different regions 

of the atmosphere. 
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4.4.1.3 Counter background 

The contribution of constant background counts to a typical 3-NM-64 neutron monitor 

has been measured by placing cadmium shielding around counter tubes having the same 

specifications as those used by Carmichael and Bercovitch ( 1969). This experiment indi

cated a constant background of less than 1 % of the high-latitude sea-level counting rate. 

The value of l % reported by Hatton ( 1971) is used in this work. 

4.4.1.4 Muon and background corrected attenuation length from neutron monitor data 

The dependence of the high-energy nucleon attenuation length (ANM N) on Pc and Z 
' 

was determined by transforming the effective neutron monitor attenuation length (ANM,e) 

given by equations 4.2 and 4.3 (and the parameters in Tables 4.1 and 4.2) according to 

equation 4.4, and then removing the muon and background contributions. For 6 GV <Pc 

< 14 GV The dependence of ANM,N on Zand Pc is given by: 

6GV<Pc<l4GV (4.8) 

and the parameters in Table 4.7. For Pc< 6 GV, ANM(Pc, Z) is given by equation 4.3 and 

the parameters in Table 4.8. 
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Table 4.7. Parameters describ- Table 4.8. Parameters describ-
ing ANM,N(P c, Z) for Pc < 6 ing ANM,NCP c, Z) for Pc > 6 
GV. GV. 

n2 2.84544e2 bo l.82987e2 

a.2 l. l 9793e-2 b1 -l.36549e0 

k2 -2. l 8242e0 b2 5.5547 le-2 

do -4.1331 le-2 b3 -2.09955e- l 

d1 2.242 l 7e-3 b4 l.4 l 336e-2 

d2 -3.36839e-3 b5 2.71285e-4 

d3 3.83676e-5 b6 -2.86500e-5 

d4 -7 .22060e-6 b7 -l.l4784e-7 

d5 3.72609e-6 bg l.60992e-8 

d3 -l.17477e-8 

d4 5.9132le-9 

d5 - l .50503e-9 

4.4.2 Directional bias of ANM 

Because the flux of obliquely incident secondaries attenuates more rapidly than the 

vertical flux, the attenuation length measured by a neutron monitor depends on the moni-

tor's angular sensitivity. It is therefore important to consider both the angular sensitivity of 

neutron monitors and the depth dependence of the cosmic-ray zenith angle distribution in 

evaluating neutron monitor attenuation lengths. 
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4.4.2.1 The zenith angle distribution of atmospheric nucleons 

A simplified model of the cosmic-ray zenith angle distribution is given by the Gross 

transformation (Gross, 1933): 

J ( 0) = J ( 0o) · (1 + Z Jexp( - Z J 
Acos0 Acos0 

(4.9) 

where 1(0) is the neutron flux as a function of zenith angle 0. 

A fundamental assumption of equation 4.9 is that the neutron-producing radiation is 

not scattered. Detailed numerical calculations by Dorman et al. ( 1999) show that scatter-

ing is unimportant for neutrons with E > l GeV (Dorman et al., 2000). However, since 

neutron monitors detect nucleons with energies below 1 Ge V, the effect of scattering must 

be considered here. Scattering makes the zenith angle distribution more symmetrical. 

The zenith angle distribution is often approximated by the function cosm 0. In absence 

of scattering m tends to the limit Z/A for small Z (Conversi and Rothwell, 1954). This 

rough approximation shows that as Z increases, m increases and therefore the neutron flux 

becomes collimated with depth. Also, since A depends on cutoff rigidity, the zenith angle 

distribution also depends somewhat on cutoff rigidity. In this analysis, the variation of m 

due to cutoff rigidity is neglected, since this should be small in comparison with the alti

tude variation (Dorman et al., 2000). Assuming a cosm 0 distribution, the total flux, lror is 

given in terms of the vertical flux (per steradian), JV' by the expression: 

1t/2 m • 21t 
1101 (0) = 21t lv f cos 0sm 0d0 = Iv -

m + l 
(4.10) 

0 
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while the total flux received by a flat surface is given by: 

1t/2 21t 
Jtof(S) = 21t lv J cosm+I 8 sin 8d8 = lv--

0 m+2 
( 4.11) 

This relationship shows most of the neutron flux incident on a flat surface impinges from 

angles of 20 to 50 degrees from the zenith (Fig. 4.10). 

Data from several experiments have been fitted to the cosm 0 expression, but unfortu-

nately a direct comparison of m values is confounded by several factors. One major factor 

is that instruments often have different energy sensitivities. Also, measurements have been 

taken at several different cutoff rigidities, although most were at fairly high latitudes. 

Finally, one should keep in mind that the cosm 0 expression is only an approximation to 

the true zenith angle distribution; there is little physical basis for this expression. It is most 

valid at small zenith angles and does not account for the variations of intensity with azi-

muth angle. 

In spite of the problem of normalizing measurements for Pc and instrumental biases, 

the available data for nucleons with energies between 50 and 750 MeV seem to indicate 

that the nucleon flux becomes more collimated towards sea level (Fig. 4.11 ). 

One of the earliest experiments (Barford and Davis, 1952) used emulsion plates 

shielded under various half-angles of lead to measure m for the neutrons and protons. In 

agreement with theory, they found the high-energy component to be more collimated than 

the low energy component. In Figure 4.11, the value of m corresponding to the lowest 

energies recorded (3 and 4 prong stars) is used. The reported uncertainty on m reflects 

only counting uncertainty and therefore is a minimum estimate. 

Conversi and Rothwell ( 1954) measured the angular distribution of nucleons using an 

ion chamber surrounded by Geiger-Mueller counters. The value of m = 2.3 often cited in 
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Fig. 4.10. Zenith angle distributions for various m A. normalized to 
the same total flux and B. the normalized flux integrated over 2rr as a 

function of zenith angle. Note that the flux mostly arrives at 20° to 
55° from the zenith. 
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Fig. 4.11. Values of m at various atmospheric depths for nucleons with energies between 50 
MeV and 1 GeV. 
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the cosmogenic nuclide literature (Lal, 1958; Nishiizumi et al., 1989; Staudacher and 

Allegre, 1993; Dunne et al., 1999) is an average of the results for 60 and 750 Me V nucle

ons. Once again, the reported errors on m include only statistical errors. 

Miyake et al. (1957; reported in Heidbreder et al., 1971) measured the angular distri

bution of 10 Me V, 100 Me V and 1 Ge V neutrons. The value of m shown in Figure 4.11 is 

a flux-weighted average of the values at 100 MeV and 1 GeV calculated by assuming that 

neutron flux is proportional to E- 1 ·5 (Heidbreder et al., 1971 ). The uncertainty on this 

value of mis not known, but is assumed here to be ±1. 

An investigation of the effect of shielding on the neutron monitor counting rate was 

performed by Phillips and Parsons ( 1962). This experiment involved using an IGY moni

tor to measure relative nucleon intensity at various distances from a quarry wall. Unfortu

nately, data from individual measurements were not published and therefore the 

uncertainty of their measurements is not known. Them value given in Figure 4.11 is from 

a fit to their reported distribution. An uncertainty of m ± 1 is assumed. 

Heidbreder et al. (1971) determined a value of m by examining the angular distribu

tion of recoil protons recorded in spark chambers. To improve the counting statistics, mea

surements from two atmospheric depths were combined. The atmospheric depth given in 

Figure 4. l l is the average of these depths weighted by the counting rate at each depth. 

At the top of the atmosphere the primary flux should be nearly isotropic (aside from 

variations along the azimuth) between 0 = 90° and -90° and therefore m is assumed to be 

0. 
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4.4.2.2 The angular sensitivity of a neutron monitor 

The fact that the lead producer of an NM-64 neutron monitor is essentially a horizontal 

slab has two important consequences. One is that at large zenith angles (close to the hori-

zon) a smaller surface of the monitor is exposed normal to the incident flux. This tends to 

make the NM-64 less sensitive to obliquely incident nucleons. However, a compensating 

effect is that obliquely incident nucleons have a greater thickness of lead to interact with, 

and therefore have a higher probability of colliding and producing evaporation neutrons as 

they pass through the lead. 

Because the zenith angle distribution of cosmic-rays changes with altitude, ANM,e 

should be somewhat influenced by a monitor's angular sensitivity, 5(9), which is given as 

(Hatton, 1971): 

S (9) = A(9) exp(-y(9) I AcH
2 

)[ l -exp(-x(9)/ Ai, Pb) P1(8) (4.12) 

where A(9) is calculated from the horizontal area (A) of the producer and the average ratio 

of vertical to horizontal areas (r) using Table 3.1 and the expression (Hatton, 1971 ): 

A(9) = A(cos 9 + r cos 9) (4.13) 

In equation 4.12, x(9) and y(9) are the average thicknesses of the producer and reflector in 

the direction 9, AcH2 is the attenuation length in polyethylene (-128 g cm-2) and Ai,Pb is 

the interaction length in lead (-200 g cm-2). 
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The function 11(8) is the number evaporation neutrons per interacting particle as a 

function of zenith angle, given by (Hatton, 1971 ): 

11
(8) = v(x(8)) 

v(x(O)) 

(4.14) 

where v(x(8)) is the average number of neutrons as a function of producer thickness and 

interacting nucleon energy, as given by Shen ( 1968). 

The zenith angle sensitivity of the NM-64 calculated from equation 4. 12 and Table 3.1 

appears to be somewhat biased towards obliquely incident neutrons (Fig. 4.12). This 

should result in an underestimate of the omnidirectional ANM· However, because this 

effect is small (lowers ANM by about l g cm-2) and uncertain, no correction will be applied 

for the directional bias. 

Fig. 4.12. The zenith angle sensitivity of the NM-64 neutron monitor at 

high latitude and sea level. 

1.40 
C 

e 
:5 1.35 
Q) 
C 

C' 1.30 
rn 

,:::, 
C 1.25 0 
(.) 
Q) 
Cl) 

1.20 ~ 

Q) 
Q. 

Cl) 1.15 c 
:::::i 
0 

1.10 (.) 

Q) 

-~ rn 1.05 
a:; 
a: 

1.00 
0 20 40 60 80 

Zenith angle (8) 



89 

4.5 The energy dependence of AN and nuclide-specific considerations 

According to theoretical considerations (Rossi, 1948, p. 558), because low energy 

nucleons are derived from nucleons of higher energy, AN should either decrease or remain 

constant with increasing nucleon energy. Based on early measurements (Hess et al., 1961) 

and cascade calculations (Messel, 1954), it has previously been assumed that at energies 

below 400 Me V, where a majority of nuclide production occurs, the energy dependence of 

AN is negligible (Lal, 1958; Lal and Peters, 1967). There is strong evidence from more 

recent experiments, however, that the energy dependence of AN may have a considerable 

effect on the altitude dependence of cosmogenic nuclide production. Since each cos

mogenic nuclide is produced through a reaction occurring at a different threshold energy, 

each should have a somewhat different altitude dependency. Another implication is that 

the nucleon attenuation length measured with a neutron monitor (ANM•N) is not necessar-

ily equal to the attenuation length for the production of nuclide j by nucleons (Aj,N)· 

4.5.1 Evidence for the energy dependence of AN at E < 400 MeV 

Although it was not recognized at the time, the early neutron monitor experiments of 

Simpson and Fagot ( 1953) suggested the energy dependence of AN, at least at high alti-

tudes. In these experiments, measurements were taken with thermal neutron detectors 

embedded in a paraffin pile that was sometimes covered with a layer of lead. High-energy 

neutrons should produce proportionally more evaporation nucleons in lead, and therefore 

more neutron monitor counts than should low energy nucleons. This multiplicity effect 
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should also occur, but to a much lesser extent, in the smaller carbon nuclei of the paraffin-

only monitor. There is less of a multiplicity effect in carbon for two reasons. First, the 

binding energy per nucleon is lower in carbon than in lead. Second, the total number of 

neutrons that can be evaporated is lower in carbon than in lead. The paraffin-only pile 

should therefore be less biased towards the higher end of the nucleon energy spectrum. 

A series of airborne measurements 

with lead covered and uncovered piles at 

atmospheric depths of 175-750 g cm-2 

show significantly different attenuation 

lengths, whereas in the lower atmosphere 

attenuation lengths from each appear to 

converge to a common value (Table 4.9). 

Unfortunately, without knowledge of the 

energy sensitivity of the lead and lead-

paraffin monitors, this comparison is 

mostly qualitative. It is likely that the 

median energies measured with either 

Table 4.9. Attenuation lengths reported by 

Simpson and Fagot ( 1953). Am is the reported 

geomagnetic latitude calculated from a dipole 

approximation. 

'A.111 =52° 

175-300 

230-530 

An 

(carbon pile) 

168±3 

152±2 

300-530 148±2 

530-750 

240-380 

580-770 

175±3 

144±4 

An 

(lead+carbon 

pile) 

158±2 

148±2 

141±2 

164±3 

141±3 

geometry is considerably less than that of an NM-64 monitor (£med - 120 Me V), since no 

outer reflector was used on top. 

The energy dependence of AN at E < 400 Me V did not become widely accepted until 

data from neutron multiplicity counters became available. A multiplicity counter is a neu-

tron monitor that records the number of counting events occurring within a gating time of 

about 700-1000 µs (Hughes, 1966; Nobles, 1967). Each secondary nucleon interacting 
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with the monitor produces about 1.44 counts, on average, at high latitude and sea level 

(Hatton, 1971). The number of counts produced from each interaction, however, depends 

on the energy of the incoming nucleon. A neutron multiplicity counter therefore provides 

information on the energy spectrum of secondary cosmic-ray nucleons. 

The median energy of nucleons contributing to each multiplicity is known to within 

about 25% (Tables 4.10 and 4.11) (Hatton, 1971). These values are valid only for sea level 

and high latitude; median energies should be somewhat greater at higher altitudes and 

lower latitudes. 

4.5.1.1 Evaluating multiplicity data 

For multiplicity measurements to be correctly interpreted in terms of the nucleon 

energy spectrum, several corrections must initially be made. First, the contribution of 

muons and background must be removed. Slow negative muon capture and fast muon dis

integrations result in the emission of relatively few neutrons, and therefore this correction 

is important only for k = l and 2 (k is the multiplicity number) (see Tables 4.3 and 4.4). 

Because the atmospheric attenuation length of slow muons is approximately double that of 

nucleons, failure to perform this correction will result in unrealistically large AN at k = l 

and 2, and therefore an overestimation of the rate at which AN increases with decreasing 

energy. Likewise, background counts, which occur mostly as k = l events, must also be 

removed. 
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Table 4.10. Contributions to the solar minimum NM-64 counting rate at high latitude and sea 

level. 

Multiplicity 2 3 4 5 6 7 8 9 

Median energy (MeV) 70 120 180 250 400 640 1100 1700 

Neutrons 1977000 557600 193300 75000 31500 14200 6900 3500 2000 

Protons 73000 37400 20000 11400 6700 4100 2600 1660 1100 

Pions 8200 4400 2600 1600 1100 700 500 350 250 

Stopping muons 172000 8100 380 20 

Interacting muons 72560 12300 2100 350 60 10 

Background 60000 

Interactions in moderator, 
reflector and surroundings 600000 

Total multiplicity rates 2962760 619800 218380 88370 39360 19010 10000 5510 3350 

Multiplicity spectrum(%) 74.7 15.6 5.5 2.2 0.99 0.48 0.25 0.14 0.08 

A correction must also be applied for the dead time that follows each 700-1000 µs gat-

ing interval. At higher altitudes (and therefore higher counting rates), proportionally more 

counts are lost to the detector dead time. Failure to correct for the dead time results in an 

overestimation of attenuation lengths. Because dead time is most important for low multi-

plicities (since they have the highest counting rates) failure to perform this correction will 

also result in particularly large AN at k = l and 2, and therefore an overestimation of the 

rate at which AN increases with decreasing energy. 

Finally, the possibility of overlapping counts from different multiplicities must be 

accounted for. Overlapping counts are counts from two separate events that occur within 

the gating time. Also, multiple neutrons from one interacting neutron may trigger separate 

gating events of lower multiplicity. Griffiths et al. ( 1968) derived a correction for these 

effects. 



93 

Table 4.11. Contributions to the solar minimum IGY counting rate at high latitude and sea level. 

Multiplicity 2 3 4 5 6 7 8 9 

Median energy (Me V) 120 190 330 700 1800 3500 

Neutrons 96800 18300 4100 1060 320 110 45 20 10 

Protons 5600 1940 740 300 130 61 30 15 8 

Pions 740 300 130 60 30 17 9 5 3 

Stopping muons 8640 20 

Interacting muons 3900 300 20 

Background 2000 

Interactions in moderator, retlec-
tor and surroundings 10000 

Total multiplicity rates 127680 20860 4990 1420 480 18 84 40 21 

Multiplicity spectrum(%) 82.0 13.4 3.2 0.91 0.31 0.12 0.054 0.025 0.013 

4.5.1.2 Experimental investigations of the multiplicity effect 

Multiplicity measurements began in the early 1960s in an effort to link the primary 

cosmic-ray spectrum with neutron monitor responses. Latitude and altitude measurements 

of the multiplicity effect have been performed with IGY monitors (Bachelet et al., 1964; 

Kent et al., 1968), NM-64 monitors (Griffiths et al., 1968; Kodama and Ohuchi, 1968) and 

a special type of neutron monitor known as the Lockheed multiplicity monitor (Nobles et 

al., 1967; Nobles et al., 1969). 

For the purpose of evaluating AN(£), only data that have been corrected for the above-

mentioned effects are suitable (for IGY and Lockheed monitors the counting rate is suffi-

ciently low near sea level that the dead time and overlap corrections are negligible (Bache-
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let eta!., 1964; Nobles eta!., 1967)). This leaves only the data of Nobles eta!. (1967) and 

Bache let et al. (1964 ). Measurements at Palo Alto (sea level) and White Mountain (3800 

m) suggest that between median energies of 20 MeV and 200 MeV, ANM Ndecreases from 
' 

137 g cm-2 to 123 g cm-2 (Nobles et al., 1967) (Fig. 4.13). Attenuation lengths measured 

by Bachelet et al. ( 1964) and Kent et al. ( 1968) also show a strong dependence on energy. 

It is therefore worthwhile to examine the energies at which some of the more commonly 

used cosmogenic nuclides are produced. 
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4.5.1.3 Energy dependence of cosmogenic nuclide production 

The energy dependence of a spallation reaction is known as the excitation function. A 

common characteristic of excitation functions is the occurrence of a threshold energy 

above which the reaction probability (expressed in terms of the reaction cross section) 

suddenly increases by an order of magnitude or more (Lal and Peters, 1967). The reaction 

cross section typically reaches a peak just above the threshold energy, and then tails off 

somewhat with increasing energy as the probability of leaving the desired residual nucleus 

decreases (Lal and Peters, 1967). 

Neutron and proton excitation functions have been measured or estimated for many of 

the reactions relevant to cosmogenic dating. Since neutrons are more important than pro

tons for producing cosmogenic nuclides by an order of magnitude or more, it is most 

important to know neutron excitation functions. Only at high energies (> 400 MeV) does 

the proton flux approach the neutron flux, and here the excitation functions should be sim

ilar for reactions initiated by either. At lower energies, the equivalence of proton and neu

tron excitation functions becomes less certain; however, to fill gaps in data, neutron 

excitation functions are often based on proton excitation functions (Reedy and Arnold, 

1972). Also due to a scarcity of data, some neutron cross sections must be estimated by 

other indirect methods (Masarik and Reedy, 1995). 

Assuming that the shapes of the excitation functions in Figure 4.14 are mostly correct, 

one need only know the neutron energy spectrum to calculate the nuclide production as a 

function of neutron energy. The neutron energy spectrum has been derived by several 

investigators (Lal, 1958; Hess et al., 196 l; Hughes and Marsden, 1966; Ziegler, 1996) and 

all except for the unmodified spectrum given by Hess et al. ( 196 l) are in good agreement. 



:Os 
C 
0 

u 
Q.) 
Cl) 

Cl) 
Cl) 

e 
(.) 

100 

10 

I 
I 

10 

0.1 

0.01 
1 

I 
I 

I 

Nucleon energy (MeV) 

10 

/ .. - .. , .. 

: " I ·. 
: \ 

I \ 
. \ 

I \ 
. \ 

100 

-- Si(n,x)26AI (Sisterson et al., 1997) 
···· ·· ··· Ca(n,x)36CI (Reedy and Arnold, 1972) 
- ··- K(n,x) 36CI (Reedy and Arnold, 1972) 

/ \ 
/ \/ 

-· O(p,x) 10Be (Sisterson eta/., 1997) 
· · · · · · O(n,x) 10Be (Masarik and Beer, 1999) 
-- O(n,x)14C (Reedy and Arnold, 1972) 

10 

I 

I 
I 

............. 

-~ ( 
I <i 

--

100 

Nucleon energy (MeV) 

Fig. 4.14. Assumed excitation functions for cosmogenic nuclide production. 

96 

1000 

1000 



102 

101 

10° 

~ ·u5 10-1 
C 
(l) 

-~ 
(l) 

> 
~ 
<i5 10-2 
a: 

10·3 

10·4 

--~ 
··-~ 

--~ 

-- Lal (1958), 680 g cm·2 

- · · Ziegler ( 1996), sea level 
·· ··· · · Hess (1959), sea level (given by 

Hughes and Marsden, 1966) 
- - Modified Hess spectrum (given by 

Hughes and Marsden, 1966) 

neutron spectrum 

- ·- Hughes and Marsden (1966) proton 
spectrum 

~:· .. ~-- .. 
~ ...... . ~' ·· ·· ... ---·-·-. : ... , ./ -- ~ -- · .. 

/' " ~" ·· ... 
/ " ~ - . 

/ proton spectrum "-.. ~ " ~-

/ '" ~--. ~~ " ·. ·"· ~-
"-~'\. 

"'" \ -~. 
~\ 

~ 

10-s..__ _ __. _ _.___.__._...L....L....1....1-'----..l-----'-__JL.......L---'-...L.l....L..l...---'--..1...__...L._...L.....JL....1.....L.LI 

10 100 1000 10000 

Energy (MeV) 

Fig. 4.15. Proton and neutron energy spectra. 

97 



98 

The relationships shown in Figure 4.16 were calculated by folding the neutron energy 

spectrum (Hughes and Marsden, 1966) (Fig. 4.15) into the neutron excitation functions 

(Fig. 4.14). For the sake of being consistent with the energy spectrum used to derive the 

median energies given in Tables 4.10 and 4.11, the corrected sea-level energy spectrum of 

Hess et. al. (l 959), given by Hughes and Marsden ( 1966) was used. Given the uncertain-

ties associated with excitation functions and the neutron energy spectrum, the values of 

Emed in Table 4.12 are probably accurate to within 25%. 

One interesting finding is that the median neutron energies for O(n,x) 10Be and 

O(n,x) 14C reactions (140 MeV and 105 MeV) at sea level are very close to the median 

energy of neutrons contributing to the NM-64 neutron monitor counting rate at sea level 

(-120 Me V). This implies that the NM-64 may be used to scale these reactions without 
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performing any substantial corrections for energy bias. However, there 1s one caveat: 

strictly speaking, AN should not be a unique function of Emed· 

The reactions Si(n,x)Al26 and Ca(n,x)Cl36 are initi-

ated by neutrons with a median energy somewhat lower 

than that of the neutron monitor. Although a large num-

ber of measurements are available for neutrons with a 

median energy of 120 Me V, and several measurements 

of neutrons in the 0.025 eV to 10 MeV range have also 

been performed, few are available in the 30 to 80 Me V 

range. Neutron multiplicity counters are one potential 

source of information, but given the various corrections 

Table 4.12. Median energies 
for the production of several 
cosmogenic nuclides at sea 
level and high latitude. 

Reaction Emed (MeV) 

K(n,x)36CI 13 

Ca(n,x)36Cl 55 

Si(n,x)26 Al 70 

O(n,x) 14C 105 

O(n,x) 10Be 140 

to account for overlapping counts and deadtime, these data should be used cautiously. 

Another limitation is that relatively few multiplicity surveys have been performed and the 

latitude and altitude coverage of the available data is very limited. 

Based on the relationship in Figure 4.16, Si(n,x)Al26 and Ca(n,x) Cl36 reactions may 

have attenuation lengths 3 - 6 g cm-2 lower than that for the NM-64 or O(n,x) 10Be produc-

tion. This discrepancy should become larger with increasing elevation and decreasing lati-

tude. According to Dorman et al. (2000), the high-latitude (Pc< l) sea-level attenuation 

length for thermal neutrons is indistinguishable from the NM-64 attenuation length at the 

same location, and therefore attenuation lengths for the production of the nuclides in Table 

4.12 should be nearly the same at Pc< 1 and sea level. Neutron measurements in the 30-

80 MeV range, or measurements of nuclide production in artificial targets are needed to 

constrain the altitude dependencies of nuclides in this range. Measurements at low lati-
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tudes (Pc> 5 GV) and high altitudes would be most valuable. 

The reaction K(n,x)Cl36, which occurs mainly at low energies due to the large cross 

section for the exothermic K(n,a)Cl36 reaction (Imamura et al., 1997), may have an alti

tude dependence similar to the thermal neutron flux, since production occurs from neu

trons having a median energy of only - 13 Me V. Thermal neutrons (E = 0.025 e V) and fast 

neutrons (100 KeV < E < 10 MeV) are in quasi-equilibrium, and thus attenuate at the same 

rate (Soberman, 1956). 

4.5.2 Altitude dependence of thermal neutrons 

Several of the earliest measurements of nucleon intensity were performed with 

unshielded and cadmium-shielded thermal neutron detectors (Simpson, 1951; Soberman, 

1956). Unfortunately, many of these measurements were made at small atmospheric 

depths (Z < 600 g cm-2) and therefore are not applicable to in-situ cosmogenic nuclides. It 

is worthwhile, however, to examine the relationship between the thermal neutron attenua

tion length (Ari) and ANM.N at small atmospheric depths so that this relationship can be 

extrapolated to low altitudes. 

At small atmospheric depths, thermal neutron detectors consistently yield larger atten

uation lengths than neutron monitors. Perhaps the best location for comparing these data is 

at low latitudes, where the effects of solar activity are minimal (Table 4.12). Measure

ments at high latitudes and high altitudes also show that Arh (Simpson, 195 l; Soberman, 

1956; Merker et al., 1973) is greater than ANM.N• although due to the greater temporal 



Table 4.13. A 1h and ANM,N at low latitudes. 

Pc range of depths 
detector (GV) (g cm-2) 

Simpson (1951) moderated BF3 14.3t 200 - 580 

Mischke (1972) moderated BF3 14.3 200 - 580 

So berm an et al. ( 1956) bare BF3 13_7t 300- 715 

Merker et al. (1973) scintillators 17 200- 715 

t Interpolated from grid values published by Shea et al. (1968) for Epoch 1955.0. 

t According to equation 4.3 

A ANM,Nt 
(g cm-2) (g cm-2) 

212 ± 4 157 

204 157 

212 150 

215 

variability of solar effects at high latitudes it is more difficult to compare these data. 
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Based on the measurements of Simpson and Fagot ( 1953) (Table 4.9) it seems reason-

able that the difference between Ath and ANM should diminish towards sea level. Unfortu-

nately, few measurements of Ath have been made in the lower atmosphere due to the 

problem of distinguishing between neutrons produced in the ground and in the atmo-

sphere. Dorman et al. (2000) measured Ath and ANM,N simultaneously at high latitude ( < 1 

GV) during a shipborne survey. These values are Ath = 131 ± 2 and ANM,N = 127±1 

(ANM,N here equals ANM corrected for muons only), are nearly indistinguishable. Correct-

ing for constant background, which should be higher in the counter used to measure Ath 

due to the lower neutron counting rate, would bring these values even closer. 
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Airborne measurements of Ath have also been performed by Mischke (1972) (cited in 

(Potgeiter et al., 1980a) during solar minimum. These results are described by: 

( 4.15) 

with Zand A given in mm Hg and 

b1 = 0.22xl0-6 Pc +0.84xl0-6 

b2 = --0.34xl0-3 Pc +0.918xl0-2 

To be consistent with other values used throughout this work, Ath in equation 4.15 

should be converted tog cm-2. Equation 4.15 confirms that in the upper atmosphere Ath > 

ANM.N However, at high cutoff rigidities Ath becomes less then ANM.N near sea level, 

according to the regression given by Mischke ( 1972) (Fig. 4.17). This seems physically 

Table 4.14. Parameters for equation 4.16. 

ea l.27222e2 

e, l.22290e l 

e2 8.38370e-2 

e3 8.9685 le-2 

e4 -4.29673e-2 

e5 -2.32222e-4 

e6 8.04478e-5 

e7 2.59693e-7 

es -8 .83865e-8 

e9 -1. l 3029e- l 0 

e10 3.83892e- l l 
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impossible, since it implies that the energy spectrum hardens with depth in the lowermost 

1000 m of atmosphere. Mischke's regression may be inaccurate near sea level due to a 

lack of data (Mischke's measurements extend from 307 g cm-2 to 960 g cm-2
). To correct 

for this behavior, Arh is assumed equal to ANM,N at depths greater than -900 g cm-2
• The 

cutoff rigidity and atmospheric dependence of Arh is described by: 

A,1i (Pc ,Z) = e0 + e, P + e 2P2 + (e3 + e4 P)Z + (e5 + e6 P)Z 2 + (e 7 +e8P)Z 3 

+ (e9 + e10 P)Z 4 

200 

190 - - ANM,N from Equation 4.3 

-- Ath from Equation 4.15 

180 - ··- A,h from Equation 4.16 -":I 
E 
(..) 

.9 170 
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Fig. 4.17. The corrected thermal neutron attenuation length as a function of atmospheric 
depth at Pc= 13.3 GV based on thermal neutron measurements by Mischke (1972) and 

neutron monitor measurements by Carmichael and Bercovitch ( 1969), both at solar mini-



104 

4.6 Dependence of the neutron attenuation length on solar activity 

During periods of high solar activity, the sun emits a large flux of low-energy protons. 

Magnetic fields associated with the solar wind deflect galactic cosmic rays of low energy 

away from Earth and therefore the total cosmic-ray flux impinging on Earth diminishes 

while the sun is active. Neutron monitor measurements over the past 50 years show that 

the nucleon flux follows an I I-year cycle and is approximately anti-correlated with sun 

spot number (Lal and Peters, 1967). Periods of maximum solar activity (minimum cos

mic-ray flux on Earth) are known as solar maxima and periods of minimum solar activity 

(maximum cosmic-ray flux on Earth) are known as solar minima. 

During periods of low solar activity, the proportion of low-energy protons and alpha

particles in the primary flux increases. Nucleonic cascades initiated by these low-energy 

primaries tend to be less penetrating than those initiated by high-energy primaries. This 

has two major implications. One is that fluctuations in cosmic-ray flux caused by solar 

activity are most pronounced at high altitudes. Another is that AN depends on solar activ-

ity. 

At low latitudes (high Pc) low-energy primaries are rejected by the geomagnetic field 

even during periods of low solar modulation. The low-latitude cosmic-ray flux is therefore 

mostly independent of solar activity. Because the cosmic-ray flux changes over time at 

high latitudes but remains nearly constant at low latitudes, the shape of the neutron flux 

versus latitude curves is solar-cycle dependent (Section 5.0). Likewise, the temporal vari

ation of ANM also depends on latitude, with high latitudes experiencing greater changes in 

ANM due to solar activity. 

The dependence of ANM on solar activity has long been recognized in the cosmic-ray 
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literature (Griffiths et al, 1965; Forman, 1968; Bachelet et al., 1968; Bachelet et al., 

l 972a,d). This effect has been observed for both stationary neutron monitors (Griffiths et 

al, 1965; Bachelet et al., 1972d) and for latitude surveys of ANM, although there is some 

disagreement regarding the magnitude of the effect. Raubenheimer and Stoker ( 197 4) con

ducted airborne measurements in 1969 and 1971, over which time the average neutron 

monitor counting rate relative to the May 1965 (solar minimum) counting rate varied from 

0.874 to 0.957. These measurements were performed at various atmospheric depths but 

only at two cutoff rigidities (Pc = 4.90 GV and 8.32 GV). Bachelet et al. (1972d) per

formed a regression analysis on stationary neutron monitor data obtained between 1957 

and 1965 and apparently found a somewhat smaller dependence of ANM on solar activity 

(Fig. 4.19). This could be due to the potential shortcomings discussed in Section 4.1.2. 

Perhaps the most careful measurements of ANM from a stationary monitor are those 

reported by Griffiths et al. ( 1965) (Fig. 4.18). 

There is considerable disagreement between various measurements of the solar modu

lation dependence of ANM· The strongest dependence of ANM on solar activity was found 

by Raubenheimer and Stoker ( 1974). Their data imply that the high-latitude attenuation 

length is about 10 g cm-2 higher at solar maximum than at solar minimum. Such a large 

dependence would have several important implications for terrestrial cosmogenic dating 

at high latitudes. One is that the dependence of ANM (and therefore the dependence of AN) 

on solar activity would have to be accurately known. Furthermore, this dependence might 

be a function of nucleon energy. Also, the time-integrated solar modulation must be deter

mined for time periods of 400 to 1,000,000 y BP. 
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Fig. 4.19. The increase at sea level of ANM due to a 15% decrease in counting rate relative 

to the solar minimum counting rate. 

4. 7 Time-integrated solar activity 
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Unfortunately, accurate records of cosmic-ray intensity date back only 50 years for 

neutron monitor data and about 65 years for ionization chambers (Shea, 2000). Sunspot 

observations have a longer history, dating back to the invention of the telescope in the 

early 17th century (Beer, 2000). To be of use for cosmogenic dating, however, records of 

solar activity, are needed for the past 500 - 1,000,000 years. 
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Neutron monitor records and sunspot data clearly show an 11-year cycle of cosmic-ray 

intensity. Measurements of cosmogenic radionuclides (mainly 10Be and 14C) produced in 

the atmosphere and archived in sediments, glaciers and tree rings suggest that the sun may 

have behaved differently in the past. These cosmogenic records can be difficult to interpret 

since the concentrations of radionuclides archived in various reservoirs depends on mix

ing, transport and deposition processes and changes in any of these may obscure the solar

activity signal. Furthermore, radionuclide production depends on the geomagnetic dipole 

strength, which has also varied over time (Section 6.0). Nonetheless, despite such com

plexities there seems to be agreement that several prolonged periods of low solar activity, 

such as the Wolf minimum (1282-1342 AD.), the Sporer Minimum (1416-1534) and the 

Maunder Minimum (1645-1715 AD.), are discernible in the radionuclide record (Lal, 

1988; Beer, 2000). Although atmospheric radionuclides appear to be a promising tool for 

studying solar cycle variations, more work is needed in understanding the systematics of 

atmospheric production and the dynamics of mixing, transport and deposition processes 

before such data can be used unambiguously as a proxy for solar activity. Studies of 

nuclide production in extraterrestrial samples may also prove valuable in deciphering past 

solar activity (Povinec, 1980). Until the long term solar activity can be better constrained, 

terrestrial cosmogenic nuclide scaling models should reflect uncertainties related to solar 

effects. 
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4.8 Applying the scaling models 

It is recommended that equations 4.2 and 4.3 with the parameters given in Tables 4.2 

and 4.3 be used to scale the altitude dependence of spallation reactions. The latitude curve 

measured with an NM-64 during the 1997 latitude survey reported by Dorman et al. 

(2000) (Table 5.1) should be used to establish a sea-level baseline for spallation reactions. 

The scaling model suggested here is based on solar-minimum data. This approximation is 

made because there is a lack of data describing the long term, time-averaged solar activity, 

and since there are considerably fewer data from solar maximum. 

For scaling thermal neutron reactions, it is recommended that equation 4.16 with the 

parameters given in Table 4.14 be used to scale thermal neutron reactions. The latitude 

curve measured with a bare counter during the 1997 latitude survey reported by Dorman et 

al.(2000) (Table 5.1) should be used to establish a sea-level baseline for thermal neutron 

reactions. These data also correspond to solar minimum. 

4.9 Summary 

In this section, effective attenuation lengths were derived from neutron monitor mea

surements taken at atmospheric depths ranging from 150 g cm-2 to 1033 g cm-2. The atten

uation length for high-energy nucleons (Emecl = 120 Me V) as a continuous function of Pc 

and Z was calculated by transforming the effective attenuation length and then removing 

the contribution of muons and constant background. Attenuation lengths and latitude 

curves for fast and slow muons were also derived. 
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Attenuation lengths for thermal neutrons were shown to be significantly higher at high 

altitudes than for high-energy neutrons at the same altitudes. The dependence on Pc and Z 

of the attenuation length for thermal neutrons was derived from the relationship given by 

Mischke ( 1972) based on the assumption that the neutron attenuation length must increase 

monotonically with decreasing energy. 



111 

5.0 Sea-level latitude surveys 

Beginning with the 1954-55 exploration by Rose et al. (1956), numerous sea-level lati-

tude surveys of nucleon intensity have been conducted, usually near solar minimum 

(Table 5.1 ). Since these have mostly been performed independently of altitude surveys, 

latitude surveys are discussed separately in this section. Sea-level nucleon data will serve 

as the baseline for the altitude scaling derived in Section 4.0. 

The main goal of a latitude survey is to establish a relationship between the secondary 

neutron flux and the cutoff rigidity for primary cosmic-rays. However, like altitude sur-

veys (Section 4.0), latitude surveys are also affected by the muon, background and energy 

sensitivities of neutron monitors. This is displayed by latitude surveys of the multiplicity 

Table 5.1. Dorman function parameters for sea-level latitude surveys. 

Survey Type of 
Year monitor Co a k Survey 

Solar 1954 IGY 150.05 8.241 0.8756 Rose et al., I 956t 
minimum 

1965 IGY 148.15 9.236 0.9146 Allkofer et al, I 969t 

1965 NM-64 145.89 9.819 0.9288 Carmichael and Bercovitch, I 969t 

1974 NM-64 150.44 7.28 0 .83 Aleksanyan et al., 1982 

1976 NM-64 151.67 8.953 0.9159 Stoker et al., I 980t 

1987 NM-64 148.10 10.068 0.9519 Moraal et al., 1989 

147.45 10.446 0.9644 

1997 bare counter 148.23 9.694 0.9954 D01man et al ., 2000 

NM-64 160.11 10.275 0.9615 

1969 NM-64 147.45 7.79 0.83 Aleksanyan et al., 1982 

Solar 

maximum 
1981 leadless 9-NMD 137.05 10.88 0 .92 

tsource: Moraal et al., 1989 
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effect (Kodama and Ohuchi, 1968) and latitude surveys conducted with several different 

thicknesses and arrangements of neutron reflectors and counters (Raubenheimer et al., 

1980). The shape of a latitude curve ( differential response) also depends on solar activity, 

since the flux at high latitudes changes with time and the low latitude flux is nearly con-

stant. 

5.1 Instrumental biases 

A recent shipborne latitude survey (Villoresi et al., 2000, Iucci et al., 2000, Dorman et. 

al, 2000) clearly demonstrates that instrumental biases influence the measured differential 
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Fig. 5.1. Neutron counting rates simultaneously recorded with an NM-64 
(NM) and a bare counter (BC) during a sea-level latitude survey (Villoresi et 

al., 2000). Data points and Dorman function fits (solid lines) normalized to 
high latitude. 
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response. Measurements were simultaneously performed with a 3-NM-64 monitor and 

two bare BF3 counters (Fig 5.1). An NM-64 detects neutrons produced in lead and moder-

ated in paraffin, whereas a bare counter detects neutrons produced in the ground and mod-

erated in local materials. The different latitude effects measured by each can be largely 

explained by different energy sensitivities. These results are consistent with the prediction 

that lower energy neutrons should have a greater latitude effect than high energy ones. The 

latitude curve from the bare counter should be used to scale the thermal neutron reactions 

and the neutron monitor latitude curve to scale the spallation reactions. Differences in lati-

tude effects between individual spallation reactions are probably negligible. 

5.2 Solar activity and the latitude effect 

Although the influence of solar activity on the secondary nucleon flux diminish rap-

idly towards the Earth's surface, latitude curves show a significant dependence on solar 

activity even at sea level. This dependence was investigated extensively from 1957 to 

1965 by a group of researchers led by Bache let (Bachelet et al., l 972a-d). Unfortunately 

the latitude curves from this work are given only graphically and have not been parameter-

ized by the Dorman function. 

Many others have measured the sea-level lati- Table 5.2. Dorman function parameter 
describing the neutron monitor response 

tude effect but most of these surveys were taken for different levels of solar activity. 

near solar minimum (Table 5.1 ). Among the few 
n a k 

Min. 1.000 9.694 0.9954 

solar-maximum surveys is one by Aleksanyan et 
Max 0.8665 7.79 0.83 

al . ( l 982), who report Dorman function parame- Avg. 0.9332 8.7378 0.9175 

ters for a l 969 survey. The difference in latitude 
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effects between this survey and the most recent solar-minimum survey (Fig. 5.2) is consis-

tent with the differences reported by the Bachelet group. The solar minimum, solar maxi-

mum, and solar-cycle averaged (corresponding to average conditions only for the past 

-100 years) neutron monitor latitude effects are well-represented by the Dorman function 

parameters in Table 5.2. Measurements have not been taken during solar maximum with a 

bare counter, but it is expected that the solar-cycle dependence of the low energy flux 

should be somewhat greater. 
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6.0 Geomagnetic correction 

The intensity of Earth's magnetic field changes over time (Fig. 6.1), and therefore so 

does the field's ability to deflect primary cosmic rays. The size of the temporal variation in 

geomagnetic shielding is latitude dependent, with low latitudes experiencing stronger 

fluctuations in primary intensity than high latitudes. Near the geomagnetic poles, where 

the magnetic field is mostly in the vertical direction, the entire vertically incident primary 

flux is admitted to Earth regardless of the field intensity. 

In order to make an accurate geomagnetic correction, knowledge of the paleomagnetic 

record is needed. Paleomagnetic intensity data are available from Guyodo and Valet 

( 1996) (Fig. 6.1 A) and McElhinny and Senanayake ( 1982), while data on polar wander are 

given by Ohno and Hamano ( 1992, 1993). Another requirement is that in order to apply 

equation 2.2, the geomagnetic field must be approximated as a geocentric axial dipole (the 

GAD hypothesis). The GAD hypothesis appears to be valid for time intervals greater than 

I 0,000 years, for which higher order terms of the magnetic field apparently average to a 

simple centered dipole field (Licciardi et al, 1999). This averaging supposedly eliminates 

the effects of the eccentric dipole and polar wander from the long term magnetic field. 

The aim of this section is to demonstrate how the scaling model derived in Sections 4 

and 5 can be used to correct for fluctuations in the geomagnetic intensity. It is assumed 

that an accurate paleointensity record is available and that the GAD hypothesis is valid. 

Although more work is needed in constraining the paleomagnetic record and in determin

ing the averaging period necessary for the GAD hypothesis to apply, these issues are 

beyond the scope of this work. 
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6.1. Previous geomagnetic corrections 

To date, only a few investigators have explicitly addressed the problem of correcting 

cosmogenic nuclide production rates for temporal fluctuations in dipole intensity and 

position. Bierman and Clapp ( 1996) developed a correction model based on Lal's ( 1991) 

scaling formula and published field strength/rigidity relationships. Licciardi et al. (1999) 

investigated the effects of polar wander on production rates at 44.3° N latitude. Licciardi 

et al., (1999) and also Phillips et al. (1996) considered the effects of variations in the 

dipole intensity and concluded that they are negligible for their mid-latitude locations. 

Shanahan and Zreda (2000) are apparently the first to attempt a field strength correc-

tions at the geomagnetic equator. This correction was based on Lal 's (1991) scaling model 

and the relationship between global atmospheric production rates of cosmogenic nuclides 

(Q) and dipole strength (M) given by (Elsasser, 1956): 

_g__ = (!!__ Jo .5 2 

Qo Mo 
(6.1) 

This expression was derived from a numerical integration over all latitudes of a simplified 

equation describing primary particle motion in dipole field. 

The correction model described here improves on previous approaches (Bierman and 

Clapp, 1996; Shanahan and Zreda, 2000) in three important ways. First, this model utilizes 

a comprehensive evaluation of cosmic-ray data (Sections 4.0 and 5.0). Second, these data 

have been ordered according to cutoff rigidity. Third, it does not rely upon the uncertain 

field intensity/global production relationship given by Elsasser ( 1956) as a first order 

approximation. 
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There are several shortcomings to using the relationship derived by Elsasser ( 1956) for 

scaling terrestrial production rates. One is that Elsasser ( 1956) assumed that the nuclide 

production per primary cosmic ray particle in a column of atmosphere is independent of 

the primary energy spectrum. This approximation allowed Elsasser to assume that global 

production is a function only of the total primary flux. More recent work (Lal, 1958) 

shows that nuclide production per primary particle increases by a factor of 2. 7 from 60° to 

0° geomagnetic latitude, and therefore that the energy spectrum of primaries should be 

considered. Another shortcoming is that Elsasser ( 1956) assumes a simple power law rela-

tionship for the integral primary energy spectrum that was based on early data from the 

1940s and early 1950s. Better estimates (e.g., Lal, 1988) are now available. Unfortunately, 

these assumptions, which were explicitly stated by Elsasser ( 1956), are often overlooked. 

Finally, the most significant problem is that there is no rigorous way to relate the dipole-

intensity dependence of global production rates to local production rates using Lal's seal-

ing. This is a consequence of the fact that the parameterization given by Lal (1991) is valid 

only to an altitude of 10 km (Z - 256 g cm-2), whereas the majority of atmospheric cos-

mo genie nuclide production occurs at altitudes above 10 km (Lal, 1958). 

6.2. A new approach to the geomagnetic correction 

The relative neutron flux at a location for which Pc has changed over time can be 

found from the relationship: 

(6.2) 
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where lw(P(t)) is the average cutoff-rigidity-dependent neutron flux over the time interval 

t 1-t2. An application of equation 6.2 is as follows. 

Suppose one is dating a landform at 0° latitude and is using a production rate deter-

mined at 44° latitude. The landform and calibration site have both been exposed for 150 

ky, which, according to Figure 6.1 B, corresponds to an integrated dipole intensity of 0.55 

times the present valued (M/M0 = 0.55). For this example it will be assumed a that 

changes in dipole intensity occur at a constant rate. 

According to equation 2.2 and Figure 2.8, at 0° latitude PL= 14.9 GV and at 44° lati-

tude PL = 4 GV and Pc= 4.25 GV for the 1944 reference field. Since the penumbra is 

small at A= 44° and completely absent at the geomagnetic equator (Fig. 2.8), the penum-
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Fig. 6.2. Relative sea-level neutron intens ity de termined from a ship borne latitude 
survey near solar mini mum (Villoresi et al., 2000). 
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bra may be ignored in this example and therefore PL= PC· 

The relative neutron flux as a function of Pc is given by sea-level neutron monitor 

measurements which extend up to Pc= 16.6 GV (Villoresi et al., 2000) (Fig. 6.2). These 

results are well-represented by a fourth order polynomial: 

J (Pc)= 1.809 x l0-\Pc) 4 
- 7.695 x l0-\Pc)3 

- 1.032 x l0-\Pc) 2 

+ 1.032x 10-\Pc) + 1.000 
(6.3) 

According to equation 2.2 and Figure 2.8, at 0° latitude PL= 14.9 GV and at 44° lati-

tude PL = 4 GV, referenced to a centered dipole representation of the 1944 geomagnetic 

field (M/M0 = 1). For M/M0 = 0.55, at 0° latitude PL= 8.2 GV and at 44° latitude PL= 2.2 

GV. This corresponds to normalized fluxes (J = 1.0 at Pc= l GV and sea level) of 0.96 

and 0.63 at 44° and 0° latitude, respectively, meaning that production at the geomagnetic 

equator site is 0.66 times that at 44 ° latitude, over this time period. 

It is clearly necessary to calculate the corrected flux at both the calibration site and 

landform site. In the above example, by correcting only the low latitude production rate, 

and not that at the calibration site, a ratio 0.72 is obtained. On the other hand, by ignoring 

the geomagnetic correction and applying equation 6.2, one obtains a ratio of only 0.58. 

An alternative and less rigorous method of making this correction is to assume that the 

neutron flux can be calculated from the average cutoff rigidity at the location, which is 

given by: 

(6.4) 
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Given the same scenario as before, the time-averaged M/M0 = 0. 775, and therefore P c,ra = 

3.10 GV at 44 ° and P C,ta = 11.55 G Vat 0°, which according to equation 6.2 yields a factor 

0.65, which, is in good agreement with the value of 0.66 found above. This less rigorous 

method is more convenient because it does not require any integrations other than the one 

needed to obtain the time-averaged M/M0 ratios given in Figure 6.1 B. 

Fortunately, the long-term average field strength has generally been lower than at 

present (Fig. 6.1 B ). Over the past 4,000 years, however, the field strength has apparently 

been stronger (Licciardi et al., 1999; McElhinny and Senanayake, 1982). This is not 

clearly discernible in the record of Guyodo and Valet ( 1996), which has insufficient reso

lution over this period. The maximum time-integrated field intensity appears to have 

occurred around 3,000 y BP, and corresponds to a dipole moment of about 1.3 times the 

current one. The maximum Pc at the geomagnetic equator is therefore 1.3 X 14.9 GV = 

19.3 GV, which is beyond the 17.6 GV limit of obtainable measurements in the current 

geomagnetic field. Moreover, accurate altitude measurements of neutron intensity have 

only been taken up to 14.23 GV. It appears reasonable, however, to extrapolate the scaling 

given in this work to Pc= 15 GV, since the functions are well behaved and the extrapola-

tion is not far. It should be noted that extrapolation cannot be avoided by using equation 

6.1 since this includes implicit extrapolations as well as other simplifications. 

Correction curves corresponding to various dipole moments have been established 

from the relationship between time-averaged Pc and neutron flux (Fig. 6.3). These curves 

give the ratio of neutron flux (]) (for a given dipole moment) to the present neutron flux 10 

as a function of latitude. As a first approximation, production rates can be normalized to 

the present dipole intensity by dividing by the factors given in Fig. 6.3. In surface expo-
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sure dating, it is essential to normalize production rates at both the calibration site and the 

sample site to the same dipole intensity. 

6.3 Sources of uncertainty 

Aside from the uncertainty associated with paleomagnetic records, there are several 

sources of uncertainty inherent in the paleomagnetic correction discussed above. First, 

even under current geomagnetic conditions there are significant uncertainties in the scal

ing model derived earlier in this work. These uncertainties will inevitably be magnified 

when the model is extrapolated to cutoff rigidities > 14 GV. Second, if the correction is 

based on the time-averaged cutoff rigidity, then an extrapolation may be avoided in many 

cases; however, there is a systematic bias associated with this approximation. This bias 

depends on the slope and curvature of the neutron flux versus cutoff rigidity curves and on 

the penumbral correction. Cosmic-ray transport simulations of the atmospheric cascade 

offer some promise of extending our knowledge of production rates to higher magnetic 

field intensities, however, without measurements to constrain cascade models these simu

lations are of limited use. Fortunately, the time-averaged paleointensity for most of the 

past 200 thousand years was less than at present (Fig. 6. l B), in which case extrapolation is 

unnecessary. A third source of uncertainty is the penumbral correction, which applies only 

to middle latitudes, where the penumbra is an inherent feature of the geomagnetic field. 

Trajectory simulations in a dipole field at intensities less than and greater than present are 

needed to constrain the penumbra. Although the penumbra probably has only a small 

effect on the geomagnetic correction, this effect can and should be accurately calculated 

using computer simulations. 
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Finally, the geomagnetic correction outlined here is only suggested for correcting the 

production rates of long-lived nuclides. For relatively short-lived nuclides, such as 14C 

(T 112 = 5,730 y), exponential decay should be taken into account. 
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7 .0 Error propagation 

7.1 Uncertainty associated with event counting and parameterization 

The counting of cosmic-ray events is usually considered to be a Poissonian process 

(Hatton and Carmichael, 1964; Knoll, 2000). The fractional standard deviation of the total 

number of neutron monitor counts (C) is therefore given by: 

a=frc 
C 

(7.1) 

where f is a factor that accounts for the effect of correlation between counting events. If 

counting events are entirely independent, thenf = 1. In reality, a single neutron interacting 

with the monitor may produce multiple counts, and therefore the number of counts typi-

cally exceeds the number of interactions (multiplicity effect - see Section 4.6.1.2). Acor-

rection factor off= 1.38 has been determined experimentally by Hatton and Carmichael 

(1964) for a high-latitude sea-level NM-64 monitor. Since the correction factor has not 

been determined for either low latitudes or high altitudes, it will be assumed here thatf is 

constant with Pc and Z. In reality, f should increase slightly with decreasing latitude and 

increasing altitude, since the average multiplicity number increases with both (Bachelet et 

al., 1964; Kodama and Ohuchi, 1968). 

The standard deviations of individual counting rates reported by Carmichael et al. 

(1969a-c) were propagated to effective attenuation lengths (ANM.e) using Monte Carlo 

simulation, which assumes that there is no correlation between the uncertainty in the 

counting rate at the measurement location and the uncertainty in the counting rate esti-
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mated from the sea-level latitude curve (Fig. 4.5). In reality, there should be some correla-

tion between errors at each measurement location and the errors in the sea level latitude 

curve, since the former is used to derive the latter. This procedure will therefore slightly 

overestimate uncertainties on ANM e· This effect is important only near sea level, where 
' 

small uncertainties in the counting rate produce large uncertainties in ANM,e· 

The standard deviation of the weighted fit to 

ANM,e(P c, Z) was determined using the software package 

SigmaPlot. The uncertainty of ANM.e(P c, Z) was propa-

gated through the transformation to ANM(P c, Z) by Monte 

Carlo simulation. 

The attenuation length for the high-energy nucleonic 

component, ANM,N(P c, Z), was then derived from 

ANM(P c, Z) by removing the contributions of muons and 

constant background according to equation 4.5. Uncertain-

ties on the muon and background contributions are given 

in Table 4.4. These were assumed to correspond to one 

standard deviation. The uncertainty of the slow muon 

attenuation length was conservatively assumed to be ± 15 g 

Table 7.1. Parameters describ
ing the uncertainty of 
ANM,NCP c, Z) attributable to 
the fitting procedure, correc
tions and transformation ( l 
GY<Pc< 14GY). 

bo 5.943 l 8e- I 

b, l.44396e-2 

b2 8.79625e-5 

b3 -5.20266e-4 

b4 l.81029e-4 

b5 4.00806e-7 

b6 -3.26868e-7 

b7 l.09692e- IO 

bg l.73558e-IO 

cm-2
, while that for fast muons is given by equation 4.6 and Table 4.5. The uncertainty on 

ANM(P c, Z) is given by equation 4.3 and Table 4.3. The uncertainty on ANM.N was then 

found by Monte Carlo simulation, which assumes no correlation between Ai and Ci 

(where Ai and Ci are, respectively, the attenuation length and fractional contribution of the 

components being removed). For this simulation a Gauss ian probability distribution was 
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independently sampled to arrive at a set of values for each contributing component and 

respective attenuation length using the standard deviations discussed above. 3000 ANM,N 

values were then calculated from the 3000 sampled values of ANM, Aµ-(s)• and Aµ(f) and 

C11 , Cµ-( s), and Cµ(t} The standard deviation of the distribution of the 3000 calculated 

ANM,N values is assumed to be the standard deviation of the attenuation length at Z and 

PC· The standard deviation was calculated at Pc= 0.5, I, 2, 3, 4, 6, 7, 9, 11 GV and 13.3 

GV for Z = 1033, 1000, 950, 900, 800, 700, 600, 500, 400, 300, 200, 100 g cm-2. The 1-

sigma uncertainty on ANM,N determined from the Monte Carlo simulation is well approxi-

mated by equation 4 .3 and the parameters in Table 7.1. 

This uncertainty accounts for the uncertainty in the neutron monitor counting rate, the 

uncertainty of the parameterization of ANM(P c, Z) and the uncertainty in correcting for 

muons and background. 

While there is probably no correlation between errors in the measurements of A;, 

which have all been measured separately, correlation between errors in the determination 

of C; may be non-negligible. Unfortunately, the correlation function is unknown. Failure 

to account for the correlation function probably increases the calculated uncertainty from 

the true uncertainty. However, in applying neutron monitor data to scaling cosmogenic 

production rates, the uncertainties discussed so far are small in comparison to uncertain

ties associated with the energy bias of ANM,N• time-averaged solar activity, which are dis-

cussed in following sections. 
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7.2. Uncerlainty in ANM,N associated with solar activity and the nucleon energy spec
trum 

The largest uncertainties in scaling cosmogenic nuclide production rates are attribut-

able to a lack of data describing the time averaged solar-activity for periods of 500 -

1,000,000 years, and a lack of data describing how the nucleon attenuation length depends 

on energy. These two uncertainties depend strongly on both Pc and Z. According to multi-

plicity experiments, which show a steeper dependence of A on E at high cutoff rigidities, 

the uncertainty of A associated with the energy spectrum should increase with increasing 

PC· The uncertainty associated with solar activity is in the opposite direction (decreases 

with increasing Pc), since the effects of solar activity are weaker at high cutoff rigidities. 

Uncertainty related to the energy spectrum should be least significant when scaling the 

O(n,x) 10Be reaction, since the median energy of nucleons contributing to the neutron 

monitor (-120 Me V) is close to the median energy of nucleons producing 10Be from oxy-

gen (-140 Me V). The uncertainty is largest for scaling thermal neutron reactions, due 

mostly to the lack of data on thermal neutrons in the lower atmosphere. 

Unfortunately, there is no rigorous way to estimate uncertainties in this scaling model. 

It can only be said that the factors mentioned above probably do not affect the values of 

the attenuation lengths reported here by more than 5%. 
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8.0 Conclusions 

In this work, measurements from several cosmic-ray surveys have been evaluated. 

Based on a selection of these measurements, two scaling models have been derived: one 

for spallation reactions and another for thermal neutron reactions. This work improves on 

previous work in five ways: 

l) Considers the entire body of cosmic-ray data now available. In this work numerous 

cosmic-ray measurements ranging from the first latitude survey of nucleon intensity (Sim

pson, l 95 l) to the most recent one (lucci et al., 2000) are evaluated. Scaling models given 

by Lal ( l 99 l) and Dunai (2000), on the other hand, consider only data collected in the 

1950s, neglecting comprehensive altitude surveys of Bachelet et al. ( l 965), Carmichael et 

al. (l 969a-c ), Bachelet et al. (l 972a,d) and Raubenheimer and Stoker (l 97 4 ). Due to a 

lack of data in the lower atmosphere, Lal ( 1958) used only one measurement of A between 

770 g cm-2 and 1033 g cm-2. Dunai, on the other hand, in his reevaluation of Lal's work 

considers only ten measurements of A. These were made at different solar-modulation lev

els and by different investigators who used very different methods. These ten measure

ments (the most recent being Sandstrom ( l 958)) are insufficient to derive the dependence 

of A on atmospheric depth, cutoff rigidity, nucleon energy and solar modulation. Hence, 

Dunai (2000) unnecessarily approximates AN as constant with depth between O and 3500 

m, and unrealistically assumes AN to be independent of nucleon energy and solar modula

tion. 
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2) Takes into account instrumental biases. In this work, the sensitivity of neutron record

ing instruments to muons, background and to different portions of the nucleon energy 

spectrum are discussed and when possible taken into account. Lal ( 1958) also attempted to 

account for the effect of energy biases, however, his correction was based on the assump

tion of an equilibrium energy spectrum at E < 400 MeV. Muon sensitivity is unimportant 

for the type of measurements utilized by Lal. Dunai does not acknowledge the potential 

effects of energy and muon sensitivities, both of which can be important for the neutron 

monitor data that he relied on. 

3) Examines the effects of solar activity. The dependence of AN and the sea-level latitude 

curve on solar activity have been described here using neutron monitor measurements col

lected since the 1950s. Most importantly, these measurements show that the nucleon atten

uation length may vary by up to 7% between solar minimum and solar maximum. Lal and 

Peters ( 1967) acknowledge the effects of solar modulations on scaling, however, it is 

unclear what adjustments have been made to the scaling given by Lal ( 1958, 1991). Dunai, 

on the other hand, denies the influence of solar activity at low altitudes (Dunai, 2000; 

Dunai 2001) and combines data from solar maximum and solar minimum in a way that 

adds a systematic error to his scaling (Desilets et al., 200 l ). 

4) Orders altitude data according to mass-shielding depth. The relationship between alti

tude (m) and mass-shielding depth (g cm-2) depends on the density and structure of the 

atmosphere. Lal converted mass-shielding depths of atmospheric neutron data (e.g. Simp

son and Fagot, 1953; Soberman 1956) to altitude using the U.S. standard atmosphere (Lal, 
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1991 ), neglecting latitudinal differences in atmospheric density and structure. Dunai 

(2000) instead uses mass shielding depth to order altitude data. Likewise, in this work 

atmospheric neutron data have been ordered in terms of mass shielding depth. This gives 

one the option of selecting an appropriate atmospheric depth/altitude relationship when 

using the model. 

5) Orders latitude data according to effective vertical cutoff rigidity (Pc). Previous models 

order data according to geomagnetic latitude based on a centered dipole approximation of 

the geomagnetic field (Lal, 1958) and geomagnetic inclination calculated for the real mag

netic field (Dunai, 2000). Due to non-dipole components of the geomagnetic field, cos

mic-ray intensity varies non-uniquely with both geomagnetic latitude and geomagnetic 

inclination. The relationship between cosmic-ray intensity and Pc appears unique to a 

much better approximation; therefore, Pc is used in this model. 

In addition to deriving a more accurate altitude and latitude scaling model, this work 

has also highlighted the need for more work ten areas: 

( 1) Additional neutron monitor altitude surveys should be performed during solar maxi

mum and solar minimum. The survey by Carmichael et al. ( l 969a-c) is the most recent 

survey taken near solar minimum. Over the past 30 years, numerous advances have been 

made in understanding experimental factors that affect the reliability of neutron monitor 

data (Villoresi et al., 2000). A modem survey would provide more accurate, and possibly 

more extensive results than past work. Furthermore, there have been no comprehensive 
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altitude surveys during solar maximum. 

Any new surveys should include multiplicity measurements for the potential informa-

tion that can be gained on the neutron energy spectrum. Unfortunately, interest in multi-

plicity measurements has apparently waned since the early 1970s (Mischke, 1978, p. 55), 

and more recent surveys do not include multiplicity counting. 

(2) Neutron monitor responses need to be better understood. It is necessary to accurately 

know the energy sensitivity of a neutron monitor, and the median energies of neutrons 

contributing to various multiplicities. Better constraints on the muon contributions to the 

neutron monitor counting rate would also be useful. Finally, differences between NM-64 

and IGY responses should be investigated. Current attempts to characterize neutron moni-

tor responses using numerical cosmic-ray transport simulations should be helpful (Clem 

and Dorman, 2000). 

(3) Atmospheric measurements of thermal neutrons are also needed, especially at depths 

> 700 g cm-2. A full characterization of the attenuation length of thermal neutrons as a 

function of Pc, Z and solar modulation is not only essential for scaling thermal neutron 

reactions occurring in the ground but could also improve production estimates for atmo-

h · · h 14 14 · sp enc react10ns, sue as N(n,p) C. Two important surveys have already been con-

ducted (Soberman, 1956; Mischke, 1972); however, the original data from these 

experiments are not available. 

(4) Comparison of thermal neutron and NM-64 responses as a/unction ofZ and Pc during 
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solar maximum and solar minimum. An example of the importance of simultaneous mea

surements is a recent latitude survey (Iucci et al., 2000; Villoresi et al., 2000; Dorman et 

al., 2000) which revealed significant discrepancies in latitude effects for a bare (thermal 

neutron) counter and an NM-64. By performing measurements simultaneously the prob

lem of comparing data from different types of instruments is greatly reduced. 

(5) Accurate knowledge of the time-averaged solar activity over the past 500-1,000,000 

years. This is necessary because latitude curves and high-latitude attenuations both 

depend on solar activity. Information on past solar activity would also be useful for under

standing the paleoluminosity of the Sun (Povinec, 1980), and for constraining the source 

function of cosmogenic radionuclides produced in the atmosphere (Lal and Peters, 1967). 

(6) Characterization of the neutron energy spectrum throughout the atmosphere. Deter

mining the neutron energy spectrum is apparently difficult even at high latitude and sea 

level, where numerous measurements have been taken (Ziegler, 1996). It therefore does 

not seem promising that a complete characterization of the neutron energy spectrum 

across a wide range of Pc and Z will be forthcoming in the near future. However, such 

work would be valuable to the study of in-situ cosmogenic nuclide production. 

(7) Measurement of neutron and proton excitation functions. These data are useful for 

computing median energies of nucleon induced spallation reactions and also for calculat

ing atmospheric production rates from numerical simulations (Masarik and Reedy, 1995). 
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(8) Paleomagnetic records. More precise measurements of the strength and configuration 

of the paleomagnetic field would be very useful. Most valuable would be estimations of 

past dipole moments, such as those by Guyodo and Valet ( 1996), but with better precision. 

For periods over which the GAD hypothesis may not apply (-0-20,000 y BP), knowledge 

of the paleomagnetic field strength and direction is necessary (Licciardi et al., 1999). 

(9) Measurements of cosmogenic nuclides in artificial targets. These would be useful for 

validating scaling models. In particular it would be useful to have altitude transects of 

nuclide production for multiple reactions. Valuable work with water targets has already 

been performed at 4.7 GV, (Brown et al., 2000); however more work is needed, especially 

at lower latitudes. 

(10) Measurements of A in geological samples. Altitude transects of nuclide production in 

geological samples, such as in well preserved lava flows covering large vertical extents, 

provide another means of validating scaling models. Although perhaps the "ultimate" test 

of a scaling model is its adequacy under real conditions, there are several potential prob

lems such as erosion and ash cover which can cause apparent discrepancies between a 

scaling model and nuclide abundances actually measured. Since it can be difficult to 

account for these factors, artificial targets are a better alternative. 
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APPENDIX I. Neutron and muon monitor data from Carmichael et al. 
(1969a-c). 

Neutron monitor Muon monitor 
Pc z Counting time CPH X CPH X 

{GV} {g cm-2
~ {hours} 1000 1000 

1 1.02 1029.7 11 1144.7 
2 1.02 1023.7 11 1191.6 
3 1.09 1037.4 48 1083.0 
4 0.81 1026.3 56 1174.6 3159.3 
5 0.96 1025.3 62 1180.4 3164.7 
6 1.11 1007.3 60 1346.1 3257.6 
7 1.43 1027.0 59 1162.5 3156.3 
8 1.74 1018.5 41 1239.6 3205.1 
9 1.89 1020.6 60 1209.6 3187.6 

10 2.07 1028.1 120 1150.3 3155.6 
11 2.65 1006.0 61 1323.9 3266.1 
12 3.36 1032.1 61 1065.6 3121.2 
13 3.97 1042.3 61 968.5 3085.6 
14 9.83 793.0 25 4126.3 4558.5 
15 9.90 747.0 3 5668.0 5007.4 
16 10.74 1032.4 62 744.8 3013.7 
17 10.74 1003.2 18 905.6 3147.1 
18 8.94 832.7 18 3285.5 4271.7 
19 8.94 787.6 5 4531.2 4658.3 
20 8.94 832.3 15 3285.3 4282.8 
21 7.35 866.0 7 2880.3 4100.8 
22 6.69 1032.7 57 913.9 3114.2 
23 5.04 1032.5 26 991.5 3118.7 
24 4.25 1005.2 58 1243.7 3271.0 
25 3.53 896.9 7 2887.8 3928.8 
26 3.24 856.2 5 3971.2 4262.8 
27 3.26 804.6 15 5874.8 4732.2 
28 3.05 687.5 24 14368.2 6242.0 
29 3.09 712.2 11 11907.5 5874.5 
30 2.87 850.1 63 4251.1 4321.3 
31 2.87 850.9 7 3630.5 
32 2.87 851.2 19 4220.7 4313.0 
33 2.87 848.9 4 4253.8 
34 1.73 1015.8 38 1266.5 3228.8 
35 2.07 1021.1 58 1205.0 3183.3 
36 1.89 1035.5 44 1090.7 4118.3 
37 1.77 1037.4 17 1078.5 
38 1.43 1026.6 16 1170.1 3156.7 
39 1.25 888.2 7 3299.5 4005.6 
40 1.25 821.4 21 5482.2 4574.2 
41 1.25 973.3 20 1737.6 
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Neutron monitor Muon monitor 
Pc z Counting time CPH X CPH X 

(GV) (g cm-2
) (hours) 1000 1000 

42 1.11 1004.4 13 1378.4 3281.4 
43 1.09 1021.5 2 1149.8 
44 1.02 1021.0 71 1195.8 
45 1.02 1009.3 168 1323.8 3195.8 
46 1.02 1017.4 15 1232.3 
47 0.71 997.7 71 1447.8 
48 0.95 993.0 70 1500.8 
49 1.33 1010.5 67 1318.5 
50 1.56 1010.2 81 1315.9 
51 1.02 1017.0 119 1253.4 
52 1.02 1019.4 16 1228.9 
53 1.02 1012.1 25 1298.3 
54 1.02 1018.4 15 1240.2 3228.5 
55 4.63 1038.4 34 966.0 3124.5 
56 5.78 1029.0 36 984.9 3150.4 
57 5.71 847.8 24 3655.8 4341.3 
58 5.73 879.5 24 2893.6 4082.4 
59 5.70 1011.2 33 1123.2 3247.1 
60 4.38 803.3 10 5533.3 4762.7 
61 3.23 890.6 12 3102.5 4013.8 
62 2.43 833.9 25 4918.5 4466.6 
63 2.44 907.3 13 2794.7 3861.0 
64 2.42 1035.7 24 1078.6 3137.4 
65 2.45 996.1 12 1441.7 3324.5 
66 1.77 1031.2 34 1121.6 3142.7 
67 3.22 1002.8 18 1338.1 3302.9 
68 3.49 1035.3 36 1047.3 3147.9 
69 4.59 1035.0 54 995.4 3145.9 
70 13.29 915.1 2 1429.2 
71 13.29 933.8 21 1252.4 3359.5 
72 13.30 725.0 21 5242.5 4891.9 
73 13.29 749.4 22 4417.7 4632.2 
74 13.28 807.0 22 2977.7 4165.9 
75 13.28 836.8 22 2417.3 3947.8 
76 13.28 1033.8 28 651.3 2918.9 
77 13.27 1005.6 24 778.8 3030.2 
78 13.28 1033.1 6 653.9 2921.9 
79 13.28 1033.9 14 647.3 2910.8 
80 13.27 1003.9 3 751.2 
81 13.28 976.8 13 942.5 3149.2 
82 13.29 931.7 22 1277.8 3388.2 
83 13.29 932.2 168 1265.5 3378.7 
84 5.71 712.5 46 9875.0 
85 5.71 623.6 25 18660.0 
86 5.71 535.0 12 35180.0 
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Neutron monitor Muon monitor 
Pc z Counting time CPH X CPHX 

(GV) (g cm-2
) (hours) 1000 1000 

87 5.71 450.1 8 64878.0 
88 5.71 368.0 6 113869.0 
89 5.71 283.9 5.03 205380.0 
90 5.71 195.2 6 350811.0 
91 2.43 715.2 40 12066.0 
92 2.43 623.6 20 24139.0 
93 2.43 537.8 11 45259.0 
94 2.43 454.9 6 86540.0 
95 2.43 369.4 6 159256.0 
96 2.43 282.2 6 297099.0 
97 2.43 194.4 6 551350.0 
98 13.30 724.2 128 5283.0 
99 13.30 625.2 66 10299.0 

100 13.30 537.1 37 18384.0 
101 13.30 452.3 28 31759.0 
102 13.30 366.8 17 54336.0 
103 13.30 280.7 28 92298.0 
104 13.30 191.1 7 154487.0 
105 0.54 622.1 19 23998.0 
106 0.54 535.5 10 46818.0 
107 0.54 449.9 6 88814.0 
108 0.54 365.7 3 167599.0 
109 0.54 278.6 3 315501.0 
110 0.54 198.1 3 559970.0 
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APPENDIX III. Calculation of effective vertical cutoff rigidity (Pc) for Mauna Kea, 
Hawaii. 

The effective vertical cutoff rigidity 20 km above Mauna Kea, HI (19.8° N, 204.5° E) 

was calculated for April of 2000 by interpolating published grid values corresponding to 

Epochs 1955, 1965, 1975 and 1980 (Shea et al., 1968; Shea and Smart, 1975; Shea and 

Smart, 1983) and then linearly extrapolating to April of 2000 (Fig. A3.1 ). Grid values 

were interpolated using the Bessel formula for equally spaced points, as described by Pot-

geiter et al. (1980b). This procedure yielded a cutoff rigidity of 12.75 GV at Mauna Kea 

for the April, 2000 altitude measurements. The cutoff rigidity corresponding to the 1965 

measurements by Carmichael et al. ( 1969b) at Haleakala, HI (20.6 N, 203. 7 E), calculated 

13.5 

13.4 

13.3 

13.2 
................................... a ···· ·· ··· .. ···· ····· 

> 13·1 13.14GV 
~ 
a..0 13.0 

12.9 

12.8 Haleakala 

12.7 

12.6 

12.s~~_._~_._~~..._~_._~___.~~_.__~_._~~..__~_._~--L~~_.__,,,___. 

1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 
Year 

Fig. A3.1. Interpolated grid values for Mauna Kea (closed circles) and Haleakala (open cir
cles), extrapolated to April of 2000. 
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using the same procedure, yielded a cutoff rigidity of 13.15 GV, which is slightly lower 

than the value of 13.30 GV reported by Carmichael et al. (1969b) for this location. The 

discrepancy may be partly attributable to the "geographical smoothening" procedure 

applied by Carmichael et al. (1969c) to obtain cutoff rigidities, and also to inaccuracies 

inherent in the procedure discussed here. In any case, the difference is small. Estimations 

of the sea-level neutron flux from the two cutoff values are different by less than l %. 
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APPENDIX IV. The east-west asymmetry 

It is commonly assumed that the secondary cosmic-ray flux is isotropically distributed 

about the azimut. However, a consequence of the azimuth dependence of Pc (Table 2.1) is 

that primary cosmic-ray intensity is greater from the west than from the east. This asym

metry should also be displayed somewhat by the secondary flux, as was first predicted by 

Rossi (Sekido and Elliot, 1985) and confirmed through measurements of the west excess 

of cosmic-ray muons (Johnson and Street, 1932). These measurements were the first 

experimental evidence of a predominantly positively charged primary cosmic ray flux (an 

east excess would be expected if primaries were negative). A recent experiment by (Futa

gami et al., 1999) has also discovered the east-west effect in the atmospheric neu!rino 

flux. 

Although it is unimportant for altitude and latitude scaling, the east-west effect may 

affect shielding calculations at low latitudes and high altitudes. Some theoretical calcula

tions of this effect are therefore in order. 

An appreciation of the east-west effect of secondary nucleons can be gained by consid

ering the distribution of Pc with azimuth angle <I> (relative to east) and zenith angle 8 in a 

simple dipole field (Dorman et al., 2000): 

(A4. l) 

where P v is the vertical cutoff rigidity and P max is the cutoff at the cosmic-ray equator. 
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The particle flux arriving at a slant depth, Zs(8), of 1033 g cm-2 can be approximated 

by the latitude survey of Dorman et al. (2000) at 1033 g cm-2. These data are described by 

the relationship: 

(A4.2) 

where a is 10.275 and k is 0.9615. The slant depth, Zs, calculated from geometrical con-

siderations as a function of the vertical depth, Z\h is given by: 

(A4.3) 

Whereas vertically arriving neutrons must pass through 1033 g cm-2 of atmosphere in 

order to reach sea level, neutrons arriving from non-vertical angles must pass through an 

additional thickness of atmosphere, which is given by Zs - 1033 g cm-2 (Fig. A4. l ). Atten-

0 g cm 

1033 g cm 

Fig. A4.l. Slant depth (Zs) as a function of zenith angle (8). 
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uation through this thickness (l(Z5(8)) is described by an exponential relationship (equa-

tion 2.1). The flux arriving from the east (Azimuth= 90° to -90°) is given by: 

rt/2 rt/2 

1(8) = J d<J> J l(Z5 (8),P(8,<J>))sin8d8 (A4.4) 
-rt/2 0 

while that arriving from the west is given by: 

-rt/2 rt/2 

1(8)= Jd<J> Jl(Z5 (8),P(8,<J>))sin8d8 (A4.5) 
rt/2 0 

The east-west effect, defined here to be l Ell wt, is found from a numerical integration 

of equations 4.13 and 4.14. These calculations verify that the east-west effect should 

increase with both altitude and latitude (Fig. A4.2). 

A key assumption in the above analysis is that of no scattering. In reality, the east-west 

asymmetry of the primary flux should be somewhat obscured in the secondary flux 

because of scattering. This is particularly true of the nucleons because they interact 

strongly with atmospheric nuclei. Until a recent latitude survey (Dorman et al., 2000), 

there had been no measurements of an east-west effect in the nucleon flux. This survey 

measured nucleon intensity using a ship-borne NM-64 neutron monitor. A superstructure 

in the rear of the ship shielded the monitor from secondary nucleons incident from this 

direction. The authors postulate that this asymmetric shielding can explain discrepancies 

of -1-3% between the nucleon flux observed in the forward voyage of the ship and that 

observed during the backward voyage. Assuming this effect is due to anisotropy of the 

t The east-west effect is also frequently given as (1 E-lw)/(1 E+lw). 
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Fig. A4.2. Theoretical calculations of the east-west anisotropy of secondary nucleons. 

secondary flux, a larger discrepancy would be observed if the superstructure had provided 

more shielding or if the vessel had traveled along more of an east-west route. The east-

west asymmetry could have a small but non-negligible effect on cosmogenic production 

rates in shielded locations, especially if the shielding object is situated along lines of geo-

magnetic longitude. There are currently insufficient data to ascertain the importance of 

this effect. However, considering the observations of Dorman et al. (2000), the cosmic ray 

flux from the western direction may exceed that in the eastern direction by - 5%. 
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