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The absolute sea-level cosmic-ray muon intensity has been estimated by using a flash-tube range spectrograph
at axial zenith angles 75°-85° W near the geomagnetic equator in the cutoff-momentum region 0.4 GeV/c.
The measured absolute muon intensity agrees with the results calculated in the manner of Ashton et al.,
assuming K/7 = O for zenith angles up to 81° W and K/7 = 0.4 for 85° W. The angular distribution of
muons obeys a cosine-square law. The measured absolute integral muon spectrum at axial zenith angle 81° W
in the cutoff-momentum interval 0.4-3 GeV/c agrees with the theoretical spectral shape calculated in the

manner of Barrett et al.

I. INTRODUCTION

The investigation of muon intensity at large ze-
nith angles is necessary for the study of spectral
shape in cosmic-ray phenomenology and of geo-
magnetic effects on muons. Only a few experi-
ments'™® have been performed measuring the ab-
solute low-energy muon intensity at large zenith
angles. No absolute muon intensity data at large
zenith angles above 0.4 GeV/c is available near
the geomagnetic equator. The present paper re-
ports the measurement of the absolute muon inten-
sity at axial zenith angles 75°W and 81°W, in the
cutoff-momentum interval 0.4-3 GeV/c, near the
geomagnetic equator (12°N geomagnetic latitude),
using a flash-tube range spectrograph. The angu-
lar distribution of muons has been studied and the
experimental muon spectrum has been compared
with the theoretical spectrum calculated in the
manner of Ashton et al.”

II. THE EXPERIMENT

The sea-level muon flux at zenith angles 75°-
85°W at Calcutta (vertical cutoff rigidity of prima-
ries P, =16.5 GV, 24 m above sea level) has been
measured by an integral range spectrograph. The

schematic diagram of the experimental setup is
illustrated in Fig. 1. The zenith-angle range was
+4.6° about the axis of the telescope. The lead ab-
sorbers were placed between the detectors C, and
C,. The total thickness of the absorbers was var-
ied from 237 to 2168 g cm™ of lead-equivalent ma-
terial. The particle-selection system consisted of
Geiger counter trays C,C,C,, which defined the
trajectories of the accepted particles, and the
three anticoincidence trays AC,, each placed be-
low 5 cm lead, which helped reduce the frequency
of contaminating air shower events. The flash
tubes and the detector system were of a type de-
scribed in our recent papers.®

The charged-particle detection efficiency of the
counter telescope is about 98%. The sensitive di-
mension of each beam defining counter is 30x 3
cm®, estimated by applying the method of Greisen
and Nereson,® and the acceptance of the range
spectrograph, defined by the trays C, and C,,
each with a sensitive area 30X 15 cm?, has been
estimated by using the procedure of Flint et al.’
for different effective zenith angles and is present-
ed in Table I. A threefold coincidence pulse from
the counter trays, triggered by the passage of a
charged particle through the spectrograph, flashed
the neon-tube hodoscope stacks F, and F, and
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FIG. 1. Schematic diagram of the experimental arrangement.
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TABLE I. The muon intensity at different zenith angles above 0.4 GeV/c.

Observed
No. of
particles Corrected Absolute
Zenith angle Aperture  Run time (singles No. of muon intensity

Axial Effective (cm? sr) (h) +knock-on)  particles per 10* cm?secsr
75°W 74.5°W 4.97 81 668 +35 718 4.95+0.19
81°W 80.3°W 4.82 100 324 +15 346 1.99+0.11
85°W 84.1°W 4.76 131 135+8 146 0.65+0.05

caused the event to be photographed. These photo-
graphs exhibit the nature of the particle track,
whether single penetrating or accompanied by
other particles detected by the coincidence cum
anticoincidence of Geiger trays C,C,C,-AC,. The
small extensive showers were visually rejected and
the muon rate for different ranges of muons has
been estimated.

The ranges of the detected muons were converted
into momenta using the method of Serre.'® The
scattering correction to the muon ranges due to
zigzag motion is estimated after Koenig.!' In the
range interval 237-2168 gecm™ of lead, this cor-
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FIG. 2. The variation of absolute integral muon inten-
sity with axial zenith angle. The solid and broken curves
are obtained from the differential spectra in the manner
of Ashton et al. (Ref. 7) for K/m=0 and 0.4, respectively.
Experimental results are denoted by open circles.

rection increased the actual muon ranges by 1.98%
to 1.10%.

The effective working time of the detector system
has been calculated from the operating time of the
apparatus, taking into account the dead time intro-
duced by the cycling operation and the quenching
pulse applied to the counters.

III. RESULTS AND DISCUSSION

The range spectrograph has been operated at ze-
nith angles 75°, 81°, and 85° in the western azi-
muth. The total run time for each particular ori-
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FIG. 3. Angular distribution of muons of momenta
above 0.4 GeV/c. Solid circles indicate the previous
work of Bhattacharyya (Refs. 13 and 14) corrected to in-
clude “knock-on” events; open circles indicate present
work.
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TABLE II. Integral muon spectrum at axial zenith angle 81°W.

Absolute
Observed No. integral
Cutoff Run time of events Corrected No. muon intensity
momentum (h) (singles + knock-on) of events per 10 cm? sec sr

1.0 117 304 +22 335 1.65+0.09

1.5 144 331+25 366 1.46+0.08
2.0 100 203 +16 226 1.30+0.09
3.0 112 154 +15 176 0.91+0.07

entation of the telescope axis was about 81, 573,
and 131 hours, respectively. The photographs con-
taining the penetrating particles (including single
penetrating particles and also single penetrating
particles accompanied by knock-on events) have
been scanned for the evaluation of the absolute mu-
on intensity. The scattering corrections have been
estimated by using Germain’s'? procedure and the
calculated net number of muons scattered out of
the acceptance of the detector changes from 0.1-
2% of the observed integral intensity in the momen-
tum interval 0.4-3 GeV/c. Table I shows the ob-
served and corrected integral muon intensity above
0.4 GeV/c in the zenith-angle interval 75°—85°W.

The integral muon spectra at large zenith angles
is calculated by integrating the theoretical differ-
ential muon spectrum of Ashton et al.” from 0.4
GeV/c for K/m=0 and K/7m=0.4, and both spectra
are plotted in Fig. 2, along with the present exper-
imental results. It is found from Fig. 2 that the
muon intensity above 0.4 GeV/c agrees with the
calculated curves for axial zenith angles 75°W and
81°W for K/m=0, but at 85°W the curve for K/7
= 0.4 is more in accordance with the experimental
results. This fact indicates that the contribution
of muons from kaon parentage is higher for the
muons reaching the earth at very large zenith an-
gles (~85°). Moreover, the angular distribution of
muons above 0.4 GeV/c at large zenith angles near
the equator follows the trends predicted by Ashton
et al.

The integral muon intensity can also be express-
ed as I(6)=1(0)cos"0, where I (6) is the intensity

at zenith angle 6, I(0) is the vertical muon inten-
sity, and # is a function of muon momentum. Fig-
ure 3 shows the angular distribution of penetrating
particles for cutoff momentum of 0.4 GeV/c. The
experimental data, including all penetrating parti-
cles and knock-on events at axial zenith angles 0°,
45°W, and 60°W, published in our previous re-
ports, ** are presented in Fig. 3 along with the
present results. The value of the cosine exponent
n obtained from the linear regression analysis ap-
plied to the data comes out to be #=1.9823:77,
which agrees with the results of Sreekantan et al.'s
and Kim et al.'® This fact indicates that the expect-
ed variation in angular intensity of muons follows
a cosine-square law and is valid up to a zenith an-
gle 85°W in the cutoff momentum region 0.4-3
GeV/e.

The absolute integral muon spectrum at axial ze-
nith angle 81°W has been measured in the cutoff-
momentum range 1-3 GeV/c and is summarized in
Table II.

The spectrum of single muons previously report-
ed'®' ' has been corrected for knock-on electron
events in the present work and the total absolute
muon spectra at the axial zenith angles 0°, 45°W,
and 60°W are shown in Fig. 4 along with the pres-
ent results at 81°W. The phenomenological form
taken after Barrett et al.'"” and modified by Allkofer
(private communication) has been used to evaluate
the sea-level muon spectra at different zenith an-
gles, assuming a cosine-square angular distribu-
tion of muon intensity. Only the pion parentage has
been considered. The integral sea-level muon in-

TABLE III. The value of the exponent y at different muon momenta.

Muon momentum
(GeV/c) 0.4 1.0

1.5 2.0 3.0

v 0.14£0.03

0.36+0.04

0.51+0.05 0.64+0.06 0.86+0.07
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tensity has been estimated using the relation

- _, ¥Y'B_cos"0
> = W A . Y—x_ "m0 -
NEy) fs,, wA(Eu+2.04) (E, +2.04 +B,) 4y,

(1)

where B, =90 GeV and 7, =0.76. The probability
of muons, produced at a vertical depth 100 gecm™,
surviving to a sea-level depth of 1033 gcm™, with
muon energy E,, is given by Rossi'® as

1e1/(E, + 2.28)
W, =<E0.097E!> (By . @)
ut+2.04

The unknown parameters A and y are fitted to the
experimental data by using the maximum likelihood
technique, and the best fit vertical and slant muon
spectrum thus obtained yields A =0.18 £0.02 for the
different values of v presented in Table III.

The calculated muon spectra at axial zenith an-
gles 0°, 45°, 60°, and 81°are shown in Fig. 4. The
approximate agreement of the experimental results
with the theoretical values has been observed up to
zenith angle 60°, but a deviation is found at 81°
above 1.5 GeV/c. This may be due to the kaon con-
tribution to the integral flux of muons reaching
earth at large zenith angles.

IV. CONCLUSION

The angular distribution of the low-momentum
sea-level muon intensity (above 0.4 GeV/c) at large
zenith angles in the western azimuth direction fol-
lows the zero distribution

I(6)=I(0)cos"s, n=1.98*2:7

=0.03
and agrees with the spectral shape expected by
Ashton et al.” for K/m=0 at 75°and 81°, and K/«
= 0.4 for the intensity at zenith angle 85°.
The measured muon spectrum at 81°W in the cut-
off momentum interval (0.4-3 GeV/c) agrees ap-
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FIG. 4. Absolute sea-level integral muon spectra at
different zenith angles: O, 0°; @, 45°W; @, 60°W; and
@, 81°W. Solid lines are the theoretical curves.

proximately with the theoretical spectral shape
calculated from Barrett ef al. The result indicates
that the kaon contribution to the integral flux of mu-
ons increases with zenith angle.
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