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a b s t r a c t

A lead-free neutron monitor operating at High Altitude Research Laboratory (HARL), Gulmarg optimized
for detecting 2.45 MeV neutron bursts produced during the atmospheric lightning discharges is also con-
currently used for studying background neutron component present in the atmosphere. These back-
ground neutrons are produced due to the interaction of primary cosmic rays with the atmospheric
constituents. In order to study and extract the information about the yield of the neutron production dur-
ing transient atmospheric lightning discharges, the system is continuously operated to monitor and
record the cosmic ray produced background secondary neutrons in the atmosphere. The data analysis
of the background neutrons recorded by Lead-Free Gulmarg Neutron Monitor (LFGNM) has convincingly
established that the modulation effects due to solar activity phenomena compare very well with those
monitored by the worldwide IGY or NM64 type neutron monitors which have optimum energy response
relatively towards the higher energy regime of the cosmic rays. The data has revealed various types of
modulation phenomena like diurnal variation, Forbush decrease etc. during its entire operational period.
However, a new kind of a periodic/seasonal variation pattern is also revealed in the data from September
2007 to September 2012, which is seen to be significantly consistent with the data recorded by Emilio
Segre observatory, Israel (ESOI) Neutron Monitor. Interestingly, both these neutron monitors have com-
parable latitude and altitude. However, the same type of consistency is not observed in the data recorded
by the other conventional neutron monitors operating across the globe.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

A host of secondaries are produced on interaction of the pri-
mary cosmic rays with the earth’s atmosphere of which neutrons
form a dominant component [1,2]. Ground based monitors are
widely used for observation of these secondary nucleonic compo-
nents present in the earth’s atmosphere. These observations serve
to indirectly study the different characteristics of the causative
phenomena which are responsible for the modulation of the cos-
mic rays. The conventional IGY [3,4] and NM64 [5] neutron moni-
tors have been extensively utilized for studying the changes in the
cosmic ray secondary neutron component and thereby, have con-
tributed in establishing the existence of both short-term variation
(Forbush Decreases (FD) and Solar Energetic Particle (SEP) events)
and long-term variations (11-year and 22-year variation) in the
intensity of the galactic cosmic rays incident on the earth. These
ground based neutron monitors are distributed world over to cover
a wide range of geomagnetic cut-off rigidities. The count rate of

these monitors has a high contribution from the secondary high-
energy neutrons and to some extent by protons that interact with
the constituent lead producing spallation and thereby enhancing
the count rate in these monitors [6]. However, Shah et al.[7,8]
has exploited the features of a neutron monitor with out lead –
LFGNM– to study modulation effects. LFGNM is the modified con-
figuration of the conventional IGY neutron monitor earlier operat-
ing at the same location. Due to the complete removal of the
constituent lead and other major changes in the conventional
IGY neutron monitor design particularly the reduction of thickness
of upper paraffin reflector from 28 cm to 8 cm only, LFGNM is opti-
mized primarily for detecting 2.45 MeV neutrons produced during
the natural lightning discharges in the atmosphere [9]. Consquent-
ly, the threshold of the energy response in LFGNM has been re-
duced relatively towards the lower energy regime of the
secondary neutrons [10,11]. To study and extract the information
about the yield of neutron production during transient lightning
events from the sea of background neutrons present in the atmo-
sphere, LFGNM is operated continuously to record this neutron
background. Therefore, LFGNM serves the dual purpose of moni-
toring neutrons produced during transient lightning discharges
as well as the background cosmic ray secondary neutrons always
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present in the atmosphere. The background cosmic ray neutron
data obtained has been analyzed to see the response of LFGNM
to changes in the cosmic ray component vis-a-vis conventional
neutron monitors. We present here the results showing both
short-term and long-term variation in the background cosmic ray
neutron data recorded by LFGNM. We observe that the response
of LFGNM to Forbush Decrease events due to transient solar activ-
ity is in conformity with the response obtained with conventional
neutron monitors. However, a new type of periodic/seasonal vari-
ation has been recorded by LFGNM during the period from Septem-
ber 2007 to September 2012. While exploring the existence of such
a kind of variation in the data recorded by the other monitors dur-
ing the same period, the authors after analysis and comparison of
the data obtained from these neutron monitors have found that a
similar kind of variation is exhibited only by ESOI neutron monitor
which is a neutron monitor having 6NM64 configuration contain-
ing constituent lead [12]. The lead is chosen for producing evapo-
ration neutrons due to its interaction with the incident energetic
nucleons to enhance the detection probability and thereby improv-
ing the data statistics in these kind of neutron monitors. In addi-
tion, lead has relatively low absorption cross-section for thermal
neutrons. Significantly, it is seen that the threshold energy re-
sponse of an NM64 neutron monitor configuration is consistent
with the threshold energy response of LFGNM. This may be due
to the fact that the mass thickness of upper moderator of LFGNM
is almost same as the mass thickness of the upper reflector of ESOI
neutron monitor and the relatively smaller thickness (8 cm in case
of LFGNM and 7.5 cm in case of ESOI neutron monitor) of modera-
tor/reflector renders both these neutron monitors more susceptible
to the variations of the environmentally produced neutrons as
compared to the conventional IGY neutron monitor [13]. The
threshold energy response of IGY neutron monitor to the incident
secondary cosmic ray neutrons is P 50 MeV and for protons it is
P 180 MeV whereas in the case of LFGNM and ESOI neutron mon-
itor the threshold energy response starts from a 0.01 eV energy for
incident neutrons [1,6,14]. Therefore, the observational features of
LFGNM particularly the kind of a response to the incident second-
ary cosmic ray neutrons makes it a very good complementary tool
for studying variations in the cosmic ray intensity relatively to-
wards the lower energy regime.

2. Data analysis and results

LFGNM records intensity of the neutrons present in the atmo-
sphere. However, the meteorological parameters like the tempera-
ture, the wind and the atmospheric pressure of the neutron
monitor station affects its observed count rate. Therefore for
extracting any meaningful information from observed LFGNM
data, it is corrected for the continuous changes occurring in these
atmospheric parameters. The temperature effects are generally ob-
served to be small and negligible for the nucleonic component [15–
17]. However, the temperature sensitivity of the instruments em-
ployed in the neutron monitors is a significant issue, and has been
subject of discussion in many scholarly works [18,19]. The temper-
ature sensitivity of a neutron monitor is given in terms of its com-
bined temperature coefficient of its constituent components and
for NM64 neutron monitor configuration, by simulation, it has
been found to be 0.018 � 0.006% per �C [19]. Assuming and apply-
ing the same temperature coefficient figure of 0.018 � 0.006% per
�C to LFGNM data, it is found that over a temperature variation
of �12 �C to + 24 �C (an absolute temperature variation of 36 �C
observed) during the period from core of winter to the peak of
summer respectively at HARL, Gulmarg, the percentage variation
in the counts has been found to be < 1%. Hence the count rate of
the LFGNM is not corrected for atmospheric temperature varia-

tions. Similarly, the wind correction for LFGNM data is safely dis-
carded [20] because Gulmarg is not prone to high speed winds
and the average wind speed recorded at Gulmarg has not been
more than 1 ms�1. However, the count rate of the neutron moni-
tors is drastically affected by the changes in the atmospheric pres-
sure and is always anti-correlating with the station atmospheric
pressure. Therefore the pressure induced effects of LFGNM data
need to be evaluated. We have adopted the method of successive
differences [21–23] for computing the pressure coefficient of
LFGNM. The pressure corrected neutron count of LFGNM is given
by the following expression

N ¼ N0e�bðPobs�Pavg Þ ð1Þ

where Pobs is the observed pressure and Pavg is the average pressure
at the LFGNM site. The quantity b is called the barometric coeffi-
cient and its value reflects the change in count rate with respect
to the changes in atmospheric pressure of the station. Two types
of data sets have been employed for computing the pressure coeffi-
cient b for LFGNM. The first data set comprises of fourteen major
pressure troughs registered at the station. Each of these troughs
persisted for several days and the pressure recorded in these
troughs varied from 725 to 744 millibars, therefore providing a
pressure range of 19 millibars. Each pressure trough provides us
with two data subsets: one corresponding to the decreasing values
of pressure within the trough, and the other corresponding to the
increasing values of the pressure [9,10]. We present in Fig. 1 the
regression lines fitted to the decreasing (dots) and increasing (trian-
gles) pressure data subsets shown by the full and broken lines
respectively. The slope of the regression lines yield an average b va-
lue of �0:845 � 0:020% per millibar with the correlation coefficient
as high as �0:98.

The pressure corrected data of LFGNM during the period of the
Forbush Decrease event of 29th, October 2003 has been analyzed
to look for the response of the monitor to this transient event.
The 29th, October 2003 Forbush Decrease event has onset time
of 09:51 UT and is attributed to X17.2/4B class solar flare occurring
on 28th October 2003 [24]. The percentage count rate of LFGNM for
the period of October 26th to November 5, 2003 is presented along
with that of Athens and Tibet neutron monitors in Fig. 2. A de-
crease of 16% followed by a characteristic slow recovery is ob-
served in the response of LFGNM, which are typical of a Forbush
Decrease induced modulation effect. Similarly Athens and Tibet
neutron monitors have recorded comparable decreases for this
event. The 100% count rate has been taken as an average of 72 h
of counts before the occurrence of the onset time. A similarity is
observed both in the profile of the variation and the percentage
amplitude decrease recorded by these monitors, indicating that a
lead-free neutron monitor is as effective in studying the short-term
transient modulation effects though having optimum response rel-
atively towards the lower energy regime of the cosmic rays. Fur-
thermore to quantitatively depict this transient variation, the
ratio LFGNM/Athens and LFGNM/Tibet are plotted in Fig. 3. As is
clear from the figure the respective ratios are seen to be consistent
during transient as well as quite sun conditions of this event
period.

The response of LFGNM to cosmic ray modulations has been
studied on a longer time scale for the period from September
2007 to September 2012 in conjunction with the response of the
conventional neutron monitors for the same period. The hourly
data obtained from LFGNM is presented from September 2007 to
September 2012 in Fig. 4. The 100% count rate has been taken as
an hourly average from 1st to 4th January 2008 as this corresponds
to minimum of 23rd solar cycle [25]. The plot reveals an annual
periodic/seasonal decrease averaging about 15% commencing in
the month of November and then reaching to its minimum in the
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