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It is present a progress report on the design and construction of a small muon telescope mounted at
sea level as a celestial gamma ray detector, aiming at filling the gap in 30-1000 GeV region between
ground-based and satellite-borne instruments. The optimum performance of the telescope is due to
its tracking system. In order to provide all the characteristics and the detector sensitivity, a massive
Monte Carlo calculation of the muon spectra in the earth’s atmosphere has been carried out. The
implications of these results in the context of a real possibility of doing gamma-ray astronomy using

this telescope are discussed.

I Introduction

Gamma-ray astronomy and cosmic ray physics are clo-
sely related topics. Because most of the gamma-rays
are formed in processes in which high energy particles
take part. By detecting high-energy gamma-rays, it is
possible to investigate various objets not only in the
Galaxy but far away from it, because practically the
whole Galaxy and a significant part of the Metagalaxy
are almost transparent to gamma radiation. Gamma-
ray astronomy has now become an integrated part of
astronomy and astrophysics. The COMPTEL [1] and
EGRET [2] experiments have generated the first all-
sky gamma source maps up to 30 MeV energy regions.
However, there are marked differences between them,
beacause gamma rays have been recorded from several
directions in the sky, but not with the same intensity.

Direct measurements of celestial gamma rays have
been done using satellite-borne observatories OSSE,
COMPTEL, EGRET and BATSE [3]. However, these
measurements are limited to energies below ~ 2.0
GeV by the low fluxes and the limited active areas in
space. Thus, the gamma-ray astronomy in the very
high energy region (above 100 GeV) can be obtained
using only indirect methods such as ground-based de-
tectors. However, ground-based detectors can infer
information about the nature and energy of primary
gammas only from the showers originating from their
interactions with air nuclei. This makes such obser-
vations extremely dependent on the knowledge of the
shower development and propagation in the atmosp-

here. Ground-based detectors include detection of: a)
the electromagnetic component in air showers (mostly
e®), b) the muon contents in the air showers, c) the
Cherenkov-light produced by the showers in the atmos-
phere and d)the detection of deep-underground muons,
or a combination of them, while the area sensitive to
muons is generally a small fraction (< %1) of the total
air shower array.

Since charged particles cannot go directly from its
source to the Earth, because they would be inclined
through the Galactic magnetic field, the incoming pri-
mary particles from the direction of point sources are
neutral and stable particles. So far, there are seve-
ral experimental evidences that confirm that these neu-
tral particles are gamma-rays. These evidences are in
the energy region below 100 GeV [1, 2] obtained by
satellite-borne instruments. On the other hand, in the
high energy region (above 1 TeV), the ground-based
results, based on a number of large arrays, only four
sources detected at high significance levels have been
confirmed [4, 5, 6] and in most of the cases only the
upper limits of the fluxes have been reported.

At sea level, high energy photons from cosmic sour-
ces can be detected by means of the muon contents
in the showers which they produce in the atmosphere.
However, the discrimination of showers produced by
gamma-ray from a background of showers produced by
cosmic ray (mainly protons) is not easy. In the TeV
energy region the number of muons associated with
a gamma-ray induced shower is expected on average
to be less than 6% of the number expected for a ha-
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dron shower. Then muon-poor showers are associated
to gamma-rays and this is the main criterion for the se-
lection between gamma and hadron (proton) showers.

In the following sections we give a description of a
new small telescope with some especial characteristics.
The main goal is to detect muons at sea level, because
they are expected as secondary products of the primary
interaction of gamma-rays in the atmosphere and our
physical motivations are to investigate the existence of
new sources in the Southern Hemisphere like:

1. Activity Galactic Nuclei (AGN).

2. Gamma-ray Pulsars.

3. Supernova Remnants.

4. Other possible sources not yet known and the
diffuse background radiation.

A large number of different theoretical explanation
then appeared concerning the nature of the galactic and
extra-galactics sources [7, 8]. Only more solid observa-
tional data will decide which of the theories, if any, cor-
responds to reality. The main goal is to investigate the
real possibility of doing gamma-ray astronomy using
this telescope and aiming to fill the gap in 30-1000 GeV
region between ground-based and satellite-borne instru-
ments, because more experimental data are needed to
find its true nature.

II Muon telescope description

An agreement between the High Energy Group of the
Universidade Federal Fluminense (UFF)in Brazil and
the Institute for Cosmic Ray Reseasch in Japan has
been accomplished for the construction of a small muon
telescope for joint research. The telescope will be set
up in the campus of the UFF Niteroi (Rio de Janeiro
State), located at sea level, latitude 22° 53’ 59” S, lon-
gitude 43° 16’ 12” W and mean atmospheric pressure
of 1013 mBar. Initially the telescope will operate as a
simple storytelling (counter) telescope of muons [9] and
the main characteristics are detailed below.

A. Experimental setup

The telescope consists of four identical plastic scin-
tillation counters with 0.5 m x 0.5 m of active areas
and 0.035 m of thickness, every unit is inside a meta-
lic pyramidal container as is schematized in Fig.1. In
the top of the pyramid is placed a square box that sus-
tains a photo-multiplier (PM) Hamamatsu RS521 and
a pre-amplifier. When a fast charged particle, for ins-
tance a muon, crosses the scintillador, a fluorecent light
is emitted by the excited scintillator which is picked up
by the PM. The purpose of the photomultiplier is to
convert a rather low light intensity into an electrical
signal, the signal is pre-amplified to a sufficient am-
plitude to facilitate further pulse treatment and pulse-
height discrimination. In our case, the output signal is
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a analogic pulse with a peak around 300 mV. This per-
formance is obtained by using a preamplifier with gain
around 70 — 100. Every unit requires very stable power
supplies, high voltage (~ 1000 V) for the PM and low
voltage (~ £12 V) for the preamplifier.

Figure 1. Arrangement of a counter layer, formed by
one scintillator inside of a pyramidal box with the photo-
multiplier and pre-amplifier units.

The experimentalist’s task is to compute the muon
intensity in the atmosphere initiated by gamma rays
coming from celestial point sources, given the coinci-
dence counting rate of multi-element cylindrically sy-
metric with squared cross sections. In order to obtain
a narrow collimator aperture, the telescope is formed
for three squared scintillator counter layers, the top,
middle and botton layers schematized as A, B and C in
Fig.2. The gap between layers is 1.5 m. The counter
layers are set up in a structure that allows to have two
rotation axes. The telescope has also a fourth scintilla-
tor, D, put closed with the C scintillator counter. The
purpose of this scintillator is to use as a selective trig-
ger. We discuss these aspects with more detail in the
section IIT again.

Figure 2. Layout of the muon telescope. The letters A, B, C
and D indicate the position of the four counter layers. The
telescope has a structure with two rotation axes, zenithal
and azimultal in the horizontal system or declination and
righ ascension in the equatorial system.
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B. Angular resolution

For energies above 1 GeV the muons arrival directi-
ons are close with the primary gamma ray direction, in
this case the muon produces a coincidence among the
A, B and C counter layers. The angular resolution of
the telescope is defined by the distance between the A
and C scintilation counters (3.0 m) and by the scintilla-
tor width (0.5 m). Under these conditions, the opening
angle is 9.4 degrees and the associated solid angle is
0.085 sr. The low angular resolution of 9 degrees of
the telescope is compensated with a good geometrical
factor (68.2 cm? sr) and for the servo mechanism that
locates and follows the source. These characteristics are
essential for gamma-ray astronomy study using a small
telescope.

C. Geometrical Factor

The factor of proportionality relating the coinci-
dence counting rate C to the muon intensity I is ca-
lled the geometrical factor G [10] and can be expresed,
when the intensity is isotropic as

C=GI, (1)

G:/de /Sdﬁf. (2)

Here dw is the elemnt of solid angle; €2 is the domain of
w, this is limited by the other telescope sensors;  is the
unit vector in direction w; do is the element of surface
area of the last telescope sensor to be penetrated and
7.do is the effective element of area looking into w. We
consider only the case where the detection efficience for
muons , €(E), depends only on the energy, where I is
defined as

with

Izéde%UDd@, (3)

where Jo(E) is the spectral intensity of muons
(s7tem~lsr~!E~!). In this approximation, the geome-
trical factor depends only on the size of the telescope
and taking into account the fact of a cylindrically sy-
metric telescope with three rectangular detectors, the
geometrical factor is obtained after integration of the
relation (2) as [11]
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In our telescope L = 1.5 m and a = 50 e¢m giving a
geometrical factor of G = 68.2 cm? sr.

D. Triggering system

There are two trigger modes. The first is harware
trigger, where the coincidence between the signals from

the top, middle and botton layers are used (see Fig.3).
The B scintillator has been put in the telescope only for
minimizing the random coincidences. The pulses from
the A, B and C detectors come to discriminator block
in which they are shaped to 60 ns duration. The choice
of this pulse length is determined in order to take into
account the difference in the time of flight delay of the
muons between the top and botton telescope layers, es-
timated in 10 ns. The shaped signals go then to the
logic unit which form logical ”AND”. Under these con-
ditions the output coincidence pulse has a length of 50
ns.

The second mode is a selective trigger, and it is im-
plemented in order to not consider coincidences in the
first trigger mode originated by showers initiated for
cosmic ray brackground. It uses another detector, D,
which is out of the axis of the telescope. The pulse
of this detector is discriminated to 60 ns duration too
and is placed in anti-coincidence with the output coin-
cidence of the first trigger mode. This window time is
enough to produce a trigger with a resolution time of 20
ns, without use of different cable length to compensate
the systematic delay. The Fig.3 and Fig.4 summarize
the situation.

o B By

Figure 3. The two trigger modes used for the muon counting
rate, around the source direction.

Siigpe g e

Figure 4. Discriminator output pulses from A, B and C de-
tectors, showing the retard of the pulses, before and after
the coincidence (harware trigger), as well as before and after
the anti-coincidence (selective trigger).
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E. Tracking system

The principal disadvantage of a small muon teles-
cope is its small active area. This limitation places a
cutoff in the primary gamma energy observed by the
telescope, or in others words, it is possible to detect
primary gamma-rays only with energies below 104 eV,
because the primary gamma-ray flux decreases when
the energy increases. However, a small muon teles-
cope can be set up as an optical telescope controlled by
a computer to locate and follow a certain gamma-ray
point source. In this case, the muon background to be
considered (produced by conventional cosmic ray parti-
cles) is only inside the small solid angle, always around
the source direction. When the telescope is mounted
in an equatorial system, it is easy to follow a celestial
object of interest, using a motor to rotate the telescope
about the polar axis and to compensate the apparent
rotation of the heaven due the Earth’s rotation. This is
done with the present muon telescope here described.

F. Data acquisition system

The data acquisition system is based on a PC com-
puter, where commands for the measurement actions
are concentrated. There are two independent units con-
nected as peripheral ones to the PC expantions bus.
The first is a dedicated board linked to the telescope
output. A resident programme (Lab-View)takes the
control of the coincidence counting rate process during
the continuous operation. The read-out time of each
event is around 32 microseconds. Another variables like
the sidereal time and declination are registered too.

The second is a dedicated board too, for the servo
mechanism control. This mechanism is formed by two
step motors linked to declination and right ascension.
They are controled for an another resident programme
Scope. The source code of the Scope program was writ-
ten in C language, it is a free software and can be ob-
tained from the web by download [12].

IIT Background

In order to set the scale of the fluxes of cosmic photon
beams from point sources and other sources, like the
diffuse v-ray flux, only the most relevant prediction of
diffuse gamma ray fluxes in the energy region of 102
to 10'° eV is take into account. On the other hand, to
obtain the main background, or in other words the num-
ber of muons from cosmic ray (mainly protons) showers
in the same direction of the photon beam from point
sources, as is expected in the telescope, we performed
a massive Monte Carlo calculation.
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A. Diffuse y-ray flux

Figure 5 shows the predictions for the fluxes of ga-
lactic and extra-galactic diffuse cosmic photons. The
total cosmic ray flux and the primary electron flux are
shown for comparison. The origin of the galactic diffuse
cosmic photons is not very well established yet. Howe-
ver, it is very probably that they are a consequence
of the interaction of cosmic ray particles (in the PeV
energy region) with interstellar gas in the galactic disk,
through the process

p+p=1"+X, (5)

and followed by 7° — 2v.The theoretical prediction

[13, 14] of galactic diffuse y-flux is shown in Fig.3 as
the ISM flux. The ratio between this diffuse y-ray flux
and the cosmic ray flux is estimate as

I
2 ~8x1075. (6)
Icr

On the other hand, the extra-galactic diffuse cosmic
photons are expected as a consequence of the interac-
tion of the extra-galactic cosmic ray with the 3 K bac-
kground photons, through the process

p + 3Kphoton = n° + X, (7)

and followed by 7° — 2v. The proton energy threshold
for this process is near 10%° eV, because in the rest
proton system the 3 K photons are gamma rays. The
prediction for this diffuse gamma flux is shown also in
Fig.3 [15] and the ratio is expected as

I
-2 ~1.0x 1075. (8)
Icr

As the muon content in v showers is around only 5%
of the muon content in proton showers, the number of
muons from diffuse (galactic and extra galactic) y-ray
flux expected in the same solid angle sustained by the
telescope is around 5 x 1077 smaller than the number
the muons from cosmic ray flux, consequently they can
be ignored. On the other hand, the contribution of the
diffuse electronic flux to the muon noise in the teles-
cope is around 10~° times smaller than the number the
muons from cosmic ray flux, consequently it is ignored
too.
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Figure 5. Galactic and Extra galactic diffuse cosmic pho-
tons predictions. The total cosmic ray flux and the primary
electron flux are shown for comparison.

B. Diffuse cosmic rays flux

The present study is devoted to the muon flux in the
atmosphere, produced by diffuse cosmic rays flux (see
Fig.5). In ground-based detectors, these muons consti-
tute the main background in the gamma-rays detection
from celestial point sources The integral energy spec-
trum of the cosmic ray flux in the TeV energy region
is obtained after the integration of the differential flux
represented by the bold line in Fig.5, and is given by

pcr(> Eo) =3.31077 ;

(Eo/10TeV)™ " em™2 571 st (9)

The calculations of the muon spectra in the Earth’s
atmosphere produced by these cosmic rays have been
carried out on the basis of the COLLI [16] Monte
Carlo generator of hadron-hadron, hadron-nucleus and
nucleus-nucleus interaction in a wide range of ener-
gies. The COLLI is based in the quark-string model
(QGSM), also known as dual parton model. Some si-
mulation input used for atmospheric propagation, as
well as for the photo production study is shown in Ap-
pendix A.

After the generation of 10,000 events, the differen-
tial energy spectra of muons for several zenithal angles
and at sea level are shown in Fig.6. We can see that the
large atmospheric thickness existent at large zenith an-
gles (see Appendix A) makes the atmosphere opaque for
muons of low energy. This characteristic is seen again
in Fig.7, where the dependence of the integral energy
spectra of muons with the zenith angle are shown.

Ipn(cm ?s tsr TGev )

En (GeV)

Figure 6.Differential energy spectra of muons (background)
at sea level and for several zenithangles.

IV Signal to noise ratio

In order to obtain the signal to noise ratio of a source
tracking telescope of muons, used as celestial detector
of gamma-rays, we would like to make the following
considerations:

a) The signal is the muon content of showers ge-
nerated by gamma-rays along the declination and right
ascension of the source. We admit that the gamma rays
flux from a source has an integral energy spectrum as
Jy(> E) = J2E™F and the number of muons in the
telescope, associated with the source is given by

Ny(signal) = J,(> E) AN t. (10)

Here, A is the active area of the scintillators (2500cm?),
t is the exposure time (on-source) and N is the num-
ber of muons per gamma ray shower. This last quantity
is very hard to be obtained by an analytical calcula-
tion, because it has a zenith angle and muon threshold
dependence and here it is obtained by a Monte Carlo
calculation.

b) The main noise is generated by the muon con-
tents of showers initiated by primary cosmic ray
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Figure 7. Dependence of the integral energy spectra of mu-
ons (background) with the zenith angle.

(mainly protons). Even so, primary charged parti-
cles are produced by diffuse sources and they are al-
most injected isotropically in the upper atmosphere
with an integral energy spectrum such as Jor(> Ep) =
3.3 1077 (Ey/10TeV) 17 em=2 s71 sr~!. Then, the
muon flux J, (> E,, cosf) is obtained at sea level from
a Monte Carlo calculation (see Fig.5) for several zenith
angles. Under these considerations, the background
counting rate of the muons expected in the telescope

is calculated as
R(> E,,cosf) = J,(> E,,cosf) G, (11)

where G is the geometrical factor of the telescope with
G = 68.2 em? sr (see section II, B). Figure 8 shows the
zenith angle dependence of the rate for several muon
threshold energies. The effective number of background
muons expected in the same solid angle around the ze-
nith angle () is determined by

N,(> E,,cos8) = R(> E,,, cos0) t, (12)

where t is the exposure time.
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Figure 8. Dependence of the counting rate of the muons
(background) in the telescope with the zenith angle.

c¢)The signal to noise ratio (S/N) can be obtained
as
S _ N, (signal)
N /N, (background)

(13)

The above expresion means that the S/N is proportio-
nal to V/%.

An analytical expression to the signal to noise ratio
is very hard to obtain, and a Monte Carlo is inevi-
table. Fig.9 and Fig.10 show the exposure time (on-
source) of the telescope to reach the required sensibility
(S/N > 1) to detect some sources, already known [17],
such as:

a) 2.5 hours for AGN sources like the Mrk 421 (flux
of ~1.5x 107 %m 257! for E, > 10 GeV).

b) 23 days for sources like the Crab Nebula (flux of
3.0 x 107 "em™2s~for E, > 10 GeV).

c¢) 38 months for sources like the supernova remnant
v Cygni (flux of 3.2 x 10~8cm=2s~for E, > 10 GeV).

These Monte Carlo calculations of the signal to noise
ratio are for a statistical significance level above 3o.
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Figure 9. The signal to noise ratio as a function of the ex-
posure time (on-source) for: A AGN sources like the (Mrk
421), B sources like the Crab Nebula and C sources like su-
pernova remnant (v Cygni). It is considered as sources near
to vertical.

V Discussions and conclusions

The expected performances of a small telescope as a
celestial gamma-ray detector have been studied. The
geometrical factor and directional response of the teles-
cope made of multi-element cylindrically symetric with
squared cross section are presented. The telescope com-
putes the muon intensity given the coincidence counting
rate. The important feature of the proposed muon te-
lescope is the source tracking system.

Some specifications are:

Geometrical factor - 68.2 cm? sr

Active solid angle - 0.085 sr

Range of zenith angle - 0 to 7/2

Range of azimuthal angle - 0 to 27

Muon registration efficience - 95%

Tracking system with equatorial mount

Operation time - 24 hours/day (over all year)

Location depth - See level (Niteroi)

This small ground-based gamma-ray detector can
explore the energy region between 10 and 1000 GeV.
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Figure 10. The same than Figure 7. However, it is conside-
red the sources near to horizon.

This region is unexplored for both satellite-borne and
ground-based experiments. We would like to search this
region, because there is the probability of the existence
of new sources not present in other wavelength. Also,
it is possible to make the connection between observa-
tions made at low energies (satellites) and observations
made at high energies (ground-based).

The atmospheric muon background have been ob-
tained from a Monte Carlo Calculation and the signal
to noise ratio (S/N) has been determined. Muon ex-
cess with a statistical significance level above 3¢ from
celestial gamma sources with flux around 107% to 10~®
em™2571 can be obtained under few hours and several
month respectively of exposition time. These results
show that there is a real possibility of doing gamma-ray
astronomy using this telescope and the main objective
is to find new sources only accessible in Southern He-
misphere, where the number of ground-based detectors
is small.

The above considerations are for a telescopy only
as a muon counter. However, it is possible to include
a magnet spectrometer to measure the momentum and
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the charge of incident muon. This stage is of vital im-
portance, since through the spectrum of energy of the
muons, it is possible to estimate the energy of the pri-
mary gamma that originated them. After a period of
tests and some measurements with the counter teles-
cope, this calorimeter will be implanted.
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VI Appendix. Some simulation
inputs

A. Atmospheric model

Under the supposition that the atmosphere is a per-
fect gas in hydrostatic equilibrium [18], the atmospheric
depth X can be related with the height h on sea level
as

X(h) = {Xo exp(—h/hg), if h > 11 km; .
A(hy — h)*™1, if h <11 km

When km is used to measure h and g/cm? to measure
X, the constants are A = 2.303 x 1075, hg = 6.344,
hy = 44.33 and a = 4.253.

For large zenith angles, we need to take into account
the curvature of the Earth. The correlation between the
atmospheric depth and the zenith angle it is shown in
Fig.11.

(14)
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Figure 11. Correlation between the atmospheric depth and
the zenith angle.

B. Photoproduction

After Kiel group announced the discovery of a large
flux of y-rays of high energy (~ 10'% eV) from Cygnusg
X-3, with large muon contents, not confirmed today by
large arrays, many groups have claimed an anomalous
increase of the cross section of photo production with
the energy of the y-ray , as a consequence of such high
energy, the structure of a photon should be very close
of the structure of a gluon.

Even so, recently the photo production was studied
in detail at HERA in the energy region of 194 GeV in
the c.m. system [19], using the interaction of quasi-real
photons v* in the reaction ep — e +v*p — e +z. The
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total cross section of photo production was established
as
Ototal (YD) = 156 + 18 pub. (15)

This value agrees well with a normal extrapolation of
the data in the area of low energy and not with theo-
retical predictions that foresee an anomalous increase
[20].

On the other hand, the values for the partial photo
production cross section ratios, were found as

nd(YD)/Ototal) = 0.66, Inelastic nondiffractive,
(16)
0a(p)/Ttotal) = 0.23, Inelastic diffractive,  (17)

nd(YD)/Ototal) = 0.11, elastic. (18)

The change of the cross section of photo production
with the mass of the target nucleus can be described
by

a(vA) = A° o(p), (19)

where A is the atomic number of the target nucleus,
A = 14.4 for air. usually ¢ is determined using experi-
mental data for two or more different nuclei. Even so,
unfortunately, there are no precise data and we adop-
ted § = 0.91 in the practical calculations. The inelastic
cross section is connected with the collision mean free

path >\coll by

A
)\coll — Wa (20)

where N is Avogadro’s number.



