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Abstract

Belikov S.V. et al. On the Use of the LA Spectrometer BARS for Horizontal Muon Spectrum
Measurements: IHEP Preprint 96-65. – Protvino, 1996. – p. 11, figs. 12, refs.: 8.

A Big liquid ARgon Spectrometer BARS was used to detect horizontal cosmic ray muons.
Large thickness and fine granularity of BARS make it possible to measure muon energy losses
due to ionization, bremsstrahlung and e+e− production with high precision. The estimation of
muon energy by the energy loss measurements is discussed. Preliminary results of experimental
data analysis are presented.

aNNOTACIQ

bELIKOW s.w. I DR. iSPOLXZOWANIE VIDKOARGONNOGO SPEKTROMETRA bars DLQ IZMERENIQ

SPEKTRA GORIZONTALXNYH M@ONOW: pREPRINT ifw— 96-65. – pROTWINO, 1996. – 11 S., 12 RIS.,
BIBLIOGR.: 8.
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Introduction

Investigation of energy distribution of horizontal cosmic ray muons in multi-TeV region
can provide the important information on primary cosmic ray spectrum and composition.
Conventional methods of muon energy measurements (magnetized steel spectrometers,
TRDs) have a practical limit of 5-10 TeV. Another technique of the HEmuon spectrometry
which is free of limitations of the above mentioned methods was proposed by Alekseev
and Zatsepin in 1959 [1].

The idea of this technique is rather simple. In the TeV energy range the average
muon energy loss is determined mainly by e+e− production and bremsstrahlung and is
proportional to E (fig.1). But the losses due to e+e− and γ emissions are different: average
energy transferred to e+e− is about 1% of muon energy while the average energy of γ is
much higher (fig.2). So when passing through a thick layer of matter a high energy
(> 1 TeV) muon produces a set of EM showers mainly due to e+e− production (fig.3)
and it is possible to estimate the muon energy by counting the number of showers and
measuring their energies. Because of the important role of e+e− production this method
is often called the pair meter technique.

Theoretical consideration of the pair meter technique and a review of early works can
be found in refs [2,3]). The most important advantage of this technique is the absence
of the upper limit on muon energy measurements. Asymptotically, the pair meter energy
resolution is given by the formula

σ

E
=

√
9π

28αT
≈
√

1

αT
, (1)

where T is the pair meter thickness in r.l. and α = 1/137 is the fine structure constant.
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Fig. 1. The average energy loss of muons in iron and liquid argon as a function of energy.

Fig. 2. Energy loss distributions of 10 TeV muon for e+e− production, bremsstrahlung, and
photonuclear interaction.
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From (1) it follows that the spectrometer should be thick (T > 137 r.l.). On the other
hand it should have a fine granularity to measure low energy (ε < 10−3E) EM showers
and large acceptance to detect the low flux of HE cosmic ray muons. Though the physical
grounds of the pair meter technique seem to be well understood, it has not been properly
tested experimentally, mainly due to the small thickness and/or coarse granularity of the
detectors used.

Fig. 3. Longitudinal energy distribution in the ideal pair meter.

In February 1996 we started experiments with the Big liquid ARgon Spectrometer
BARS to study the pair meter technique and to measure the flux of horizontal cosmic
ray muons. Although BARS was designed for tagged neutrino experiments at the IHEP
accelerator, its size and structure are quite adequate for the pair meter technique and its
acceptance is sufficient to obtain high statistics of muon events in the TeV energy range.

1. Detector BARS

The detector BARS consists of two identical LA calorimeters BARS1 and BARS2
(fig.4). Each calorimeter contains 216 t of LA, 154 t of those being in the fiducial volume.
There are two types of detectors inside the cryostat: ionization chambers and scintillation
hodoscopes.

Double-gap ionisation chambers of the calorimeter are formed by interleaved signal
and grounded planes. Signal electrodes are made of Al strips, 3 mm thick and 61 mm
wide. Grounded Al electrodes are 6 mm thick. The gap width is 24 mm. Each signal
plane consists of 48 strips. The strips in adjacent planes are rotated by 120o thus forming
u, v, and x coordinates. 12 signal planes are combined into a section. There are 24
sections in the calorimeter (288 signal planes). Total calorimeter thickness is 18 m (137.4
r.l., 25 i.l.). The diameter of electrode system is 3 m.
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Fig. 4. BARS calorimeters.

Fig. 5. Typical pulse height distributions for relativistic muons.
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A plane of 8 scintillation counters is positioned in front of each section. Scintillation
light is collected by the WLS bars placed between the counters. The WLS bars are viewed
from both ends by FEU-84 PMs. Both counters and PMs with bases are in the LA.

The electronics for ionization signals includes low-noise charge preamplifiers with
matching transformers at inputs, (CR − RC)2 bipolar shaping amplifiers with a shap-
ing time of 15 µs and a peaking time at 2 µs, peak sensitive 20 MHz 12 bit ADCs. The
total number of channels in each calorimeter is 13824.

The signals from PMts viewing the same WLS bar after amplification and shaping
are transmitted to ”mean timer” units with a guaranteed 5 ns time resolution.

The DAQ electronics sends to the host computer only signals with pulse heights above
preprogrammed thresholds kσn, where k is in the range from 2 to 3 and σn is the RMS
of the noise signal distribution. For most of the channels σn is close to 10 counts of ADC
while the average pulse height of a relativistic muon signal is about 50 counts (fig.5).

BARS energy resolutions for EM and hadron showers are 0.04/
√
E ⊕ 0.08/E and

0.55/
√
E ⊕ 0.02, correspondingly. The e/h rejection factor is less than 0.04 at 99% elec-

tron detection efficiency, using the RMS of the transverse energy distribution as the only
discriminating parameter. More information about the BARS parameters and character-
istics can be found in ref. [4].

2. Measurements and results

Measurements were performed during a two-week run in February, 1996. As a trigger
for horizontal cosmic ray muon selection, double coincidences between the following scin-
tillation planes were used: 1 and 18, 2 and 19, 3 and 20, 4 and 21. Geometric acceptance
for this trigger configuration is equal to 0.26 m2 · sterad, zenith angle interval is 78o to
90o. Trigger efficiency did not depend on muon direction and was as high as 99% for
muons crossing all trigger planes. Trigger rate was about 0.4 Hz. Preliminary analysis
shows that about 1/3 of registered events correspond to detection of horizontal muons,
while remaining events are mainly due to random coincidences, air showers (fig.6a) and
groups of muons near vertical direction (fig.6b). In total, about 105 horizontal muons
were detected.

Examples of muon events are presented in figs.7 - 9. Fig.7a shows a track of low energy
stopping muon which lost its energy due to ionization. The track shown in fig.7b belongs
to a high energy muon. It produced as many as 7 EM showers (see fig.8), 6 of them having
energies between 1 and 10 GeV. The estimated energy of this muon (taking into account
the bias due to steep cosmic ray muon spectrum) is about 2 TeV.

Another interesting event (possible muon pair production by high-energy muon in
the detector volume) is presented in fig.9. In the initial part of the track (left side)
the ionization corresponds to a single particle; at depths t > 18 r.l., 3-fold ionization
accompanied by low-energy EM cascades has been observed. Path length of secondary
particles within the fiducial volume is about 16 r.l. thus allowing one to identify them as
muons. The opening angle does not exceed 10 mrad.
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Fig. 8. Energy distribution along the BARS for the event shown in fig. 7b.

Muon energy spectrum measurement in the pair meter is based on the comparison of
characteristics of multiple interaction events with expectations. In the simplest mode a
distribution of the number of interactions with energy transfer above a fixed threshold ε0
has been used. Selection of events with the given number of interactionsM allows one to
choose spectral bands with different effective muon energies (fig.10).

Experimental distributions of interaction multiplicities for different values of shower
energy threshold ε0 are given in fig.11. The data obtained during 12.8 h (about 1/15 of the
total statistics) have been used. Dashed lines represent calculations based on the existing
data on muon energy spectrum [5] and commonly used formulae for muon electromag-
netic interaction cross sections (knock-on electron production [6], e+e− production [7],
bremsstrahlung [8]). The agreement of experimental results with calculations seems quite
reasonable.

Further analysis of all accumulated experimental data and MC calculations taking
into account the detector response are in progress.

Fig.12 demonstrates the expected muon flux per year through one BARS. More than
2 ·104 muons in the energy range above 1 TeV may be detected in two BARS calorimeters
during one year period.

Conclusions

The pair meter method of muon energy measurements has been tested using the
BARS detector. Preliminary analysis of the data collected during the first two-week
cosmic ray exposition shows that the detailed study of the pair meter technique, tests
and comparison of its various modes, study of the influence of the detector structure on
muon energy reconstruction may be successfully performed with BARS. Muon energy
spectrum up to 10 TeV can be measured by means of a new independent method (free
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Fig. 9. Possible µ+µ−-pair production by high-energy muon. Top to bottom: x, u, v views
and longitudinal profile of the event.
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Fig. 10. Calculated spectra of cosmic ray muons corresponding to fixed number of interactions
M with energy transfers ε > 1 GeV. P (E,M) is the probability to produce M
interactions for muon with energy E.

Fig. 11. Distribution of EM shower multiplic-
ities for different values of the energy
threshold ε0.

Fig. 12. Expected muon flux per year through
one BARS.
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of m.d.m. limitations). Due to its fine granularity, large thickness and high acceptance,
BARS can be also used to search for new phenomena and to study rare processes (for
example, narrow muon bundle production) in horizontal cosmic ray flux.
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