1068 L. G. HYMAN et al.

J. McKenzie, and I-T. Wang, Phys. Rev. A 2, 7 (1970).

G. Keyes, M. Derrick, T. Fields, L. G. Hyman, J. G.
Fetkovich, J. McKenzie, B. Riley, and I-T. Wang, Phys.
Rev. D 1, 66 (1970).

5The direct measurement listed as method 6 in Table
III was not used to calibrate the field since this measure-
ment was made after the apparatus was removed from
the beam line.

PHYSICAL REVIEW D

VOLUME 5, NUMBER 5

(K3,

8T, J. Kotek, Argonne National Laboratory Internal
Report No. HEP-PROG-4, 1969 (unpublished).

"Particle Data Group, Rev. Mod. Phys. 43, S1 (1971).

G. Bohm, U. Krecker, C. Mayeur, J. Sacton, J. H.
Wickens, F. Esmael, D. Stanley, D. H. Davis, J. E.
Allen, A. Filipkowski, and E. Skrzypczak, Nuovo Ci-
mento 704, 384 (1970).

"1 MARCH 1972

Absolute Measurement of the Vertical Cosmic-Ray
Muon Intensity near 1 GeV/c at 12°N

A. K. De, P. Ghosh, S. Mitra, P. C. Bhattacharya, and A. K. Das
Department of Physics, University College of Science, Calcutta-9, India
(Received 3 August 1971; revised manuscript received 21 December 1971)

The absolute vertical cosmic-ray muon intensity at sea level at 12° N has been measured
with a range spectrometer similar to that used by Allkofer efal. and by Jokisch. The in-

tegral intensity amounts to 6.86 X 1073 cm™

2 sr-1gec-! at 0.954 GeV/c which is 10.3% lower

than that of Allkofer ef al. and 10.6% higher than that of Rossi, generally used as the normal-
ization point for muon spectra. Our results are in favor of experimental findings of All-
kofer etal. The decrease in intensity may be explained in terms of the geomagnetic latitude

effect.

I. INTRODUCTION

In a recent paper Allkofer ef al.! and also
Jokisch? reported an absolute measurement of
muon intensity at the momentum of 1 GeV/c with
a range spectrometer. The result obtained from
this experiment is about 25% higher than the Rossi®
value at the same latitude. Supporting evidence of
higher vertical muon intensities near 1 GeV/c
comes from the recent work of Ayre ef al.,* Bate-
man et al.,® Crookes and Rastin,® and the prelimi-
nary report of the present authors.” Ayre ef al.
with their large spectrograph MARS at Durham ob-
tained integral intensities in the range 3—-6 GeV/c
significantly higher (~7%) than those previously re-
ported by Aurela and Wolfendale.® The Aurela and
Wolfendale intensities are again 3—4% higher than
those reported by Hayman and Wolfendale® in the
same momentum region. Crookes and Rastin ob-
tained a vertical integral muon intensity 9.13
x107% cm™2sr~!sec™ at 184.7 gcm™ of lead (mo-
mentum 0.35 GeV/c). Bateman ef al. with a mag-
netic spectrograph obtained absolute muon intensi-
ties in the range 3-50 GeV/c which are 12% higher
than those of Hayman and Wolfendale.® The latter
workers® normalized their data to the Rossi inten-
sity, viz., 2.45xX107% cm™~2sr~'sec™ (GeV/c)™! at
1GeV/e.

A review of the above works raises doubts as to
the exact value of the normalization point itself
though the Rossi intensity has been used for nor-

malizing the muon spectra by many authors.®~'®
The muon intensities near and above 1 GeV/c are
somewhat higher than the previously accepted val-
ues in this momentum interval.

Allkofer et al.* concluded that in case the differ-
ential and integral muon spectra at sea level are
normalized they should be enhanced by a factor
1.26. The discrepancies as explained by Allkofer
et gl.' are that the integral Rossi spectrum is nor-
malized at 0.3 GeV/c to the Greisen'® intensity
8.3x107% cm™2sr~!sec™ in which the zigzag na-
ture of the path of the particle inside the absorber
due to multiple Coulomb scattering has not been
considered. This is essential when a range spec-
trum is converted to a momentum spectrum. The
conclusion is also in agreement with that of Krau-
shaar'” who following Koenig'® concluded that the
vertical thickness of the absorber due to multiple
Coulomb scattering inside the absorber should be
increased by 11% in the range 50-180 gcm™ of
lead. This causes a shift of momentum from 0.3
to 0.33 GeV/c and hence the Rossi intensity at a
particular momentum should be increased. This
conclusion is true, but the change in the penetrat-
ing muon flux for this effect is only 0.7% at the
momentum 0.3 GeV/c. The work of York'® must
also be mentioned in this connection. York inves-
tigated the differential range spectrum of cosmic
muons in the region from 18-76 gcm™ of air-
equivalent absorber using a counter-controlled
cloud chamber. The results obtained in this region
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FIG. 1. Front view of the apparatus.

proved to be about 20% higher than predictions
based upon similar contemporary measure-
ments®172° at greater absorber thicknesses. Ac-
cording to him the discrepancy could be attributed
to the fact that the Greisen value,'® as quoted by
Rossi,® had not been properly corrected for the
loss of particles out of the geometry of the appara-
tus due to multiple Coulomb scattering in the ab-
sorber. This point, mentioned earlier by York,!®
has been recently supported by Crookes and Rastin®
as a major cause for the increase in muon inten-
sity.

We report here the use of an arrangement simi-
lar to that used by Allkofer etfal.! for the absolute
determination of integral muon intensity near 1
GeV/c at 12° N at sea level (Calcutta) which pro-
vides a new datum at the place of observation.

Both the above effects of multiple scattering have
been properly estimated.

II. THE EXPERIMENT

Figure 1 shows the geometrical arrangement of
the apparatus. Two trays of Geiger-Miiller (G.M.)
counters A and B, each with a sensitive area 15
x 9.2 cm?, form a telescope with a geometric ac-
ceptance of 2.02 cm?sr. The sensitive dimension
of each of the beam-defining counters was 15x3.1
cm? determined by the method of Greisen and
Neresen.?! It was found that the sensitive length of
each counter was, on an average, 7% less than the
actual length of the cathode. The efficiency of the
counters over the sensitive region determined pre-
cisely following Fenyves® was found to be 99.8%.
Below the counter tray B there is a lead absorber
and this together with all the other materials in the
apparatus including the thin roof above it provided
a total thickness of 663.4 gcm™ of lead. This is
the range of a muon with a mean momentum p,
=0.954 GeV/c +0.5% considering the zigzag path
discussed later. Below this lead absorber is
placed a plastic scintillation counter C (50X 50
cm?). The threefold coincidence rate R, zc of ABC
coincidence gives the integral rate at the momen-
tum 0.954 GeV/c. As the measured rates include
events which are induced by extensive air showers,
a ring of four trays of G.M. counters S (each tray
of area 30X 30 cm?) has been arranged around the
telescope. By simultaneous registration of R ,z¢
and R 5c¢ counts the actual integral rate can be
determined.

The exact muon rates are given by

Rapcs =Rapc— K (Rapcs = Ky R 4pc). (1)

Here we take K,=1.3+0.13, the value used by
Allkofer et al.,' as the S counters of our experi-
mental arrangement are of exactly the same size
as that of Ref. 1. The factor K, takes into account
that not all shower-induced events have been re-

_ corded by the counters S because of the incomplete

protection of the counters S. The value of K, was
experimentally determined by Allkofer et al.?'* by
measuring the rate of incoherent particles (i.e.,
ABC coincidence produced by different particles,
e.g., particles hitting B and C are accompanied by
associated particles that hit the tray A) and the
fraction of this rate that was detected by the
counters S. K, is the ratio of these two rates.
Then K, X R 4pcs gives the rate of incoherent par-
ticles which would simulate true R,p, coincidence.
The magnitude of this effect is very sensitive to
the distribution of materials near the apparatus
due to the generation of knock-on electrons and
small local showers. The apparatus was placed in
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TABLE I. Measured rates and their corrections.

Time of

Random Noise Efficiency Corrected
observation No. of coincidence coincidence correction rates
(hours) events in% in% in% (1074 sec™?)
ABC 86 000 0.946+0.05 2.88+0.06 1.75£0.13 155.2 +£0.59
1507
ABCS 9610 1.95+0.14 18.05+0.18

the middle of a large room where the roof and the
walls of the enclosure were such as to contribute
little to this effect. The factor K, takes into ac-
count those single muons which produce knock-on
electrons and hence are detected as air showers.
This was calculated from the knock-on electron
probability given by Bhabha?* for muon momentum
greater than 0.954 GeV/c, energy transfer greater
than 5 MeV, and total effective target thickness

3 mm iron between the counter trays A and B and
the supporting structure for the counters. All the
rates have been corrected for random coinci-
dences, noise coincidences, efficiency of the de-
tectors, scattering and proton contributions. It
was possible to determine the noise coincidence
rates arising from the chance coincidence of the
noise pulses by keeping the whole apparatus at a
constant temperature. The rate given in Table I
shows the average rate taken for a long time.

The multiple scattering loss correction is done
here following the procedure of Sternheimer?® us-
ing the distribution function of Eyges?® to consider
the multiple scattering with energy loss in the ab-
sorber. Then we can easily deduce the expression
for the probability P that a particle passing
through the counters A and B would be found at a
distance s from its position without .scattering on
the counter C. This probability is given by

pP= exp(=s2/7,2), | (2)

7,2
where 7,=2(A,+2A,1+ A 1%)"Y?% A, A, A, are

given in Eyges®® and [ is the distance of the count-

er C from the lower end of the absorber. This ex-

pression is similar to that obtained by Sternheimer
[Eq. (1) of Ref. 25] without energy loss. Here the )
value of 7, is different. If we disregard the energy
loss, the expression (2) reduces to Eq. (1) of Ref.
25.

Then according to the procedure of Ref. 25, the
fraction F(p) of the incident beam which passes
through C after traversing A and B can be easily
found out. The numerical values of F(p) for dif-
ferent values of momentum can be evaluated with
the help of Fig. 4 of Ref. 25 by extrapolation. In
order to find out the value of scattering loss cor-
rection for integral count rates R,z., another set
of integral count is taken with an additional absorb-
er of thickness 10 cm (momentum p,). The differ-
ence of the integral counts will give the differential
counts in the intermediate momentum value. The
scattering loss correction for the integral count
rates R, 5. Will be K times the differential counts
where K will be

o b2
S —F(p)}N(p)dp/ L Nop, 3)

where N(p)dp is the approximate differential muon
intensity. Here K is calculated to be 20.8%.

To find the momentum for a certain length of ab-
sorber, Serre’s®” table has been used. The Serre
values have been corrected according to the fact
that a particle going through an absorber makes a
zigzag motion due to multiple scattering. The
difference between the geometrical range T(=663.4
gcm"") and the effective range R of a muon with
momentum p is given by Koenig'®:

TABLE II. Corrections and final corrected rates.

Scattering correction Proton correction

Final corrected

rates

Integral intensity
(sec™?)

at 0.954 GeV/c+0.5%

20.8% of the
differential

_ count rate
(7.575% 1074 sec™?),
i.e., 1.146% of the
ABCS counts

0.72% of ABCS counts

(138.6+0.64)x 104

6.86%10~% cm~2sr-lsec™1+0.46%




TABLE III. Integral intensities.
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Geomagnetic Integral intensity
Muon momentum latitude Reference (cm™? sr-lsec™)
0.954 GeV/c 12° N Present experiment 6.86x107%+0.46%
55° N Ref. 3 6.20x107%2
55° N Ref. 1 7.65%1073+4%
55° N Ref. 30 7.35%1078
57.5° N Ref. 9 6.00x 10~3P

aThis value is 6.00% 1073 if the experimental points of Wilson [J. G. Wilson, Nature 158, 415
(1946)] plotted in Fig. 5 of Rossi (Ref. 3) be taken.
bNormalized to the intensity at 1 GeV/c given by Rossi (Ref. 3).

b GZ(R) @

R()-T(p)= |
6*(R) is given in Rossi and Greisen.?® In the pres-
ent case T is 5% shorter than R. This gives a
muon momentum of 0.954 GeV/c corresponding to
R=663.4 gcm™ of lead +5%.

The different rates and corrections are given in
Tables I and II.

III. RESULTS AND DISCUSSION

The integral intensity calculated from our exper-
iment is given by 6.86x103cm2sr~'sec™ at
0.954 GeV/c at 12° N. Rossi’s intensity at sea
level for a range 663.4 gcm™2 of lead (i.e., 417.8
gem ™2 of air) is given by 6.2x107% cm ™2 sr~'sec™.
As shown in Table III the present value is there-
fore higher than that of Rossi® by 10.6%. It is
again less than that of Allkofer etal.’® by 10.3%.
From this we may conclude that our result goes in
favor of Allkofer ef al.' who got a 23.4% higher
muon intensity than did Rossi® in this momentum
region. According to Olbert,?® the present mea-
surements at 12° N geomagnetic latitude should
give 8.3% lower intensity than that of Allkofer et
al.! at 55° N latitude. Again if we consider the re-
cent survey of Allkofer et al.,* our result is 7%
less than this value at this momentum region.
This 10.3% and 7% decrease in muon intensity of
the present results as compared to 8.3% expected
from Olbert®® is not in bad agreement, if we con-
sider that the experimental values correspond to

two different, though similar, experimental setups.

The only data on low-energy muon spectrum at
12° N are given by Basu and Sinha®' and Bhatta-

charyya.®? Basu and Sinha®! obtained a decrease
in muon intensity at 12° N of (15 +4)% from that of
Brini ef ¢.% at 45° N in the low-momentum region
of 0.3 GeV/c. Our result contradicts that of
Bhattacharyya® who recently reported an integral
muon intensity 7.3x107% em™2sr~!sec™! at 320
MeV/c which is in agreement with Rossi’s value
at 55° N.

The increase in the muon intensity obtained in
the present experiment is in good agreement with
the values of the magnetic spectrograph measure-
ment of Allkofer and Clausen® and Allkofer et al.%°
and the absolute intensity measurement of Crookes
and Rastin.® Crookes and Rastin® obtained a verti-
cal intensity of 9.13x107® cm~2sr~'sec™ at 0.35
GeV/c which is ~11% higher than the Greisen in-
tensity. Allkofer et al.* presented an absolute
spectrum in the range 0.2-1000 GeV/c based on-
four different measurements carried out at Kiel.
The integral intensity at 0.35 GeV/c amounts to
9.35x107% cm™2sr~'sec™ and is in agreement
with that of Crookes and Rastin.®
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