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At present the world wide neutron monitor (NM) network provides continuous information about

cosmic ray (CR) variations in the vicinity of Earth. In addition, the analysis of ground level

enhancements (GLEs) is also based on NM data records. It is very important to have precise

information for NM yield function for primary CRs, which is the main point for an analysis of

GLEs. Here we present a newly computed yield function of the standard 6NM64 neutron monitor

for primary proton andα CR nuclei. The computations have been carried out with Planetocosmics

and CORSIKA codes as standardized Monte-Carlo tools for atmospheric cascade simulation. The

secondary neutron and proton flux is obtained with Planetocosmics code. A realistic curved at-

mospheric model is applied. An updated information concerning NM registration efficiency for

secondary neutrons and protons was used. The NM yield function is obtained by convolution of

the secondary particle flux with the NM registration efficiency. In addition, the effect of the geo-

metrical correction of the NM effective area is considered,which have been previously neglected.

This correction enhances the relative impact of higher-energy cosmic rays, namely with energy

above 5-10 GeV/nucleon in neutron monitor count rate. Thus the new computation resolves the

long-standing problem of disagreement between the theoretically calculated spatial variability of

cosmic rays over the globe and experimental latitude surveys in a realistic manner. The newly

calculated yield function, corrected for this geometricalfactor is fully consistent with the experi-

mental latitude surveys of neutron monitors performed during three consecutive solar minima in

1976-77, 1986-87 and 1996-97.
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1. Introduction

Neutron monitor (NM) is an instrument that measures the intensity of high-energy particles
impacting Earth from space. It provides continuous recording of cosmic ray (CR) intensity [1]. In
particular, the measurements performed by the worldwide network of NMs are used to determine
characteristics of solar energetic particles (SEPs). For this purpose it isnecessary to establish a
functional relationship between NM count rate and primary particle flux. A convenient formal-
ism is based on a yield function. The NM yield function incorporates the full complexity of the
atmospheric cascade development, secondary particle propagation and attenuation in the Earth’s
atmosphere and the detection efficiency of a NM. The NM yield function for primary protons is
determined by parametrization of latitude survey observations [2, 3, 4, 5, 6, 7] or calculation of
cosmic ray particles transport in the atmosphere [1, 8, 9]. Recently we proposed new NM yield
function considering the finite lateral extend of cosmic ray induced atmospheric cascade [10]. The
new computation resolves the long-standing problem of disagreement between the theoretically
calculated spatial variability of cosmic rays over the globe and experimental latitude surveys. Here
we extend our computations at several altitudes above the sea level.

2. Newly computed yield function at several altitudes above the sea level

The counting rate of a NM could be presented as:

N(Pc,h, t) =
∫ ∞

Pc
∑

i

Yi(P,h)Ji(P, t)dP=
∫ ∞

Pc

WT(P,h, t)dP (2.1)

whereN(Pc,h, t) is the NM counting rate,Pc is the local geomagnetic cutoff,h is the atmospheric
depth andt represents time. The termYi(P,h) represents the NM yield function for primaries of
particle typei, Ji(P, t) represents the rigidity spectrum of primary particle of typei at timet andWT

is the total differential response function. Accordingly the NM yield function is defined as

Yi(P,h) = ∑
i

∫ ∫
Ai(E,θ)Fi, j(P,h,E,θ)dEdΩ (2.2)

whereAi(E,θ) is the detector area multiplied by registration efficiency,Fi, j is the differential flux
of secondary particles (neutrons, protons, muons, pions) per primaryi, E is respectively the sec-
ondary particle’s energy,θ is the angle of incidence of secondaries. The yield function is obtained
on the basis of extensive simulations of the atmospheric cascade with the GEANT4 [11] based
PLANETOCOSMICS code [12] assuming a realistic atmospheric model NRLMSISE2000 [13]
and updated NM efficiency [6]. A geometric correction similarly to [10] is carried out. In Fig.1
we present the results for standard 6NM64 yield function at several altitudes above the sea level,
namely the sea level 1033 g/cm2, 700 g/cm2 (≈ 3000 m above the sea level) and 500 g/cm2 (≈
5000 m above the sea level). This new NM yield function demonstrate good agreement with [14]
(see Fig.2a,b).
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Figure 1: New yield function for 6NM64 at several depths, sea level, 700 g/cm2 (≈ 3000 m above
the sea level) and 500 g/cm2 (≈ 5000 m above the sea level) .
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(a) 700 g/cm2 (≈ 3000 m above the sea level)

1 10 100
10-5

10-4

10-3

10-2

10-1

100

101

102
 Bern 2007
 Oulu 2012

 

 

Y
ie

ld
 F

un
ct

io
n 

[ m
2 sr

]

E [GeV/nucleon]

(b) 500 g/cm2 (≈ 5000 m above the sea level)

Figure 2: Comparison of newly computed NM yield function with BERN 2007 model [14] at
several observation depths.

3. Applications

The newly computed yield function is applied for the analysis of GLEs based on NM data.
Details of the used model are given elsewhere [15]. In general the relative count rate increase of a
given NM can be expressed as:

∆N(Pcut)

N
=

∫ Pmax
Pcut

J||sep(P)Y(P)G(α(P))dP∫ ∞
Pcut

JGCR(P, t)Y(P)dP
(3.1)

whereJ||sep is the primary solar particles rigidity spectrum,JGCR(P, t) is the rigidity spectrum of
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Figure 3: Derived spectral and angular characteristics of SEPs for GLE 59 on 14 July 2000.

GCR, Y(P) is the NM yield function,G(α(P)) is the pitch angle distribution,N is the count rate
due to GCR,∆N(Pcut) is the count rate increase due to solar particles,Pcut is the minimum rigid-
ity cut-off of the station, accordinglyPmax is the maximum rigidity considered in the model, as-
sumed to be 20 GV. In the model we assume a modified power law rigidity spectrumof SEP
J||(P) = J0P−(γ+δγ(P−1)), whereJ|| is particle flux arriving from the Sun i.e. with zero pitch angle.
Accordingly the pitch angle distribution is assumed as a GaussianG(α(P))∼ exp(−α2/σ2). Sub-
sequently we solve an inverse problem applying the Levenberg-Marquardt algorithm [16, 17] with
the Minpack code [18].

The newly computed NM yield functions at various altitudes above the sea level allow us to
perform a realistic modelling of NM response i.e. without normalization of count rates of high
altitude NM stations to the sea level using the two attenuation lengths method [19]. Weapply the
newly computed NM yield function for analysis of GLE 59 on 14 July 2000 andGLE 70 on 13
December 2006.

3.1 Results of GLE modelling

The Bastille day event was related to X5.8/3B solar flare and associated fullhalo CME, started
at 10:03 UT, reached peak at 10:24 UT and ended at 10:43 UT [20]. Accordingly, the GLE onset
began between 10:30 and 10:35 UT at several stations with strongest increases recorded at South
Pole 58.3 % and SANAE 54.4 % [21, 22]. On 13 December 2006, NOAA active region 10930,
located at S06W26 triggered a X3.4/4 B solar flare with maximum at 2:40 UT. It was associated
with Type II and Type IV radio bursts and a fast full-halo CME accompanied by a strong solar
proton event [23, 24]. The global NM network recorded the event withmaximum at Oulu and
Apatity NMs∼ 90 %). In Fig.3 we present the derived spectral and angular characteristics of SEPs
for GLE 59 on 14 July 2000, accordingly in Fig. 4 for GLE 70 on 13 December 2006.
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Figure 4: Derived spectral and angular characteristics of SEPs for GLE 70 on 13 December 2006.
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Figure 5: Modelled and observed responses of several NM stations during GLE 59 on 14 July 2000.

Using the newly computed NM yield function we reduce considerable the uncertainty in con-
fidence limits of the derived model parameters to about 5-8 %, instead of 10-12%. As a result we
achieve difference of about 2-4 % between modelled and observed NM relative increase for the
Bastille day event (Fig.5). Accordingly for GLE 70 we achieve maximal difference of about 3-5 %
between modelled and observed NM relative increase (Fig.6). In addition,the convergence of the
process is faster and the maximal residual is smaller. This resulted on a fit withimproved quality
[25].
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Figure 6: Modelled and observed responses of several NM stations during GLE 70 on 13 December
2006.

4. Conclusion

We have applied an extensive Monte Carlo simulations in order to obtain a new NM yield
function at several observation depths. This allow us to perform an analysis of GLEs of solar cycle
23 in a realistic manner and to improve compared to our previous study the methodfor obtaining
the spectral and angular characteristics of SEPs. A significant improvement of parameter derived
model parameter error estimation is achieved. Both events considered in this study are relatively
strong events. They appeared at different solar activity conditions. They are characterized by
relatively strong anisotropy during the initial phase, which decreased rapidly over the following 30
minutes of GLE 59, accordingly 50 minutes for GLE 70.

Acknowledgements

We acknowledge the financial support by the Academy of Finland to the ReSoLVE Center of
Excellence (project No. 272157).

References

[1] C. Hatton,The neutron monitor, in Progress in Elementary Particle and Cosmic-ray Physics X, ch. 1.
North Holland Publishing Co., Amsterdam, 1971.

[2] L. Dorman,Coupling and barometer coe cients for measurements of cosmic ray variations at
altitudes of 260-400 mb, Acta Physica of Academy Science of Hungary29 (1970), no. suppl. 2 233.

[3] J. Lockwood, W. Webber, and L. Hsieh,Solar flare proton rigidity spectra deduced from cosmic ray
neutron monitor observations, Journal of Geophysical Research79 (1974) 4149.

6



P
o
S
(
I
C
R
C
2
0
1
5
)
1
5
9

P
o
S
(
I
C
R
C
2
0
1
5
)
1
5
9

New neutron monitor yield function Alexander Mishev

[4] K. Nagashima, S. Sakakibara, K. Murakami, and I. Morishita,Response and yield functions of
neutron monitor, galactic cosmic-ray spectrum and its solar modulation, derived from all the
available world-wide surveys, Il Nuovo Cimento C12 (1989), no. 2 173–209.

[5] B. Raubenheimer and E. Flückiger,Response functions of a modified nm-64neutron monitor, in Proc.
of 15th ICRC Plovdiv, Bulgaria, 13 -26 August 1977, vol. 4, p. 151, 1977.

[6] L. I. Dorman, G. Villoresi, N. Iucci, M. Parisi, M. I. Tyasto, O. A. Danilova, and N. G. Ptitsyna,
Cosmic ray survey to antarctica and coupling functions for neutron component near solar minimum
(1996-1997) 3. geomagnetic effects and coupling functions, Journal of Geophysical Research105
(2000), no. A9 21047–21056.

[7] R. Caballero-Lopez and H. Moraal,Cosmic-ray yield and response functions in the atmosphere,
Journal of Geophysical Research117 (2012) A12103.

[8] H. Debrunner and E. Brunberg,Monte Carlo calculation of nucleonic cascade in the atmosphere,
Canadian Journal of Physics46 (1968) 1069.

[9] J. Clem and L. Dorman,Neutron monitor response functions, Space Science Reviews93 (2000)
335–359.

[10] A. Mishev, I. Usoskin, and G. Kovaltsov,Neutron monitor yield function: New improved
computations, Journal of Geophysical Research118 (2013) 2783–2788.

[11] S. Agostinelli, J. Allison, and K. Amako,Geant4 -a simulation toolkit, Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment506 (2003), no. 3 250–303.

[12] L. Desorgher, E. Flückiger, M. Gurtner, M. Moser, and R.Bütikofer,A Geant 4 code for computing
the interaction of cosmic rays with the Earth’s atmosphere, Internationl Journal of Modern Physics A
20 (2005), no. A11 6802–6804.

[13] J. Picone, A. Hedin, D. Drob, and A. Aikin,Nrlmsise-00 empirical model of the atmosphere:
Statistical comparisons and scientific issues, Journal of Geophysical Research107 (2002), no. A12.

[14] E. Flükiger, E. Moser, E. Pirard, R. Butikofer, and L. Desorgher,A parameterized neutron monitor
yield function for space weather applications, in Proc. of 30th ICRC Merida,Yacatan, Mexico, 3 -11
July 1999, vol. 1, pp. 289–292, 2008.

[15] A. Mishev, L. Kocharov, and I. Usoskin,Analysis of the ground level enhancement on 17 May 2012
using data from the global neutron monitor network, Journal of Geophysical Research119 (2014)
670–679.

[16] K. Levenberg,A method for the solution of certain non-linear problems in least squares, Quarterly of
Applied Mathematics2 (1944) 164–168.

[17] D. Marquardt,An algorithm for least-squares estimation of nonlinear parameters, SIAM Journal on
Applied Mathematics11 (1963), no. 2 431–441.

[18] G. More, B. Garbow, and K. Hillstrom,User guide for minpack-1, Report ANL 80-74, Argonne
National Laboratory, Downers Grove Township, Ill., USA, 1980.

[19] K. McCracken,The cosmic ray flare effect:1.some new methods for analysis, Journal of Geophysical
Research67 (1962) 423–434.

[20] K.-L. Klein, G. Trottet, P. Lantos, and J.-P. Delaboudiniere,Coronal electron acceleration and
relativistic proton production during the 14 July 2000 flareand cme, Astronomy and Astrophysics373
(2001), no. 3 1073–1082.

7



P
o
S
(
I
C
R
C
2
0
1
5
)
1
5
9

P
o
S
(
I
C
R
C
2
0
1
5
)
1
5
9

New neutron monitor yield function Alexander Mishev

[21] D. Bombardieri, M. Duldig, K. Michael, and J. Humble,Relativistic proton production during the
2000 july 14 solar event: The case for multiple source mechanisms, Astrophysical Journal644
(2006), no. 1 565–574.

[22] E. Vashenyuk, Y. Balabin, J. Perez-Peraza, A. Gallegos-Cruz, and L. Miroshnichenko,Some features
of the sources of relativistic particles at the sun in the solar cycles 21-23, Advances Space Research
38 (2006), no. 3 411–417.

[23] N. Gopalswamy, H. Xie, S. Yashiro, S. Akiyama, P. Mäkelä, and I. Usoskin,Properties of ground
level enhancement events and the associated solar eruptions during solar cycle 23, Space Science
Reviews171 (2012), no. 1-4 23–60.

[24] H. Moraal and K. G. McCracken,The time structure of ground level enhancements in solar cycle 23,
Space Science Reviews171 (2012), no. 1-4 85–95.

[25] J. Dennis and R. Schnabel,Numerical Methods for Unconstrained Optimization and Nonlinear
Equations. Prentice-Hall, Englewood Cliffs, 1996.

8


