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PREFACE

The 19th International Cosmic Ray Conference, under the auspices of the Cosmic Ray
Commission of the International Union of Pure and Applied Physics, is being held on
the campus of the University of California, San Diego, on 11 through 23 August 1985.
In keeping with the tradition begun in 1971 by the Australian organizers of the 12th
ICRC, the Proceedings of this conference are appearing in two sets of volumes. The
first set, consisting of volumes 1 through 8, is being distributed to all
participants at the beginning of the conference. This set contains the contributed
papers. The second set, distributed after the conference, contains invited,
rapporteur, and highlight papers. The papers are reproduced here exactly as they were
received from the authors, without refereeing.

For the 19th ICRC, the scientific program was organized according to three major
divisions— OQ (cosmic rays and gamma rays of Galactic Origin), SH (Solar and
Heliosphere), and HE (High Energy). Technical papers are included in each of the
three divisions.

This conference depended on funds from several agencies of the United States
government, including major financial support from the National Aeronautics and Space
Administration and support from the National Science Foundation, the Department of
Energy, and the Air Force Geophysics Laboratory. Important financial support also
came from the Center for Astrophysics and Space Sciences of the University of
California, San Diego, from the California Space Institute of the University of
California, from the Department of Physics and Astronomy of the University of
Maryland, College park, from the International Union for Pure and Applied Physics,
and from several corporate sponsors who will be acknowledged by name in the post—
conference volumes. -

We appreciate the confidence placed in the conference organisers by the Cosmic Ray
Commission, and acknowledge with thanks the role of the Commission members in
setiing up the rules for the conference and in advising the organizers during its planning.

We are grateful to all of the members of the various organising committees listed at
the front of this volume. The three Program Committees went to great effort to
organise a coherent scientific program and to schedule four parallel sessions with a
minimum of conflicts. The Local Organising Committee has worked long and hard to
ensure efficient and hospitable accommodations for all the participants, both in the
scientific sessions and outside them. The Publications Committee not only took great
pains to assemble these volumes but also maintained an orderly data base of papers
and authors which was extremely helpful to the program committees. The General
Organising Committee made important contributions of ideas and efforts to make the
conference possible; this committee included international representation from all of
North America, thus the departure from the traditional name of National Organising
Committee. And the entire effort was coordinated by the dedicated members of the
Steering Committee.

Martin H. Israel, Chairman August, 1985
General Organising Committee ' '



LETTER FROM THE EDITORS

This conference marks a departure from previous conferences in this series in that
the publication of the Conference Papers was carried out an entire continent away
from the activities of Local Organising Committee. This posed some problems but, to
the considerable surprise of the Publications Committee members, the one that was
expected to be the most trouble turned out not to be significant. The overwhelming
majority of those submitting papers and abstracts sent them to the correct address,
not to La Jolla as was feared. We wish to thank our many authors for their alertness
and commend them for handling a complicated situation so well.

There are eight volumes to be distributed to the conference participants in addition
to the Conference Program and Author Index: three volumes for OG, two for SH and
three for HE. the detailed makeup of these volumes is described in the prefaces
written by the Scientific Program chairmen for their respective volumes. Out of some
1100 abstracts that were accepted by the Scientific Program Committees for inclusion
in the conference some 920 papers were finally received in time for inclusion in the
Conference Papers. This represents a response of approximately 84 percent, a modest
improvement. Even if one excludes the 42 one page papers that should be considered
as ‘'confirming abstracts’, even though there was no such formal category, the
-response was somewhat higher than that of recent years. We attribute this to the
carrot of a later deadline than before coupled with the stick of there being no
printing of post deadline contributed papers. We believe that this decision of the
General Organising Committee was a wise one. Of course invited, rapporteur, and
highlight talks will be printed in volumes to be distributed to the participants
after the conference as usual.

The Publications Committee had much generous help in performing its duties: from
Goddard Space Flight Center we had the help of B. Glasser, L. Harris, E. Schronce,
N. Smith, J. Esposito and T. Smith. From the Naval Research Laboratory we were
helped by T. Maszotta, and at the University of Maryland M. L. Snidow and J. Mucha
gave much needed assistance. Special thanks are due to Caryl Short, the lone staff
member of the Publications Committee. She maintained the computer data base,
organized the abstracts as they arrived, and kept track of the papers themselves to
see that the finally arrived in the right place at the right time. Without her help
the job would have been far more difficult than it was.

PUBLICATIONS COMMITTEE August, 1985
Frank C. Jones, Chm.

Jim Adams
Glen M. Mason
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Preface to HE Volumes

Papers contributed to the XIX International Cosmic Ray
Conference were arranged into three major divisions: Origin
and Galactic phenomena (0G), Solar and Heliospheric (SH),
and High Enerxrgy (HE). The HE sessions at this conference
comprise all the subjects formerly included in the muon and
neutrino sessions (MN) and the extensive air shower sections
(EA) as well as those on high energy interactions, new
particle searches and emulsion chamber results, which were
previously classified in HE. In addition, technical papers
have not been classified separately, but have been inserted
in appropriate subject sections. All the papers now classi-
fied as HE are contained in volumes 6, 7 and 8.

Volume 6 includes sessions HEl (cross sections and
interactions of particles and nuclei at high energy) and HE3
(emulsion chamber results). Extensive air shower papers
(HE4) are in volume 7. Papers on muons and neutrinos (HES),
searches for new particles and processes (HE6) and some on
new techniques (HE7) are in volume 8.

Altogether some 380 abstracts were received for the HE
sections. These were divided into the 25 groups listed in
the tables of contents of the HE volumes. (These groups
correspond only approximately to the 26 contributed paper
sessions at the conference.)

Four rapporteurs were selected to cover the subjects of
the HE sessions:

L.W. Jones High Energy Interactions and New
Particle Searches (HEl & HE6);

. M. Shibata Emulsion Chamber Observations and
Interpretation (HE3);

R.W. Clay Extensive Air Showers (HE4);
K. Sivaprasad Muons and Neutrinos (HES).

The written versions of the rapporteur talks are contained
in the post-conference volume together with highlight and
invited papers.

The work of arrangihg the HE program was shared by a
committee consisting of

T.K. Gaisser (Bartol), Chairman
K. Lande (Pennsylvania)

E.C. Loh (Utah)

J. Linsley (New Mexico)

G.B. Yodh (Maryland)



This conference is the 19th in a series. Previous conferences in this series were
held at:

Cracow, Poland - 1947
Como, Italy - 1949
Bagneres—de-Bigorre, France - 1953
Guanjuato, Mexico - 1955
Varenna, ltaly - 1957
Moscow, USSR - 1959
Kyoto, Japan - 1961
Jaipur, India - 1963
London, UK - 1965
Calgary, Canada - 1967
. Budapest, Hungary - 1969
Hobart, Australia - 1971
Denver, USA - 1973
Munchen, FRG - 1975
Plovdiv, Bulgaria - 1977
Kyoto, Japan : - 1979
Paris, France - 1961

Bangalore, India - 1983
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PRELIMINARY RESULTS ON UNDERGROUND MUON BUNDLES
OBSERVED IN THE "FREJUS" PROTON-DECAY DETECTOR

Aachen - Orsay - Palaiseau - Saclay - Wuppertal Collaboration

Presented by B. DEGRANGE, LPNHE, Ecole Polytechnique
01128 - PALAISEAU (FRANCE)

1. Introduction. The proton—decay(?stector installed in the "Modane
Underground laboratory" (4400 mwe) in the Fréjus tunnel (French
Alps) has recorded 80 880 single muon and 2 322 multi-muon events
between March'84 and March'85 (6425 hours of active time). During this
period, a part of this modular detector was running, while new modules
were being mounted, so that the detector size has continuously
increased. The final detector has been completed in May'85.

The experimental set-up is
described in another paper
Pﬁssented at this‘Conference
. We just recall here the
features which are relevant
for underground muon studies.
The final size:ff the appara-
| tus is 6x6x13 m“ corresponding
. 1  to an apparent detection area
. - | averaged ovey all muon direc-
™, e tions of 96m“. This surface is
"] reduced to 60m“ for the data

~

- 2%] presented here which were
., 4 taken with a part of the

Y * | modules. The "Fréjus" detector
N ) thus combines a rather large
Figure 1 detection area with a

high spatial resolution (flash-tube size 5x5 mmz). Both qualities are

needed in order to be sensitive to high muon multiplicities at the
depth of 4400 mwe, which reflect, at least pg§tially, the composition
of primary cosmic rays in the range 10° - 10 GeV. The importance of
the spatial resolution is illustrated in figure 1, showing a bundle of
15 muons observed in the Fréjus detector.

2. Results Figure 2 shows the observed multiplicity distribution.
For those bundles including 3 muons or more, the following characteris-
tic distances have been calculated:

- the smallest distance between muons;

- the average distance of all muons pairs;

-~ the radius of the smallest circle surrounding all muon impacts in the
plane perpendicular to the shower direction.
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The following table displays the

4&-L_ average values of the preceding
distances obtained in the pre-
sent data sample. The average
distance between muons in di-

10 muon events is also shown.

10~

2

10—

10—

14 Figure 2

14
[
L 2 3.4 5 14' T8 3 A0 44 42 43 44 45 4¢
MUON MULTIPLICITY
Average smallest distance (N > 3) 1.30 £ 0.06 M
Average distance (N > 3) H 2.75 + 0.07 M
Average circle radilis (NU > 3) 2,08 + 0.06 M

Average distance muons in

di-muon events 2.78 0.05 M

CH

3. Interpretation

These experimental data can only be interpreted by means of
Monte~Carlo calculations simulating extensive air showers producing
muons with energies greater than several TeV. The comparison with the
data presented here is however not straightforward since the size of
the detector has been regularly increased. The following analysis is
very preliminary.

A Monte-Car1%3§imulation was developed and calibrated using
ISR and collider data . Violations of KNO scaling for multiplicity
distributions as well as violations of Feynman scaling for rapidity and.
transverse momentum distributions were taken into account. The K/
ratio was assumed to increase linearly with charged multiplicity. The
muons were propagated in the Fréjus rock (average density 2.75)

1-1
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simulating all kinds of energy losses (ionisation, pair production,
bremsstrahlung and nuclear collisions), then the detector acceptance
was taken into account. The calculations show that the contribution of
heavy clei essentially comes from primaries with energies greater
than 10~ GeV. In order to compare with protons or light nuclei in the
same energy range, it is convenient to consider events with at least 4
muons. As a matter of fact, events4_wi a lower multiplicity are
dominated by primaries in the range 107-10" GeV, and a normalization to
such events would lead to additionnal uncertainties in the ratio of
primary fluxes at different energies.

If N is the number of detected muons, the ratio
Number of events with NU > 7

p = Number of events with 4 < NU :_6

is very sensitive to primary composition, ranging from several percent
for proton primaries, up to 30% - 50% (depending upon the spectral
index) for iron nuclei. Our experimental result

Pexp = (14 £ 4)%

is consistent ,yith the value expected from the so-called "low energy"

composition "', on the basis of our Monte-Carlo program. Similarly,
the characteristic distances displayed in Table 1 are accounted for
with this composition.

References
1. A. Rousset, P. Delcros, M. Levy and J.M. Demorieux (Fev. 1983),
in "Travaux" p. 9 '
2. AOPSW Collaboration, Contribution to this Conference.
3" W. Thome et al. (1977) Nucl. Phys. B 129, 365
G. Arnison et al. (1982) Phys. Lett. 118 B, 167
K. Alpgard etal. (1983) Phys. Lett. 121B, 209
G. Arnison et al. (1983) Phys. Lett. 123B, 108,
4. J.W.Elbert, T.K. Gaisser and T. Stanev, (1983) Phys. Rev. D27, 1448.
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4
Muon and Neutrino Results from KGF Experiment at a depth of
7000 hg/cm?

M. R. Krishnaswamy, M,G.K. Menon, N,K. Mondal*,
V.S. Narasimham and B, V. Sreekantan
Tata Institute of Fundamental Research, Bombay - 400005, India

Y. Hayashi, N. Ito and S. Kawakami
Osaka City University, Osaka, Japan

S. Miyake
Institute for Cosmic Ray Research, University of Tokyo, Tokyo, Japan

1. Introduction

The KGF nucleon decay experiment at a depth of 7000 hg/cm2
has provided valuable data on muons and neutrinos. The detector
comprising of 34 crossed layers of proportional counters (cross section
10 x 10 ¢cm?; lengths 4m and 6m) sandwiched between 1, 2cm thick iron
plates can record tracks of charged particles to an accuracy of 1° for
tracks that traverse the whole of the detector. A special two-fold
coincidence system enables the detector to record charged particles.
that enter at very large zenith angles.

In a live time of 3.6 years about 2600 events have been
recorded. These events include atmospheric muons, neutrino induced
muons from rock, stopping muons, showers and events which have
their production vertex inside the detector. In this paper we present
the results on atmospheric muons and neutrino events,

24, Results on atmospheric muons

The angular distribution of muons in the zenith angular interval
0 -55" agrees very well with expectations based on the assumption that
atmospheric muons are produced through decays of 17's and K's, This
part of the angular distribution has been used to study possible direct
(prompt) production of muons in high energy (E, ~ 15-500 TeV)
collisions, We compare the observed ratio of ITOTAL/IDECAY with
theoretical predictions for different values of the parameter
x =/U-DIRECT/7T in hadron collisions. From this we set a conservative
upper limit of 10'3 for the ratio of prompt muons to pions in hadron
collisions leading to muons of energy 15-500 TeV.

* On leave of absence at Argonne National Laboratory, USA,
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3. Results on neutrino induced events

The zenith angular distribution of muons with & >550 has been
compared with calculations which assume that the cross sections found
at accelerators for neutrino interactions at low energies can be
extrapolated to high energies. The agreement between the observed
and predicted results is good within statistics.

Further, we have recorded 40 events that have vertex inside
the detector. These have been analysed mainly from the point of view
of their contribution to the background for nucleon decay events. In
this analysis, by using the rate of neutrino induced muons from rock
and events inside the detector we establish that the assumed neutrino
energy spectrum is a correct one.

Out of these 40 events with vertex inside the detector 19 events
are fully confined within the volume of the detector. These special
events comprise of 9 single prong and 10 multiprong events. A detailed
calculation using the above mentioned neutrino spectrum was done to
predict the visible energy spectrum of these fully confined events.

The agreement between prediction and observation is good. But it is

to be pointed out that track configuration, total energy content and
momentum balance of four of these confined events is such that they are
unlikely to be neutrino induced events and indeed are consistent with
nucleon decay.

4., Acknowledgements
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RELEVANCE OF MULTIPLE MUONS DETECTED UNDERGROUND TO THE
MASS COMPOSITION OF PRIMARY COSMIC RAYS

Szabelski, J., Wdowczyk, J.,
Institute of Nuclear Science, Lodz, Poland.
Wolfendale, A.W.,
Physics Department, University of Durham, Durham, U.K.

ABSTRACT
Calculations have been made of the expected frequencies of
multiple muons in the Soudan underground proton decay

detector. It is concluded that_the flux of heavy nuclei
(z > 10) in the range 1015 - lOl6eV/nudeus is at most 25%
of the total particle flux in the same range.

1. Introduction. The installation of a number of large detectors under-
ground designed to search for proton decay has led to renewed interest

in the multiple muons which are recorded. Some 15 years ago we (Adcock
et al., 1969, 1971) made detailed calculations of the expected number of
such multiple muons for the situation of the experiment of Keuffel and
co-workers in Utah. Here, we update the calculations in the light of

new knowledge about the nature of high energy collisions and apply them
to the.condition of the Soudan I experiment (Bartlet et al., l985,h1fre£9.

The objective is the same as before: to endeavour to elucidate the
problem of the mass composition of cosmic ray primaries above 1014ev,

2. The Model. The early calculations used the CKP model. Here we use
our model (Wdowczyk and Wolfendale, 1984) which fits the pE collider
results, extrapolated to higher energies. The main features, summarised
briefly, are:

(1) a multiplicity coefficient, a, which increases slowly with energy
reaching 0.25 at ~ 1014ey and being constant above.

(ii) inelasticities for pion production such that ghe total is energy
independent but K“i falls as (EO/ZOS)_O'OGl, with E;In GeV.

(iii) the inclusion of kaons and baryons.

(iv) multiplicity fluctuations according to the KNO formulism.

The shape of the spectra of all secondaries is the same and is as
given in our 1984 paper.

3. Results for the mean numbers of muons, mean radii. As an example,
we give typical values for muons of energy above 500 GeV (roughly
appropriate to Soudan I) produced in yertical showers generated by
primary protons. For primary energies of 104, 105, 10°, lO7 GeV the
mean number and mean lateral radius (in brackets, metres) are,
respectively; 0.4(7.2), 3.3(5.7), 19(4.9) and 120(4.4). An interesting
result is the ratio of number of kaons from kaons to the number from
pions; the ratios as a function of E, (values as above) are, 0.55,
0.95, 1.20 and 1.42. The dependence of mean muon number on threshold
energy can be considered for the important primary energy Eg = lOGGeV.
the means are, for muon threshold energies of 500, 1000, 2000 and 3000
Gev: 19, 8.5, 2.3 and 1.2.
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4. Estimated rates for the Soudan experiment and Conclusions. Esti-
mation of the expected rates involves calculations for a variety of
zenith angles with an adopted primary spectrum and mass composition,
allowance for magnetic deflection and scattering of the muons and the
important problem of the finite area of the detector. We find that
magnetic deflection and scattering correspond to an increase of mean
muon radius by approximately 10%.

The adopted trial primary spectrum is that of Gawin et al. (1985) ;
an important parameter here is the ratio of the flux of H and Fe nuclei
to the total number of nuclei; the ratios are, at 1014, 1015 ang loléev/
nucleus: 29%, 34%, 22% (and falling very rapidly above 10'6eV/nucleus).

R} Ijllllll e |
-2 ] The corresponding total integral
] intensities are 1.6 x 10~
- 47x1010and32x10"12
—_ i cm™ 25~ 1gr-1
Tu
:; “ Figure 1 shows a comparison
=] B between the Soudan observations and
o our predictions. It will be noted
. that there is good agreement for
- the number of singles but the
predictions are somewhat in excess
16% 2 5 10 1520 at higher multiplicities. Insofar
m as the contribution from heavy
nuclei is relatively higher for
Fig. 1. Observed and pred- m > 1 the most likely interpretation
dicted frequencies of muons is that the intensity of heavy
(multiplicity m) in the Soudan nuclei is somewhat less than we
experiment. The analysis favours have assumed. Surprisingly, perhaps,
a very small fractlon of heavy the energy range of primary heavy
nuclei. nuclei contributing to 2 < m < 15

is not large: 2.10 Sev = 3.1016eV
per nucleus. A reduction of heavy
nucleus flux by about a factor
2 would give a more reasonable fit; at 6. 1015ev per nucleus the ratio
of heevy nuclei (z > 10) to total would then be n 12% only.

Conflnlng attentlon to the ratio of heavy nuclei to total particles
in the 101 ~lO eV/nucleus region, we have shown that
25% can be regarded as an extreme upper limit.

References

1. Adcock, C. et al., (1969), J.Phys.A, 2, 574; (1971), J.Phys.A. 4,
276.

2. Gawin, J. et al. (1985), in the press.
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MULTIMUONS EVENTS AND PRIMARY COMPOSITION

B.S. Acharya
NASA/GSFC, Greenbelt, MD 20771, USA

and

J.N. Capdevielle
Laboratoire de Physique Théorique, Université de Bordeaux I
Rue du Solarium, 33170 GRADIGNAN, FRANCE

1, Introduction

Nucleon decay detectors at large depths offers now a total area
larger than 1000 m2 to registrate muons of energy exceeding 1 TeV.
Near complete high energy muon families are detected in those arrays
and we have started an extensive 3D Monte-Carlo simulation in view
to understand the spatial distribution of those events and the
possible link with elementary act or pPrimary composition.

As pion or kaon parents have a very small decay probability at
so high energy, multimuon phenomena occurs at high altitude where
the atmospheric density is small after the most energetic colli-
sions.

2, Monte-Carlo modelling and target diagramms

For a first attempt, we described the multiple production of
secondary hadrons by the scale breaking model (1). The energy of
secondaries are generated from the SBM fit of the invariant cross

section
e g /2 g /2
ES =1 (x(2) |, p)(2
s t' s
dp~ o o

The average multiplicity obtained is comparable to the fit of
Thome, slightly more important than in usual scaling model. At
energy exceeding the collider possibility, i.e., more than 155 TeV,
we assumed o/2

s
n_~ (=)
s
o
with /2 = 0.13, taking into account different reviews on 5—p data
(2)(3). .

An important violation (especially for multimuon production) of
KNO scaling has been incorporated in the calculation, as shown in
fig. 1, where the fluctuations of multiplicity M z) are quite
larger than usually assumed in Slattery's distribution. '

Transverse momenta are generated following

dN 1.
ESZ = (pt/po) > exp (-pt/po)

where < P> = 2.5 p_ and < pt> = 0.0151 Ln E + 0.24.

15% of the pions are treated like kaons and charged pions are
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submitted to probability charge exchange with probability 1/3. The
zenith angle of emission is calculated for each secondary following
its longitudinal and transverse momenta. A rotation matrix provides
the director cosines of outgoing particles versus those of the
incoming hadron. .

More recently, we have described the multiple production by a
multicluster independent model, in better agreement with short
range order correlations, especially adapted to nucleon-air colli-
sion, presented in the papers 4.1-9, 10. For nucleus primaries, we
have used superposition models, or, as in p-air nucleus collisions,
assumed a rise of central rapidity density correlated with the
number of "participating nucleons'" following the rules edicted by
Faessler (4).

Pions and kaons decays, with the subsequent deviations are also
treated by the Monte-Carlo method like 2-body decays, with respect
to individual lifetime and masses. Earth magnetic field is also
taken inte account with some approximations for near vertical muons
(5). A 3D Monte-Carlo method incorporating muon bremstrahlung, pair
production, nuclear interaction, ionisation and multiple Coulomb
scattering (6) is used finally to propagate the muons at large
depths in the rock.

For each muon family, we have obtained the coordinates, the
director cosines and the energy of the muons recorded at depths
1800, 4200, 5000 mwe corresponding approximately to the levels of
Soudan, Momestake or Frejus, and Mont-Blanc installations, respec-
tively.

3. Topological aspects of multimuons

The average number of muons n_ versus primary energy are plot-
ted on fig. 2. At very high energ%, heavy nuclei would become more
efficient to produce multimuons however. This must be weighted
according to their abundance.

It is shown on fig. 3, how events with large separation r.. and
large n, would be more likely generated by hgavy nuclei. (Thelﬂlot
contains 50 events generated by iron of 5.10° GeV and nucleons of
107 GeV, assumed to have the same frequency). The separation r., of
a multimuon is taken as *
Fo= D ((x,-x)2% 4 (y.-y D)%

ij n i 7 i 73
7
The aspect of individual target diagramms (fig. 4) suggests reduc-
tion of the average radius, as well as separation when primary
energ¥ is rising (respectively 1.8 and 3.5 m for vertical protons
of 101 GeV).

4, Discussion

Pseudo~-random target diagramms suggest that multimuons initia-
ted by nucleons would have stronger concentration in the delimited
area. A criterium to recognize nucleon primary could be’ proposed
such as /2 contained in a circle of radius r../3. On the opposite
events with large r,. and large would have t8 be associated to
heavies. A more acciifate procedure will be deduced from a larger
statistics of simulation.
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Fig. 3 : r.. versus n
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Comparison of the intensity obtained assuming the JACEE spec-
trum is in tolerable agreement up to 5 muons, with Soudan, Homes-
take and Nusex results (7) ; more interesting will be the gompari—
son for n > 5 which will give information in the decade 10°-107
GeV, depéending together on primary spectrum intensity behaviour
and composition. Energy calibration by an EAS surface array could
be promising, for instance, a multimuon event would be associated
to a surface muon size (> 1 GeV) of 6.10% muons instead of 2.10
according to a primary iron at nucleon of 5.10° GeV.

The introduction of the multicluster independent model doesn't
modify very much the profile of multimuons events, when compared to
SBM. According ‘to the high energy threshold, the modification of
the plateau of rapidity in central region for nucleon-nucleus and
nucleus-nucleus collision have no appreciable effects,those muons
being produced by secondaries of high rapidity.

The multimuon radius is enlarged with zenith angle, but always
reduced with primary energy, becoming lower than 2 meters for an
incoming proton of 107 GeV (B = 22°5) at 4200 mwe (the threshold.
corresponding to 3 TeV). :
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THE SPECTRUM OF COSMIC RAY MUONS OBTAINED WITH
100-TON SCINTILLATION DETECTOR UNDERGROUND AND
THE ANALYSIS OF RECENT EXPERIMENTAIL, RESULTS

F.PFP.Khalchukov, E.V.Korolkove, V.A.Kudryavtsev,
A.S.Malgin, 0.G.Ryazhskaye, G.T.Zatgepin

Institute for Nuclear Research, the USSR Academy
of Sciences, 60th October Anniversary prospect,7a,
Mosoow 117312, USSR

ABSTRACT

The vertical muon spectrum up to 15 TeV obtained with
the underground installation is presented. Recent ex-
perimental data dealing with horizontal and vertical
cosmic ray muon spectra are analyzed and discussed.

1. Results. The 100-ton scintillation detector /1/ has been
used to obtain the final results on cosmic ray muon spect-
rum up to 15 TeV. The spectrum is measured at the depth of
570 m.w.e. in the salt mine.It has been determined by detec~
ting the energy releases of electromagnetic cascades.

About 70% of cascade energy (for the energy range
0.1 4+ 6 TeV) are detected by the installetion. The electro~
magnetic cascades were obtained after the separation of
nuclear cascades from electromagnetic ones by different
number of neutrons in them.

A total of 16235 electromagnetic cascade events was ob-
tained during 13188 hours of installation operation. The
range of observed energy releases, €, extends from 0.07
to 4 TeV. It corresponds to the muon energies at the depth,
Ex , from 0.26 to 10 TeV and the muon energies at sea le—

vel, E . , from 0.6 to 15 TeV.

The power index of @ ~ and K-meson gpectrum has been
determined as follows. We used the muon spectrum at sea
level in the: form as presented in /2/ with various values
of ¥a,x -+ To calculate the muon spectrum at our depth we

have applied the solution of kinetic equation for the muons
passing through the material, the fluctuations being taken
into account /3/.The spectrum of energy releases was .obtai-
ned analytically and by Monte Carlo simulation. For both
cages salt-gcintillator trensition effect was allowed for.
The cascade curves for the various scintillator thicknesses
were obtained in /4/. Thenonuniformity of light collection
end its fluctuations in the detector were taken into ac-
count in Monte Carlo simulation. The calculations had
shown the energy releases detected to be a little greater
than the energy releases without light collection fluctua-
tions. Analitical and Monte Carlo gpectra are of the game
shape, the latter being 15 % higher in absolute intemsity.
Taking into account the surface topology, the index of
calculated spectra is somewhat increaged ( Aav¥ =~ 0.05).
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To compare the experimental data with the calcula-
tions the X 2 -test has been used. The best fit is obtad~

ned for g , = 2.75 1 0.08, however <5 x = 2.65 for
Eme < 17TeV end g = 2.85 for E,,> 1 TeV don't

contradict our resultis.
2. Discussion. The cosmic ray muon spectra in energy range

0.3 + 20 TeV were measured in the experiments with magne-
tic spectrometers (DEIS/5/, MUTRON /6/, MARS /7,8/, Kiel
/9,10/, Nottingham /22/), X~-ray emulsion chambers /11, 12/,

ionization calorimeters /13~16/ and depth-intensity curve
method /17,18/. The spectral index of muon parents, B x »

obtained with maegnetic spectrometer DEIS and MUTRON (hori-
sontal direction of incident muons) is 2.71 ¢+ 2.74 for
Eu, > 0.3 TeV. The depth~intensity curve gives

Bax = 2.60 ¢ 2.75, o, following the X-ray chamber

experiments being 2.75 + 2.85. The data of ionization calo-
rimeters/13-15/ agree with cascade spectrum index

iy = 2.4+ 23. To explain these results some specu-
16:£885%M8ve been proposed: the existence of an hypothetic
particle /19/, an enomalous interaction of muons with hea-
vy atoms (A > 100) or with polycrystals /20/. Even the
authors of these works beliewe the cascade spectrum flat-
ness not to refer to the muon spectrum. Fig.1 shows the
vertical muon spectra at sea level presented in various pa-
pers. The full points are derived from our energy release
spectrum. The horizontal spectra of MUTRON and DEIS were
reconstructed to the vertical direction using the approxi-
mate formulae from /6/. Use was made of approximate formu-
lae from /2/ with -5, = 2.65 for E , < 0.3 TeV and

B,k = 275 for E, > 0.3 TeV to draw the solid

curve in Fig.1. One can see the bulk of data for
Euo > 0.3 TeV doesn't contradict J g, = 2.75, the

range of small energies being well described by ’5‘%}{= 2.65

The spectrum of muon parents seems to be approximated by
the power law with index varying from 2.65 to 2.75. The
cauge of this variation is difficult to determine unambi-
guously.

The errors of primary spectrum measurements are too
great to compare T,k with ¥, of primary spectrum. To

%llustra’ce, the JACEE collaboration gives Tp = 2.81 ¥
= 0.13 for Ep = ( 1+ 100)TeV. /21/. The Tp ~ 2.65 up to
1000 TeV follows from the EAS experiments /23-26/. The
digcrepancy between this value and Ta,x  Trom muon spect-

rum may be interpreted as the weak violation of scaling
in the fragmentation region.But as there are some experi-

ments giving the ¥, for E p > 1 TeV more greater




' Fig.1 The vertical muon spedrum
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then 2.65 /21,27/ as we can not exclude the steepening of
Pprimaxry spectrum.

Thus the existence of small steepening of %i- and K-
-meson spectra can be explained by either the steepening of
primary spectrum or the scaling violation, or both the
former and the latter. :
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1. The Experimental Aims of Ohya project

The experimental aims of Ohya projectl) are

(1) Search for the ultra high-energy gamma-rays,

(2) Search for the GUT monopole created at Big Bang,

(3) Search for the muon bundle,

(4) Determination of the c?gmical comﬁgsition of the primary

cosmic rays between 107 "eV and 10 "eV.
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For such a sake, a large number of muon chambers will be
installed at the shallow underground near Nikko (4100 Km north
of Tokyo, situated at Ohya-town, Utsunomiya-city). At the
surface of the mine, a very fast 100 channel scintillation
counters will be equipped in order to measure the direction of
air showers. These air shower array will be operated at the

same time , together with the underground muon chamber.

Ssurface is almost flat and the underground room is distri-
buted in the area 2 Km X 3 Km. The depth of the underground
room distributes from a few meters to ~100 m. We can select
any place according.to the experimental purposes. The
temperature is fixed in 2-9 C° in a year. The experimental
equipment will be arranged to be easily removed by the purpose
of the experiments. We use a large number of muon chambers
as a"cosmic"accelerator. The schematic view of Ohya project

is given in Fig. 1.

2. the Detector Characteristics

The angular resolution of the surface telescope has been
measured with use of real air shower events ( the trigger rate
was 0.6/min ). We have got the angular resolution in the
determination of the air shower direction as to be O.5°(Fiq.2)%)
The time jittering of the phtomultipliers{(R329) and the elect-
ronics are 1 ns and 250 ps respectively. A combination of
the good resolution air shower telescope with the large number
nf muon chamber underground will be powerful probe to the
universe especially search for the UHE gamma-ray point source3).

The muon chamber is made of the pillared iron pipe with a
dimension 10 cm X 10 cm X 10 m(length) (Fig. 3). The energy
resolution of the counter is given in Fig. 4 as a function of
distance. In case of the observation of the magnetic -
monopole created at the Big.  Bang, the internal gas of the
counter is exchanged to the mixed gas of 90%He + l~O%CH4 .

The proto-type experiment to use the Drell-mechanism has been
published in Ref. 4.
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As a powerful device to determine the primary composition
15 16
eV to 10

will be used in the underground. The magnet has a thickness

between 10 eV, a 100 m2 solid iron Mutron magnet

of 1 m and the maximum detectable momentum of 3.5 TeV/c when

we use the drift chamber with the position resolution of 0.5 mm.
The wire of the drift chamber will be spanned with the accuracy
of 0.3 mm. - The both corner of the wire will be measured by
the optical telescope. Typical height of the underground

is 10 m but it is easy to find the place with the height of

20 m.

3. the Budget and Size

We present the scale of the detector and the budget in
Table I. The detector will be operated after three years
later of the approval by the Ministry of Education.

Table I
Station Number Total area Budget
ailr shower 100, 150x150 m® 6,500 man Yen = 260KS
scintillator (1 m%) .
muon chamber 576Q 5760 m2 20,160 man Yen = 800K$
(L m™)
2250 2 450 m2 7,800 man Yen = 310K$
muon chamber (0.2 m™) :
read-out 10,380 man Yen = 415K$
drift cahmber 3360 2000 m®> 10,720 man Yen = 430KS$
Mutron removal 100 m2 3,840 man Yen = 150KS$
Total Sum | 59,400 man Yen =2365K$
References
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Fig. 3
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A NEW WORLD SURVEY EXPRESSION FOR COSMIC RAY
VERTICAL INTENSITY VS. DEPTH IN STANDARD ROCK

Marshall Crouch
Case Western Reserve University, Cleveland, OH 44106, USA

ABSTRACT

The cosmic ray data on vertical intensity versus
depth below 10° g cm™“ is fitted to a 5-parameter
empirical formula to give an analytical expression
for interpretation of muon fluxes in underground
measurements. This expression updates earlier
published results and complements the more precise
curves obtained by numerical integration or Monte
Carlo techniques in which the fit is made to an
energy spectrum at the top of the atmosphere. The
expression is valid in the transitional region
where neutrino induced muons begin to be important,
as well as at great depths where this component
becomes dominant.

l. Introduction. A "World Survey" curve of cosmic ray intensity vs.
depth underground was published by Cassiday, Keuffel and Thompson® in
1973. This was a largely empirical curve based on 14 data points.
Miyake“ has published a semi-empirical curve for the Kolar Gold Fields
(KGF) data which is more physically meaningful. An improved world
survey analysis carried out at Utah” was based on 22 data points.
However the analysis was made by finding the best fit to the pion
intensity and spectral index, with a numerical integration to give the
underground muon intensity. As a result no analytic expression giving
muon intensity vs. depth was determined& Similarly an extensive 1983
Monte Carlo amalysis by Takahashi et al.” does not yield an analytical
expression.

In the present work a direct fit of an empirical relation is made

in order to give a convenient tool for analysis of underground
measurements and planning of experiments. 31 data pgints are analyzed,
including extensive 1978 data from South Africa” at great depths.
Since data are relatively abundant, measurements made in horizontal
tunnels or drifts under mountainous terrain are not included, because
of inherent uncertainties in depth determination. An additional
parameter is added to the fitting function to include the contrlbutlon
of neutrino induced muons.
2. The World Survey Data. Table I lists the measurements on which the
analysis is based. Depths are corrected to equivalent depth in
standard rock. Measurements actually made at large zenith angle are
corrected for the earth”s curvature.
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TABLE 1I.
h I,
Depth in Vertical Error Reference
Standard Rock Intensity
hg/cm (particles/cm2 ster sec)
1068 1.03 E-06 5.07 E-08 7
1500 3.90 E-07 1.46 E~-08 8
1535 3.40 E-07 1.51 E-08 9
1574 3.31 E-07 1.17 E-08 10
1840 1.91 E-07 7.71 E-09 8
1853 2.00 E-07 1.36 E-08 11
1853 1.77 E-07 9.52 E-09 12
2235 9.70 E-08 6.11 E~-09 7
3534 1.15 E-08 . 8.01 E-10 9
3562 1.42 E-08 1.53 E-09 12
4312 4.63 E-09 6.23 E-10 11
4508 3.24 E-09 4,04 E-10 12
6808 1.92 E~10 4,97 E-11 12
7486 1.10 E-10 2,15 E~11 13
8742 1.87 E-11 3.05 E~12 14
9141 1.13 E-11 6.30 E-12 5
9358 1.36 E-11 3.60 E-12 5
9660 4,59 E-12 1.30 E-12 5
10060 3.77 E-12 8.90 E-13 5
10580 2.56 E-12 5.90 E~13 5
11250 9.07 E~13 2,90 E-13 5
12100 6.84 E-13 2,00 E-13 5
13210 3.48 E-13 1.20 E-13 5
14660 2.57 E-13 8.90 E-14 5
16610 2,34 E-13 7.70 E-14 5
19320 1.67 E-13 6.00 E-14 5
23300 2.81 E~13 7.20 E-14 5
29620 2.15 E~-13 5.90 E-14 5
41050 1.87 E-13 5.20 E~-14 5
67440 1.88 E~-13 4.90 E-14 5
182700 2,61 E-13 5.40 E~-14 5

3. The Fitting Procedure. The fitting function used is

I,(h)

= exp(A} + A, h) + exp(A3 + A, h) + Ag

This is the function used by the Utah group with the constant
parameter A5, the neutrino term, added.
The least squares fit was made using an algorithm due to

Marquardt”,.

The program was developed independently,

but good

agreement was found with the Utah results when the same analysis was
used with their input data. Table II gives the values obtained for the
five parameters.
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TABLE I1
A -11.24 + 0.18
A, -.00264 + .00014
Ay ~13.98 + .14
A, -.001227 + .000021
As (2.18 + .21) x 10713

I, is in g-l cm? sr7l, h is in hg cn™2 (1 hg = 100 g. Therefore a

1 meter thick absorber represents 1 hg ¢cm™ “, and, of course, 1
Meter Water Equivalent). The accompanying figure shows the 31
data points together with the fitted function described above.

For those not familiar with the subject, the intensity at a
vertical depth h at an arbitrary zenith angle © is given to a very
good approximation by

I (h,8) = I, (h/cos ©, ©6)/ cos ©

That is, the intensity is that corresponding to a depth equal to the
slant thickness of earth above the detector, with a "sec © enhancement
factor" due to the increased decay probability for pions traversing
the atmosphere at large zenith angles. In the competition between
decay and capture processes, obliquely traveling pions spend more time
in regions of low atmospheric density.
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~MUON GROUPS AND PRIMARY COMPOSITION AT 1013—1015 EvV

E.V.Budko,A.E.Chudakov,V.A.Dogujaev,A.R.Mihelev,
V.A.Padey,V.A.Petkov,P.S.Striganov,o.v.Suvorova,
A.V.Voevodsky

-Institute for Nuclear Research,the USSR Academy
of Sciences,Moscow

ABSTRACT

The data on muon groups observed at Baksan underground
scintillation telescope is analysed.In this analysis
we compare the experimental data with calculations,
based on a superposition model in order to obtain

the effective atomic number of primary cosmic rays

in the energy range 1015-1015¢v.

T.Introduction. Our general approach to the problem was pre-
sented in Kyoto (1),and the first experimental data from
Baksan in (2).The first attempt to analyse Baksan multiplici-
ty spectrum in terms of primary composition was made in Ban-
galore (3).Now we have to correct one of conclusions made in
(3) concerning effective atomic number.The change came for
two reasons:1)now a smaller zenith angle interval was accep-
ted O%§9<130200rrections for individual events inside this
interval were made.This affected the obtained decoherence
curve,making it 20% narrower,2)the second reason is the choi-
ce of more reliable function Nu:F(EO) which represents the
mean number of muons from primary_nucleon of energy Ep.

2.Experiment. The observed multiplicity or muon number spec-
trum is shown in fig. 1.It_is practically the same as in (%)
the difference m=3+% op p=3.53 being not significant.All the
difference with (3) is in calculated curves.The experimental
decoherence curve is shown in fig.2.It deviates slightly from
pure exponential one with parameter (12%1) m.The decoherence
curve is used to choose the parameters of assumed lateral
distribution functions (LDF) in such a way as to fit the
experimental curve, D(R).Fq{(r)+Fy(r):examples of tried LDF.

Then the important function A (R) (see below) does not
depend much on the choice of the type of LDF,.

3.Calculations of expected muon number spectra for a given
primary atomic number A. To do This following assumption nhave
been made:

1.the muon group from A is g superposition of A independent
groups from constituent nucleons,

2.LDF does not depend on A and energy per nucleon Eg,
5.fluctuations of the muon numbers are pure Poissonian,

4.the power law energy spectrum of primaries of a given A,
5.the mean number of muons of energy EuéaEth from primary
nucleon of energy E; was taken as -(6.)=0.355(EL% - 0.65)%5%
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for Etp=0.22 Tev,Ep in Tev on the basis of numerous ilonte-
Carlo simulations of cascades in atmosphere (5,6).

The problem is presented :
by a system of equations:

N=Asf &)
N =N A (R)

3

T T T T
-1/ I(m)'mB‘ A=56

/27

_— A
D= T~ =
P(E)dE~E dEs )

T ce2
L= 'Q SN — e — - 4
J/_\("TO = Se 1’7/:} )! &PAQV_)J/\//”/ ~2 % . a4y L_‘ o — _+..’+
° o ccl
T () = Ylmy/Emef/5/ ]

Here:

N is the mean number

of muons E, =E

from nuc-

leus A wit% total energy

1

lllll

2

A-Egs; A(R) is the fraction
of N which is expected to be

5

10

Fig.

1

inside detecting area when the core of group is at the dis-
tance R from telescope centre (/A(R) is calculated using as-
sumed LDF)3;@{N') is distribution of N' (expected numbers in-
side area),which is obtained by solving eqgs./1-3/; Jp(m) is
the intensity of multiplicities m for a given A3 I,(m) the
same ,but normalized to the total muon flux through detecting

area.The resulting from these

T
D(R)

1
calculations I . (m) are shown _ e
in fig. 1 for several A and [ I =(T%:>*€XF¥&%;) §
mixed composition.Obviously, N “‘3‘”
these results depend on 6:1.7 N _ (. cox -, n 0F
(which is in agreement with N\ hr: Jﬁﬁ%*e*Pkﬁﬁ;).]
experiment) and on functions N e
f(By) and A(R). I NI
4,.Discussion. To demonstrate 5 N Eﬁ _”22 Tey
the sensitivity of A ppe to N th’ _
assumed functions f(E05 and [2 r oL N 1 -
A(R) let us use "Np-appro- 1-18m 5 N
ximation",introduced in (1),. 5.1
valid for m>» 1;which consists| 3-12 '75 A~
of following: s 1 L-g.o ) ~
1. at large N f(Eg)~Eqg, { 1 | f}k*
then @ (N')a Cr (W) ¥E7" 20 ko 60 R(m)
at large N', Fig. 2°

2.
and is_cut to zero for N'< N

S‘-ﬂ(/‘/') N'AN = TC#/V’& (‘/V/)“J/s-a

/
S0 pro@iding the cofBect total number of muons.
In a similar way we determine Ny which corresponds to the

suppose this power law distribution is valid for N'=>N

sdetermine Né by

¥
0
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case A (R)=1.Fig.3 shows the original f(EO) (5) ~ the depen-

dence of number of muons N,
Eu>>220 Gev on the primary
nucleon energy Ey and its
power law version in "N,-
approximation".The tota
number of muons after integ-
rating over primary spect-
rum should be the same for
both versions.Substituting
the functions f(Eg) and
Gu(N?) in f1/ and /4/ by
power law versions using the
mentioned procedure we ob-
tain a simple solution of

eqs. /1-5/:
(e =] ‘ d/ A
/‘Yi —A// ! rl7'-z_;_-—’
Tem)=L3;)° 1@ QQ/ dn’
A ”/ 177 /6/

10

Ny

.1

.001

T T ) , | L t l I 1 1 [
| T(Eq) ,
B ]
T =T
7 l 1
' fca):osss (E-059) -
N l ]
I " -
I hth-O.22 Tev
" | _
l
E-(T
1 1 1 ' 1 1 1 | Ol ( _]evl/n>
.1 1 10 100
Fig. 3

Fo. o)
v N < S
where N5=NO.A,Aeff,Lgeff:t%:ggerciR(/SCRD>/ JK - is

the "effective fraction" of total number of muons in the group
expected in detection area.For m=>N} and m=>1

| £-3
L= L5 (N A D) T w4 2 ()

where A(m)> 1 if m=eoo,When and © are fixed the results de-
pends only on the product Ny+A-Dgpp.The eq. /7/ describes the
asymptotic behavior of expreéssion /5/ shown as solid curves

on fig.1.By definition the effective atomic number for a mixed

composition is:

T/

TSR
&8 A J?f"’ /87

—_— wEA
A"'f'f '-[ E A
which we can evaluate comparing /7/ with experimental data.
For {§=1.7, ©=0.73,N,=0.43%0.12, Aopr=0.1520.02 (of them only
N, is model dependeng (5,6)the new value of Agpp is Aepp=
=73.9%1,5 (using experimental value of I(m) at m=10).

Table 1

A 1 by 9 14 28 56
®(Gev/n) Q. .939 .055 .0009 .0035 .0011 .0003
ce1 Yo 1.7 1.7 1.7 1.7 1.7 1.7
€02 fo 1.7 1.7 1.7 1.7 1.6 1.6

Table 1 shows two suggested examples of chemical composi-
tion, & -fraction of nuclei A5 with a given energy per nucle-
on (at 1 Gev/n).Number spectra for these two cases calculated
using eqgs. /1-5/ shown in fig.1 by dashed lines.A good fit to
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experimental data is provided by CC1 which corresponds to the
case of a constant chemical composition (a standard one) in
all energy range from 1 Gev/n.The Aeff for CC1 according to
/8/ is Ag f-u 8,which is about 20% bigger than obtained using
"Ng- approx1matlon" at m=103this is because f(EO) did not
reach asymptotic behavior at m=10 for heavy pri maries.Diffe-
rent multiplicities m represent different primary energies
but also different selection of A.Table 2 shows,assuming CC1
and eqgs./1-5/,relative contributions of different A,also
theilr mean energy,to different m,q is relative contribution.

Table 2

m = 1 2 % 5 10 30
A=1 E = 6.1 25 86 240 520 2500
: q = .83 L6U A7 .32 .22 .16
A=h E = 20 by ol 170 340 1600 E in
q = LAh .26 .33 .33 .26 .2 Tev/nucleus
A=14 E = 53% 78 106 160 250 1050
q = .02 .07 .13 .2 .2% L2
A=56 E = 170 200 210 220 245 730
q = .005 .03 .07 .15 .3 Ly

4.Conclusions. The Baksan muon number spectrum at E = Eg
=220 Gev 1s well explained suggesting a constant chemlcag
composition (the same as at 1Gev/n) till~20 Tev/n.

The integral exponent of the heavy primaries power law
spectrum should be X = 1.7 * 0.1 ti11 1015 ev/nucleus.
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PRIMARY CHEMICAL COMPOSITION FROM SIMULTANEOUS
RECORDING OF MUONS INDUCED CASCADES AND ACCOM-
PANYING MUON GROUP UNDERGROUND
V.N.Bakatanov,s.N.Boziev,A.E.Chudakov,Yu.F.Novo—
sel’tsev,M.V.Novosel’tseva,Yu.F.Sten’kin,
A.V.Voevodsky
Institute for Nuclear Research,the USSR Academy

of Sciences,Moscow

ABSTRACT
A new method to estimate the mean atomic number of
primary cosmic rays in energy range 103—105 Gev/nuc-
leon is suggested.The Baksan underground scintilla-
tion telescope data are used for this analysis.The
results of 7500 h run of this experiment are presen-
ted.

Introduction. The big area and calorimetric properties of

Baksan underground scintillation telescope (1-3) allows a si-
multaneous measurement of cascade energy and the multiplicity
of accompanying muons.Assuming superposition model one can
calculate the energy EO of primary nucleon,responsible for a
given cascade,more strictly-distribution of these energies.
Suppose we know the muon multiplicity at the given depth as a
function of primary nucleon energy,namely No=f(EO).The experi-
mental value is expected as N:f(EO)-A,where A is the mean
primary atomic number.Comparing experimental data (N) with

the theory (f(EO)) we obtain K:N/f(EO).

The energy distribution of primary nucleons,responsible for

cascade energy E . This was calculated in several steps:

- 1. The muon energy spectrum at our depth was taken in a form

_3.7 -
P(Euo)dEu 220+Eu0) dE E in Gev.

07 ¢ w0’ ~uo
2.The muon energy distribution,responsible for Ec:
Pi(EuO’Ec)dEuOZP(EuO)'wu(EuO’Eo>dEuO’Where Nu(EuO’Ec)-pPOba—

bility of energy transfer EC by muon with energy EHO taking
into account bremstrahlung,"knock-on" electrons,photunuclear
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and the ete” production (4-7).

3. Taking into account muon energy losses to our depth x
obtain muon production spectrum:

P2(Eu.Ec)dEu=O.7'P1(O.7‘(Eu"220),Ec)dEu, 0.7=exp(-b-x).

4. Transform from muon to pion spectrum:
B 41 X +2 E, E 1P (5 ,E )dE

PB(EH,EC)dEH:dEnS al T 5 2 H{+2 2> wre)Chu
AE_ 1-n 1-n B(8) E' " (1+E_/B(8))

n:(mu/mn)a,B(9)=110/cose,e—zenith angle, ¥ =1.7-integral expo-~
nent of primary spectrum.

5. The nucleons energy distribution:

aE
-—0_, . -
Pu(EO,EC)dEO-EY+2 SPB(EH,EC) W (By,E )AE_, where W _(E ,E_)
0

'_ ] ¥ ' T T ' ¥ T
|

1

is the inclusive production
function taken from (8).

units)
T

Fig.1 shows the results

[N
O
f

of this calculations for
several cascade energies Ec'
The mean values of the vari-
ables involved are also
shown in the table in Tev.

PM(EO’EC)(OPb'

The multiplicity of

accompanying muons.Two cor- "

rections should be made to J1 N [ R . A
1 10 EO(Tev/n)

experimentally observed num-
ber of accompanying muons m, Fig.1

which 1s only a fraction of the total number N.The correction
factors A and k have following meanings: D -mean ratio of mu-
ons inside telescope area to the total number N (A<1 due to
the finite size of telescope):k-mean ratio of muons,lost in
the cascade core,to the total number N.Both correction factors
depend on the cascade energy EC and muon distribution func-

tion.The latter was taken in the form:

- 2201
F(r,EP,e)zE 0'7-exp(-(r/r )0'7): r :—————9—,ro=6.2 m ,
- H H u Eu'cose
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cosB8=0.82,which gives a good fit to the decoherence curve

and stopping muon data.As one can see from the table calcula-

tions show an increase of A as the Ec

raction" of cores of muon group.

increases due to "att-

Table
B from .05 .10 .21 Lhh 74

© to .10 .21 .44 .74 1.18
Ec (Tev) .07 .14 .29 .55 .90
E o 43 sl .79 1.25 1.89
E, 84 1.0 1.36 2.0 2.94
E_ 1.17 1.27 1.75 2.56 3.72
E, b.19 s5.44 7.90 12.6 18.9
m .58 .89 1.17 1.81 2.25
A .21 .23 .25 .28 .30
K .03 .04 .07 .08 .09
N 3.3 48 6.3 9.1 10.9

1.18
1.47
1.30
2.60
3.97
5.04
25.8
2.63

.31

.10
12.6

1.47 2.94 6.62
2.94 6.62 -
1.91 3.38 8,21
3.73 T7.26 14.9
5.60 10.7 21.7
7.17 14.0 28.8
36.6 67.7 126
3.38 6.20 9.67
.32 .52 « 33
.11 .13 .16
16.4 32.8 57.9

The correction was made as N=m/(& -k).Note that muon,
responsible for cascade,is not included in this formula also

in experimental values in the table.

Conclusions.The comparison of obtained multiplicities N

as a function of E0 with the expected f(E

in the fig.2.

Curves 1;3;2;3correspond
to A=133.53;4.5.By definition
mean atomic number in our ca-
se is

A =2 B;-AY/ZB A,
A=3,5 correponds to the com-
position:81=.939,Bu=.055,
59:.0009,61u=.0035,828=.0011,
856:.0036,which fits well both
direct experimental data at

1 Gev/nucleon and Baksan gene-

100
N

10

ul

O) (10-11) is shown

'
X

¥ 1 ' 1 I 1
- 5 7

1
1

-4

i, l PP TP (SRR
100 EO(Tev/n)
Fig.2
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ral multiplicity spectrum.The data of this experiment is bet-
ter fit by A=4.5,but the difference is not significant on

the basis of a possible systematic error.The conclusion is
that in the range 1-10" Gev/nucleon there is no visible chan-

ge of the mean atomic number.

References

1. A.E.Chudakov et al. Proc. of 16 ICRC,v.10,p.188,1979.

2. A.E.Chudakov et al. Proc. of 16 ICRC,v.10,p.175,1979.

%, Yu.M.Andreyev et al. Proc of 17 ICRC,v.7,p.67,1981.

4, E.V.Bugaev et al. The cosmic ray muons and neutrino,Moscow,

Nauka,p.15,1970.
5. S.Hayakava The cosmic ray physics,Moscow,Mir,v.2,p.511,
1970.
6. E.V.Bugaev et al. Cosmic ray muons and neutrino,Moscow,
Nauka ,p.23%,1970.

7. L.B.Bezrukov and E.V.Bugaev Proc of 17 ICRC ,v.7,x.90,1981.
8., A.M.Hillas Proc. of 16 ICRC,v.6,p.13,1979.
9, E.V.Budko et al. Proc of 19 ICRC,HE.5,1-12

10.I.W.Elbert and P.Summers Preprint UUHEP, 8)/20 University
of Utah.

11.A.D.Erlykin Private communication.



32 :
HE 5.1-14

ON MUON ENERGY SPECTRUM IN MUON GROUPS UNDERGROUND

V.N.Bakatanov,A.E.Chudakov,Yu.F.Novosel”tsev,
M.V.Novosel”tseva,Yu.V.Sten’kin

Institute for Nuclear Research,the USSR Academy of
‘ Scienqes,Moscow

ABSTRACT

A method is described which was used to measure mu-
on energy spectrum characteristics in muon groups
underground using u-e decays recording.The Baksan
Telescope”s experimental data on u-e decays intensi-
ty in muon groups of various multiplicities are
analysed.The experimental data indicating very flat
spectrum does not however represent the total spect-
rum in muon groups.Obviously the muon energy spect-
rum depends strongly on a distance from the group
axis.The "core attraction" effect makes a significant
distortion,making the spectrum flatter.After taking
this into account and making corrections for this ef-
fect the integral total spectrum index in groups has
a very small dependence on muon multiplicity and ag-
rees well with expected one: B=Bexpected=1'75 :

1.Introduction. It has been shown (1) that p-e decays method
can be used to measure an effective exponent of muon energy
spectrum in muon groups underground,which is expected (2)
to be much flatter than the total muon flux spectrum®).
Unfortunately,such measurements are affected by so called
"core attraction" effect,which preferably selects the cen-
tral part of the muon group making the spectrum of recorded
muos flatter,as compared with the spectrum in the group as

a whole.This effect depends on the ratio of detecting area
size to the muon group dimension,on the form of lateral dis-
tribution function and on muon multiplicity spectrum.To make
the corrections for "core attraction" effect we have to use
the above mentioned parameters which we take from (1) and
(7).Because the exponent of multiplicity spectrum is not a
constant at small multiplicities,we have to do the analysis
for different multiplicities separately. :

For the total muon flux the relations between experimen-~
tally observed quantities R, and Ry ¢ and muon energy spec-
trum underground are well es%ablisheg and understood (3,4,5).
By definition,Ratis the ratio of stopping to throughgoing
muon fluxes normalized to 100 g/sm? target.Ry,, is defined
in similar way,but for cases when muon from agmosphere does

*) First experimental evidence of this has been presentid
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not stop and u-e decays come from pions originated in muon
induced hadronic cascade.

,Q'mﬁ = 700¢ - ?/._Jd_@_//dfﬂ /115 Kap = /OO.ZL e /1v/
J (>0 [
- . . L OFS S i ~0.& '
Rom €:(g, 07y 1215 R = €657 (g0 "0 120
AI(en)/dep > (Eurip)H? /31

The eqs. /1-2/ give these relations in_general way.Here,

is muon energy underground, a=2.34.1072 Geve.sm?/g 1s mean
idnization energy losses at our depth, ¢=2.10" 5 gev™+75 (ad-
justed by experiment).The eqgs. /1'/ and /2'/ are valld if
the spectrum underground is expressed by eq. /3/,E, is a
specific energy equal to 210 Gev for our depth E? /3/
corresponds to purely power law muon spectrum ~E"¥- ,on the
surface.Nevertheless,if the spectrum is not strictly a power
law egs. /1'/ and /2'/ can be used to determine the effec-
tive exponent ¥ near the depth energy threshold.But,in the
case of muon groups such a procedure would be erroneous be-
cause of distortion due to "core attraction".

2.Experiment.Innthis experiment the u-e decays were recorded
in the second horizontal 200 m? and 40 tons scintillation la-
yer of Baksan Telescope (4).0ther 7 layers were used to de-
termine the number of parallel muon trajectories (m) and to
distinguich between "atmospherlc" and "locally produced"
events.The latter procedure is made with high confidence
(~99%) for low multiplicities,but becomes difficult for m>30.
The selection of m> 1 events was made by the off-line compu-
ter.All necessary data associated with these events were
printed and analysed visually together with 10-beam oscillo-
scope slides of decay's electrons pulses.The only trigger
used in the experiment was a delayed pulse in the mentioned
scintillator layer with rate =30 h~l.Data accumulated during
200 h of observation were included in the analysis.A flux of
muons throughgoing the target layer in groups has been mea-
sured in a special short run with the same conditions and da-
ta processing but without requirement of up-e decay.

3.Calculation of Rat_and Rjyge in muon groups. To do this the
assumptions as in (1,2,7) and a number of consecutive integ-
rations have to be: made'

P(W)dw 1805 NN aR) 1575 A(@)=f/’ﬁ/?}a/s/ﬁsrzﬁ/z/o/z /6/
: S 0

f(é/,,,z) rA *( Zﬂ) /77 £z = Io;//[/,/zjg/f)“ /87

G, (R) 4R = 2xRdR ja’ﬂ/ VA ”ﬁé}’" /9/

A(R)
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a., /E/n)zmofa’ﬂé,,,//d-}/m&) /10/°
V/ﬂ[/,) = [[F{z, z}o/&‘/joj/z-}, [[Flengas j11/
s £y S

é.
Ep=Ep-€ ﬂg’”/e{{f) /12/

Here in /4/:N is the mean number of muons at a given
depth from definite primary, $(N)AN is a distribution of N
assuming standard energy spectrum and chemical composition
of primaries, :

In /5/: A(R) is a fraction of N which happened to be
inside detecting area,R is a distance between centre of aresa
and muon group core. ‘

In /6/ : A(R) is calculated using lateral distribution
function F(r),where r is a distance between area element dS
and core position.

Eq./7/represents the assumed lateral-energy distribution
of muons,E, is muon energy at the surfage,B is integral ex-
ponent of power law muon spectrum there,Ey is the minimal
energy to penetrate to a given depth.For our depth r0=6.2 m
if B=1.75.Eq. /8/ represents muon lateral distribution.

In /9/:G,(R) is distribution of impact parameter R for a
given multipTicity m.Poisson fluctuations of m for a given N!
are assumed.Fig.l shoWs these normalized distributions for
several m.Curve (m;>1) represents the case without core att-
raction: GZQ(R)Aa2mﬂR-A(R).One can see that for m>3 the dis-
tortion of distribution of R becomes standard,for m=1 the
distortion is small,but of the opposite sign. '

In /10/:by integrating F'(Eu,r) over detecting area S, r
being the distance between dS and the group core,then integ-
rating over R we get the muon energy spectrum inside the de-
tecting area for a given recorded multiplicity m.

Eq. /11/ represents the normalized muon energy spectrum
at a given R.Eq. /12/ is relation between muon energy under-
ground (€) and on the surface (E).

Next steps are as follows:using /12/ transform /10/ into
spectrum underground;put this spectrum into eqs./1-2/ and ob-
tain the expected quantities R, and Ry, for assumed Bj;se-
lect B which fits the experimen%al values of R ¢ and Ry, ,.30,
for each m we obtain two values of B8: B4 relaféd to Ryt ,and
Bp related to Ry,,.If all the procedure is reliable and the
surface muon spec%rum follows power law,then B4and By should
coincide.

4.Results. All the data are presented in Table. Denoted as

* *
B, and B, indices are exponents obtained without taking into
account “the "core attraction" effect, but simply using eqgs.
/1%/ and /2*/. It is seen,,that corrected exponents B are
bigger than noncorrected 8 . On the other hand, one can see
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Fig.1. Distribution of impact parameter R for various multiplicities.

that B.,and B,
1ndica%es a go

are closer to each other than B
od fit to the power law spectrui, what can be

and B

which

expected. Deviations from this for m=11+3%0 has probably sta-
tistical origin, for m=2 it could be expected because of pri-
mary nucleon energy for m=2 is not big enough(?
Taking all events with m>3

B=1. 67+0 11
with EAS data (6).

and using both Bi
obtain the integral spectral index of muons in groups as
for Eu>'200 Gev. This result is in agreement

and B,

Table

m 2 3] 5210 | 11:30 (S 1 S 153
1.18 | 1.29 | 1.15 | 0.66 2,31 [1.17 |1.16
RagX10% 14 16 +.26 | .33 | +.29 +.06 [+.09 |+.17
0.87 [ 1.27 | 1.75 | 1.68 0.75 |1.27 |1.76

f10c®0% 1 410 | 4123 ] +.38 | +.47 +.03 [+.08 |+.20
o 1.07 | 1.17 | 1.05 | 0.60 2.10 {1.06 {1.05
1 +.15 +.24 +.30 +.26 +.08 [+.08 |+.15
5" 2.08 | 1.56 | 1.27 | 1.31 2.36 [1.56 {1.27
2 +.25 +.20 +.16 +.23 +.08 |+.06 ]+.08

o 1.55 | 1.83 | 1.73 | 1.18 2.10 {1.54 [1.71
1 +.14 +.27 +.35 +.41 +.08 [+.17 [+.25

o 2.32 1 1.90 | 1.67 { 1.7% 2.36 {1.88 {1.66
2 +.21 +.16 +.12 +.18 +.08 |+.06 {+.13
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ENERGY SPECTRUM OF CASCADES GENERATED BY MUONS
IN BAKSAN UNDERGROUND SCINTILLATION TELESCOPE

V.N.Bakatanov,A.E.Chudakov,Yu.F.Novosel'tsev,
M.V.Novosel'tseva,V.M.Achkasov,A.M.Semenov,
Yu.V.Sten'kin

Institute for Nuclear Research,the USSR Academy

of 3ciences,Moscow

ABSTRACT

Spectrum of cascades generated by cosmic ray muons
underground is presented.The mean zenith angle of
the muon arrival is 8=35%the depth ~ 1000hg/cm?.

In cascades energy range >700 Gev the measured
spectrum is in agreement with the sea-level integ-
ral muon spectrum index ¥ =3.0.Some decrease of this
exponent has been found in the range > 4000 Gev.

1l.Introduction. General description of the Baksan Underground
Telescope is given in ref. (1).The experiment (2) using the
Telescope as a calorimeter to study muon induced electromag-
netic and hadronic cascades is in progress now.New experi-
mental data are available and analysed here.

2.Experimental details. The 4 scintillation layers structure,
the large total thickness(~25 radiation lengths)and big area
(>200 m2) (1,2) enable to record muon-nucleus: interactions
with energy transfer up to ~20 Tev.The 4 seintillation layers
are separated by 0.8 m or 144 g/cm? of absorber (low radio-
active minerals mostly olivine,with Z=14 and A =27 placed on
8 mm iron sheet being used for support.The layer of 23.4g/cem?
of liquid scintillator is formed by 400(or 576 for top layer)
individual detectors,30x70x70 cm?® each.There is 2.5 m air

gap between scintillators and iron sheet at the ceiling.Total
thickness corresponding to one layer is 8.2 radiation lengths
and a distance between the layers is 3.6 m.

Energy release is measured by logarithmic charge-to-time
converters in every detector.The converters thresholds were
adjusted to 500 Mev(10 r.p. - relativistic particles),using
a pulsed X-ray sourse.These thresholds and converters slopes
(22% per 1 step or 10 us) were examined by ON-LINE computer
monitor program permanently.Special low-level trigger (»7r.p.
in any scintillator layer) is used for this purpose.Countin§
rate of each detector with 500 Mev threshold is only 0.3 h~1,
We use weekly the accumulated monitor information to check
every detector and to repair or adjust it if required.The
main trigger is produced in a case,when the energy release
in any horizontal scintillator layer is;;BO r.p.( 2.5 Gev).
By this trigger all available information,associated with
the event will be recorded on the magnetic tape and the 10-
beam oscilloscope screen will be photographed.The oscillosco-
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pe is used to visualize each scintillator layer's pulse for
9 ~u-e decays recording.Further data processing is carried
out by OFF-LINE computer selecting events of given energy.
Only cascade with axes crossing no less than 3 norizontal
layers have been included in the analysis.Mean zenith angle
due to such a selection equals to 8=35%

3.Results. Data accumulated during a 116N0hrun of the experi-
ment are shown in fig.1.So0lid curves represent calculated
cascade size spectra obtainedin following assumptions:
i)all kinds of u-A interactions can be expressed in anali-
tical form as in ref.(3);
ii)muon see-level spectrum is purely power law and under-
ground at our depth it has a form:

-¥-1 .
dN(Eu>/dEu (2OO+EU) , Eu in Gev.

and X=2.8 or X=3.0.

To obtain the total cascade energy from visible one (re-
leased in scintillators) cascade. curves (4,5) for homogene-
ous matter were used:. assuming uniform cascades production
and observed angular distribution of the cascade axes.

These cascades curves have been corrected for transition
effect, geometrical configuration and a loss because of
10 r.p.(500 Mev) energy threshold by Monte-Carlo cascade si-
mulations.The correction factor (~20%) does not depend on
cascarle energy.The correction for the loss due to finite de-
tectors energy thresholds,though small,was made individually
for each event using low energy 0.25 r.p. integral discrimi-
nators installed in each detector.Monte-Carlo simulation
showed that the mean energy release in the interval
0.25r.p. <E< 10r.p. is 1.6r.p. .Finally, we have the transition
factor from visible energy, released in scintillator,to the
mean total energy.For electron-photon cascade and hadronlc
cascade these factors are slightly different ,correspondingly
8.6 and 9.7, but practically do not depend on cascade energy
for E, >700Gev.

4. Conclutlons. Some excess of the experimental relatlve to
calculated cascades spectrum can be seen in fig.1l in the
energy. range >U000 Gev.But, this is not statistically well
established being less than 26 effect.Note that the spectrum
is presented in integral form,so the points are not statis-
tically independent .Actually the point at ~ 8000 Gev(6 events)
is responsible for all excess.At lower energy in the range
1+4 Tev the best fit_is obtained for integral muon spectrum
at the surface as E;7.This exponent y =3 deviates from the
most popular exponentx;2 8 (6).0ne can hope that future expe-
riments will clarify the situation and probably explaln

the small differenses, which traditionally are arising in
different experiments dealing with muon induced cascades

and muon spectra.
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Fig.1. Cascades size spectrum.
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UNDERWATER MEASUREMENTS OF MUON INTENSITY

V.M,Fedorov, V.P.Pustovetov, Yu.A.Trubkin, A.V.Kirilenkov

P.N.Iebedev Physical Institute
117333, Moscow
USSR

ABSTRACT
Previous results of the experiment on underwater measuremens
of muon intensity at depths down to 5 km are reported.

1, Introduction. Experimental measurements of cosmic ray muon intensity
deep underwater aimed at determining a muon absorption curve are of con-
siderable interest, as they allow to reproduce independently the muon
erergy spectrum at sea level. The comparison of the muon absorption curve
in sea water with that in rock makes it possible to determine muon energy
losses caused by nuclear interactians. The data available on muon absorp-
tion in water and that in rock are not equivalent. Underground measure-
ments are numerous and have been carried oufp down to the depth of o 15km
w.e., whereas underwater muon intensity hawe been measured twice /1,2/

and anly down to ~ Xm deep.

2. Apparatus and Operation. To carry out muon intensity measurements in
8eéa water at depths of 2 to 7km, a three-unit Cerenkov detector was deve-
loped to register Cerenkov light flashes of muons in the surrounding sea
water. A detailed description of the Cerenkov unit snd the results of its
operation test have been given elsewhere /3/. In our case all the unit
photomultipliers were connected into ane electrical growp, pulses inside
the group being summarized. Unit signals were put to the three-fold coin-
cidence scheme with a resolving time of 5(nsec. The coincidence signals
were recorded within 15 minute time intervals. The general design of the
detector made it possible to change relative position of the units which
could be arranged either abreast on a horizontal plane or in an wpright
chain("string"). The detector was fully autonomous, electric power being
fed from an accumulater. The device was exposed at chosen depths on a cab-
le from the board of a drifting research vessel. The depth of the device
exposition was maintained constant with an accuracy of o 1-3%.

In 1983 during the 37-th voyage of the Soviet r/v "Akademik Kurchatov"
weasurenents were taken of global intensity. Three detector units were
arranged sbreast horizontally, with photocathodes directed upwards. The
neasurements were carried out in the Caribbean sea (199N; 76%W) and in
the Atlantic Ocean within the DUMAND zone (229N; 379W). The results of
the measurements are given in Table 1.

Underwater measurements of muon intensity were also carried out du-
ring the 40-th voyage in 1984, the detector units being arranged in an up-
right chain("string") with spacing of 3 m. When all the units photocatho-
des were directed upwards, mostly vertical muon fluxes were registered.
The other way, when the photocathdes of the upper unit ewre directed down-
wards, a lateral flux was registered, i.e, particles move at the angle of
more than ar 60° to the zenith. The studies were carried out within
"DUMAND" zone in Canary Hollow. The results of the measurements are given
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in Table 1.
- Table 1
Flux Depth, Expositiorf:im s Registration  Nunber of
measured km min threshold events
2.0 150 TO0*
3.0 585 = 1e 622
2.0 150 TUY¥
Global 2.0 135 Mt
4,0 1200 ~ 15e 288
3.0 180 ~ 2 %
5.0 1305 86
2.0 330 BO4
Vertical 3.0 480 ~1e 417
5.0 1920 168
1.5 345 291
2.0 765 177
Lateral 2.5 960 ~1le 69
3.0 540 16
3.5 300 5

% ~ Normalization measurements

3. Results and Discussion. To cbtain correct quantative results with the
given detector, 1t necessary to consider background events which imitate
muon registration. Since a three~fold coinsidence scheme is used to sepa-
rate useful events, there may be events caused by appropriate conbination
of various background components. The Cerenkov, light caused by sea g ter
radioactiviyt is mainly due to the decay of K40, Te activity of K40 in
sea water was determined from potassium _salinity relation and was equal to
~1,14,10%3s" (B~decay) and ~1.34.‘1]&m‘3s“1(e-captm'e) The calculation
of an average number of photons generated in one act of xho decay is perfor-
med in /Ui/. The average photon munbers as fractions of the number °£ pho~
tons generated by a muon per lcm path in water are equal to 9.7.107< at
f~decay, and to 0.141 at e-capture (in the first Compton scattering'), and
to 0.034 (in the second Compton scattering). Bioluminescence in deep sea
water is a less studied background source. The latter depends strongly on
various factors, such as exposition place, depth, excitation nature, etec.
For a series of the measurements taken, the estimation of the background
value can be obtained from the data registered at the depth of 3.5km by the
detector, with the upper unit being directed dowrwards. In this case the
expected mion nurber is much less then the detected number of events which
can be taken for an averall background for the particular deepwater muon
detector at the place where the measurements are carried out. The value of
such a background is of the order of one event per an hour of the device
operation.

The values of vertical cosmic muon intensity at large depth underwater
were obtained on the basis of global muon flux data treatment and by taking
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traditional cosmic muon angular distribution into cbnsideration. These
are:

IO(H=2925':22 m) = (3.1:0.5).1078 cm~2g~1gp~1 3

I, (H=4025%52 m)

(5.93:(5)).10’9 em~2g~1gp~1

- +140 - +1.6 -2=1.~1
I (H=5020*140 m) = (4.1t o).10‘9 cn~2s~1sr1 |

The total of experimental data on muon absorption in sea water /1,2,5/
was treated with the help of the least square method and fitted by empiri-
cal expression:

I(H) = AH“(H + H))™1 (1 - exp(- YH)) exp(- 8H)

where: H ~ depth, hg.cm™2 , I,(H) - vertical intensity, cm"as‘lsr"i,
values of free parameters are equal

A=373%0.06

o = 1,130 * 0,004

B = (5.42 * 0,23).10°%
H = 11.4% 1.3

(o]

(3.7 * 0.2),1072,

The data on cosmic muon intensity obtained at different depths in
sea water and those cbtained previously are presented in Fig.1. Here are
also given estimated curves of muon absorpticn in water which were cal-
culated on the basis of modern conception of muon generation/6/ and mu-
on absorption/7/.

4, Conclusion. 'The experimental data are in a satisfactory agrrement with t
the estimated ones within the limits of measurement errors. Hence the in-
tegral muon energy spectrum at sea level within the energy range 2-3.103
GeV is described by the mean value of index W 1.65 for particles - pa-
rents of muons.
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Multiple Muons in MACRO

MACRO Collaboration (1)
presented by
R. Heinz
Indiana University

We show how an analysis of the multiple muon events in
the Monopole Astrophysics and Cosmic Ray Observatory detector
can be used to determine the cosmic ray composition.
Particular emphasis is placed on the interesting primary
cosmic ray energy region above 2000 TeV/nucleus.

An extensive study of muon production in cosmic ray
showers has been done by Gaisser and Stanov (2). Results
were used to parameterize the characteristics of muon
penetration into the earth to the location of a detector.

The mean number of muons at & slant depth X is

E E
1 p,-775 4,5.96

secH
E ’
u u p

where E_ is the primary energy per nuclebn, © is the primary
directiBn relative to the vertical, and '

E,(TeV) = .53(e4%_1)

is an effective muon threshold energy (so that E_ > E 1is
required). Each nucleon in a primary nucleus coBtriblites
this same average number of muons. The N distribution is
taken to be Poisson. #

The lateral distribution of muons at the detector depth

is
dN ’
] -2R /<R >
Hﬁz o Rﬂe u u°, where
E
- -.46 ~-.31, u,.62
<R”> 3.13E” + 13.2E” (E_) .

p

Here R, is measured perpendicular to the shower core. The R
and N””distributions are uncorrelated. .

These parameterizations yield predictions for the Kolar
Gold Field experiment (3) which agree well with the data (4).
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T T T T r T ' The MACRO detector
) is taken to be a
horizontal rectangle
12m by 112m, and all
muons striking this
rectangle are assumed
2} 1 to be detected. (we
are currently
redesigning the
apparatus so that it
will have a significant
3 4 5 6 7 8 9 10 1 >N size in the vegtical
DEPTH (KMWE) . direction; the present
height is 5.7 m high).
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o
o
T

L

(@)
N

FRACTION OF EVENTS

L

o

Muons that reach
the detector pass
through a variable
slant depth of material
in the
irregularly-shaped Gran
Sasso Mountain. 1In
Fig. la we show the
slant depth ,

7 distribution in units

) 4 6 8 10 12 14 16 »6  Of KMWE. Becg?se we
measure muon directions

ENERGY (x10* Tev) with_high resolution

. (~.27), we can select
Fig. 1 a) Distribution of overburden on the slant depth and

(depth) that muons must penetrate to thereby have a data
reach the detector. b) Distribution sample with a
of primary cosmic ray energies (per distribution of primary
nucleus) for all depths and for energies that can be
depths greater than 7 KMWE. changed.
For example, in Fig. 1b we show the distribution of primary
energies (per nucleus) for all depths, and separately for
depths that are greater than 7 KMWE. The percentage of
events with primaries < 2000 TeV/nucleus is 31% for all
events but only 8% for the restricted sample.

o
o

1%
'Y

FRACTION OF EVENTS

A major goal of MACRO is to determine the cosmic ray
composition above the 2000 TeV "knee" in the energy
distributions. We have studied four models for this high

energy composition:

1. Fe All primaries are iron nuclei.

2. Md A mix of primaries is used with iron dominating
at high energy.

3. LE Primary composition at high energies is the same
as at 50 GeV/nucleon.

4. p All primaries are protons.

Models Md and LE are described in reference 3.
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In Fig. 2 we show the detected muon multiplicity
distributions for the four models (solid curves), all
normalized to the single muon rate.

For a given nucleus energy, the proton has a much larger
energy per nucleon than iron, so protons give many more
- single muon events; however, the iron nucleus produces many
more muons s0 its multiple muon to single muon ratio is
larger. However, lateral spreads (decoherence) from iron are

larger, so a large detector like MACRO is needed to exploit
this difference.

| T T T T T T T T T T
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r Y
= |o-2_\‘ .
ﬂ \ Fe
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s
\
E 3L \ N
5 10 \ \ ]
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% s \ N
10-% \ \ 1
\ N
\\ \ LE
\\P \Fe
\[om2 \|0m2
|o-5 L1 | | N [

1 1
1 23 4567 8 9101112131415
MUON MULTIPLICITY, NM

Fig. 2 Muon multiplicity distri-
bution ‘divided by single muon rate
for various hypotheses. (See text.)

The dashed curves in Fig. 2 show how difficult it is for
a small detector (10m? area) to measure high multiplicities.
For 10 u's, the Fe hypothesis yield is down two orders of
magnitude. The absolute MACRO ylelds are about 500K/year for
Fe and 13M/year for protons, including single muon events.
Depending on composition, the number of évents with NM > 5
will be 500 to 20,000!
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One aspect of the muon decoherence which is particularly
sensitive to primary composition is the maximum separation of
a pair of muons in a multiple muon event. 1In Fig. 3 we show
this distribution for the four composition hypotheses and for
three different ranges of slant depth (and thus three
different primary energy distributions).

Figures 2 and 3 both show that MACRO is sensitive to the
cosmic ray primary composition at high energy.

H T
(6) peprH | (©) pepTH
>4 KMWE >7 KMWE
STKMWE

102 n
[72]
-
2
W
>
W
Fe
10 .
P md
LE
' ] 1 A1
10 15 20
10 15 20 10 i5 20

SEPARATION (m)

Fig. 3 Distribution of maximum two-
muon separation in a multiple muon
event for three ranges of overburden.
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THE NAGOYA COSMIC-RAY MUON SPECTROMETER III
I PRELIMINARY OBSERVATIONS

Kamiya,Y.,Shibata,S.,Iijima,K. and Iida,SX
Nagoya University, Nagoya, Japan
Toyohashi University of Technology, Toyohashi, Japan

ABSTRACT

1.Introduction. There are some discrepancies among the data of abso-

lute muon intensities at large zenith angles. Through the analysis of the
data obtained in the previous measurement by Nagoya Cosmic Ray Spectrom-
eter (1), we have found one of the sources of these discrepancies to be
the ambiguity induced by the selection criteria with which "genuine"
muons are distinguished from the backgrounds. To remove the ambiguity of
this kind, it is necessary to know the amount of the backgrounds and
their characteristics in detail.

At Paris conference, some features of the background events were
reported from the observations by using this triggering system of Nagoya
Cosmic Ray Spectrometer(II).

In this paper, the results of extended observations using track

detector together with this system will be reported.

The trigger counter system consists of 1l)outer

trays(Scl,Sc8 in Fig.l) placed at a distance of 5m from each other and

2)3 pairs of inner trays (Sc2,Sc5; Sc3,Scé and Sc4,Sc7 in Fig.l) placed
on both sides of the magnet. The arrangement of them is shown Fig.l.

2 fold coincidence composed of outer trays determines the direction
of incident particle with the time-of-flight method. At least one of the
3 pairs of inner trays has to be make a 2 fold coincidence.

If the delay time of T.0.F.method is set for 1l7nsec (corresponds to
the distance 5m between outer trays), the events which satisfy conditions
can be regarded as the horizontal muon passages.

The possible coincidences can be divided into 13 patterns of scintil-
lator trays (No.l~vNo.1l3 in Fig.2). In addition to these, the sum of 12
patterns (No.2~No.13)'is also given (No.l4).

Counting rate of each pattern was measured at various delay times of



48 HE 5.2-2
T.0.F. system and some examples of experimental results are shown in
Fig.3. It is shown that backgrounds can be considered the mixture of

local shower (low density) and air shower (high density).

3.Analysis. On the basis of these experimental results, following esti-
mations for counting rates of shower trigger events are given.

The frequency of showers that incident at zenith angle Z with density
of particle between A and (A+dA) in solid angle dQ, f(Z,A)dAd, wili:be
approximated as follows,

£(2,0)d0dQ = £, cos z(a+n) daag,
where -FacosNZ and (A+A).T represent zenith angle distribution and density
spectrum, respectively. If particle density is assumed to be uniform on a
shower front, the coincidence rate can be expressed as aEunctlon of delay
time, T. '
CXMT = 2&; Vtm-ﬂ_(’t/fm) st "/ ‘P d"'/}dA
where P is a detection probability for each coincidence condition listed
in Fig. 2. Using C(T), practical counting rate of shower trigger events
at each delay time can be expressed as f ll_owgs
Fodr = —Lfctre 260 ar
VZTs )

where §is the time resolution of detector including the fluctuation of
shower front.

In above calculations, N,Y, A, and 6 are included as parameters which
describe the characteristics of shower. F(T) is calculated for local
shower ('FI"(’C)) and air shower (‘F/t/c)) respectively, and from these
calculations counting rate 1% (T) which is comparable with experimental

data can be expressed as follows,

00 = o, T oy FAGR)
where both of O(Landogare constants. From Ica' (D and experimental data
MP('E’) around O nsec, chai-square value was calculated and 4 parameters
for each of local shower and air shower were determined at chai- square
minimum, O(L and 0§4were also determined by the least square method between
Ica"(’[') and Iur(t’) The results are shown as follows.

N | Y | 4] 6ms)] £ (5 o7 m®)
local shower | 2 |45 | 00T | 45 188 X (03
Qir Shewer | 7 |30] 50 | &5 384 X 10°
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4 .Conclusions. It is found that one of the sources of the discrepan-

cies among the data of absolute muon intensities is to be the ambiguity
induced by the selection criteria. _

Some features of the background events which are considered to
be the mixture of the showers, air shower and local shower, with differ-

ent density spectra and diffrent zenith angle dependence, are obtained.
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THE NAGOYA COSMIC-RAY MUON SPECTROMETER I

I TRACK DETECTOR

Shibata,S.,Iijima,K.,Kamiya,Y. and Iida,S.*
Nagoya University, Nagoya, Japan

* Toyohashi University of Technology, Toyohashi, Japan

ABSTRACT

Not only to obtain the precise locations of particles,
but also to get some informations about the correspondences
between segments of trajectories, we utilize the twelve wide
gap spark chambers as the track detectors of the Nagoya cosmic-
ray muon spectrometer (1).

The area of each chamber is 150 x 70 cm? and the width of
a gap is 5cm. The gas used is He at the atmospheric pressure.
Each three pairs of them are placed on both sides of the
deflection magnet. All images of sparks for each event are
projected through the mirror system and recorded by two cameras
stereoscopically.

The mean detection efficiency of each chamber is 95 *+2 %
and the spacial resolution ( jitter and drift ) obtained from
the prototype-experiment (2) is 0.12 mm. Maximum detectable
momentum of our spectrometer is estimated at about 10 TeV/c
taking into account of these characteristics together with the
effects of the energy loss and multiple Coulomb scattering of
muons in the iron magnet (3).

All the chambers have already installed in the spectrometer
and they worked well in test runs of full system. Now, .we are
operating this spectrometer to get the maximum detectable
momentum experimentally with these track detection system.

References.
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2. Shibata,S. et al., 15th ICRC, plovdiv, 9, 56 (1977)
3. Kamiya,Y. et al., 17th ICRC, Paris, 9, 336 (1981)



51
HE 5.2-4

THE NAGOYA COSMIC-RAY MUON SPECTROMETER IIL
I AUTOMATIC FILM SCANNING EQUIPMENT

Shibata,S.,Kamiya,Y.,Iijima,K. and Iida,S.*
Nagoya University, Nagoya, Japan
* Toyohashi University of Technology, Toyohashi, Japan

ABSTRACT

In the regular operation of the Nagoya cosmic-ray
muon spectrometer, about 2000 events per day will be recorded
on the photographic film,

To derive the track locations from such a huge number of
photographs with high accuracy in a short time, we have
developed an automatic film scanning equipment. At Paris
conference (1), we have reported the construction and charac-
teristics of this equipment.

After that time, we have improved the film driving
mechanism. O0ld mechanism is only used for the frame-to-frame
advancement and the film is clamped on a table at every frame.
For scanning of each frame, this table is driven by the pulsed
stepping motor. .

This modification makes the equipment suitable for the
practical application to our measurments.

Reference.
1. Shibata,S. et al., 17th ICRC, Paris, 9, 376 (1981)



52
HE 5.2-5

THE NAGOYA COSMIC-RAY MUON SPECTROMETER I

I TRACK RECONSTRUCTION METHOD

Shibata,S.,Kamiya,Y.,Iijima,K. and Iida,S.*
Nagoya University, Nagoya, Japan

* Toyohashi University of Technology, Toyohashi, Japan

ABSTRACT

For the measurements of the particle trajectories with
the optical or visual detector system, it is one of the general
problems to reconstruct the trajectories in real space from
their recorded images.

In the Nagoya cosmic-ray muon spectrometer (1), muon
tracks are detected by wide gap spark chambers and their images
are recorded on the photographic film through an optical
system of 10 mirrors and two cameras. For the spacial recon-
struction, 42 parameters of the optical system such as the
angles of mirrors should be known to determine the configulation
of this system.

It will be almost impossible to measure these many
parameters directly with usual technics. In order to solve
this problem, we applied the inverse transformation method.

In this method, all the optical parameters are determined from
the locations of fiducial marks in real space and the locations
of their images on the photographic film by the non-linear
least square fitting.

reference.
1. Kamiya,Y. et al., paper presented to this conference, HE 5.2-2.
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BACKGROUND LIGHT MEASUREMENTS AT THE DUMAND SITE

T.Aoki, T.Kitamura, S.Matsuno, K.Mitsui, Y.Ohashi and A.Qkada
Institute for Cosmic Ray Research, University of Tokyo,
Tanashi, Japan ‘

D.R.Cady, J.G.Learned, D.0'Connor, M.McMurdo and R.Mitiguy
Hawaii DUMAND Center, University of Hawaii, Honolulu, USA

M.Webster
Department of Physics, Vanderbilt University, Nashville, USA

C.Wilson
Department of Physics, Purdue University, Lafayette, USA

P.Grieder '

Institute of Physics, University of Bern, Switzerland

Ambient light intensities at the DUMAND site, west
of the island of Hawaii were measured. around the one
photoelectron level. Throughout the water column between
1,500m and 4,700m, a substantial amount of stimulatea-
ble bioluminescence is observed with a ship suspended
detector. But non—stimulategobioluminescence level is
comparable, or less than, K "background, when measured
with a bottom tethered detector typical of a DUMAND
optical module.

1.Introduction The deep ocean environment may be an excellent loca-
tion for the study of high energy cosmic ray muons and neutrinos. Great
depths provide a good shield against low energy cosmic ray muons, and
the vast quantities of sea water can supply sufficient target material
to detect interactions of very high energy neutrinos. A very lafge deep
underwater muon and neutrino detector (DUMAND) has been proposed and
intensive feasibility studies have been performed. In the DUMAND pro-
ject, very high energy muons and neutrinos are detected via the Ceren-
kov light emitted from secondary particles produced in their interac-
tions within the sea water. However, even under deep ocean conditions
there are some natural background light sources, Cerenkov light gene-
rated by radio isotopes and bioluminescent light by ocean inhabitants.

- We performed background light measurements by two different deploy-
ments, a ship suspended and a bottom tethered, and we have compared
these two sets of data.

2.Apparatus and Experimental Procedures The instrument is self con-
tained and powered by dry batteries. We used two 5" ¢ hemispherical
photomultipliers(PMIs) mounted side by side in a glass housing of 17"
¢. The space between PMTs and glass wall is filled with a transparent
silicon jell to provide good optical contact. The high voltage power
supplies and amplifiers for the PMI's are also mounted in the glass
housing. The output signals from the PMTs are transmitted through
cables to the data taking circuit contained in a separate metal housing.
The output signals from the PMIs are differentiated with time
constant of 0.24 usec and amplified with a gain of 100. The number of
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pulses exceeding a preset discriminator level is counted by a 16bit
counter. Signals coincident within 200ns from the two PMTs are also
counted. The discriminator level and the gate time are automatically
changed under control of a microprocessor following a program stored
in the ROM. There are 23 sampling steps of the discriminator level
ranging from 32mV to 800mV, which cover the signal region from one

to ten photoelectrons. The gate time is selected for each threshold
betweem 10ms and 10sec in order to smooth out statistical fluctuations.

Electronics including PMTs are activated by a timer. The number
of signal counts together with channel number and gate time are stored
in a microcassette recorder and these data are analyzed after recovery
of the instrument.

Measurement were done on a cruise with University of Hawaii's
research vessel Kana Keoki, August 24-26 1984 at the DUMAND site, 30km
off Keahole point of the Big Island of Hawaii. First, the instrument
was lowered down to 4,500m at a speed of 30m/min, suspended by a wire.
After staying 45min at 4,500m, the instrument was wound up with a rate
of 50m/min stopping every 1,000m. The data taking scheme was programed
such that data were taken while stopping at the depths of 4,500 3,500,
2,500 and 1,500m. Next, the instrument was permitted to free fall to
the sea floor of 4,800m depth. The sensor was mounted 100m above the
mooring which included timed and acoustically triggerable releases.
Flotation was attached to the instrument package and a buoy with radio
beacons and strobe lights was attached 50m above. The data taking pro-
gram was the same as for the first case except for the fact that mea-
surements were repeated four times at the same depth.

3.Results In Fig.l count rates versus time interval of observa-
tion are plotted. The data is for PMT No.l at the threshold voliage

of 320mV. Data points marked 1,2,3 and 4 are for the ship suspended
case and each corresponds to count rates at the depth of 1,500, 2,500,
3,500 and 4,500m, respectively. Data with mark F is for the bottom
tethered experiments. In Fig.l we also plotted dark noise data, with
mark C, measured in the laboratory at 3°C. From Fig.l we can see clear
differences in count rates depending upon the method of deployment.
The ship suspended rates change with time very much except for case 1,
where count rates are too high to be fully resolved. In contrast, the
bottom tethered rates are comparatively stable and their absolute rates
are about an order of magnitude lower than the ship suspended ones.
The data for PMT No.2 shows almost the same behavior as PMT No.l.

Fig.2 shows the integral pulse height spectra observed by PMT No.l.
Symbols 1,2,3,4,F and C are same as in Fig.l. The ship suspended data
fluctuate very much and show a complicated behavior, whereas the bottom
tethered spectrum is rather smooth. From Fig.2 we can see that the free
fall count rate(F) converges to that of laboratory rate(C) in the high-
est channels. This result indicates that signals of F come from very
weak sources. :

Though the time variation of the bottom tethered rates are weak
compared to the ship suspended case, we do observe some time spikes in
the bottom tethered data. Such signals appear in both PMTs at the same
time. Fig.3 shows examples of the time structure of the spike signals.
It appears as if their time structure can be expressed by an exponen-
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tial function with a time comstant of 0.3 ~ 1l.0sec. The observed fre-
Q?encies and time structures seem to coincide with the expected signals

in deep quiescent ocean basins. In the case of the ship suspended
method, the signal rates are too high for any time structure analysis
with such a long time constant. '

To estimate the absolute flux of the measured backgyound light,
we calibrated the detection power of our optical sensor™. Results of
calibration show that the photon fluxes observed by the two PMTs No.l
and No.2 agree very well for all depths. Fig.4 shows the-absolute
iight intensity versus depth. Because the count rates of the snip
suspended case fluctuate largely, we plotted the median value in Fig.
4. The intensity curve can be exprcssed as a function of depth x as
I = 3.72 x 102exp(~x(m)/877) quanta/cm" sec, which is quite similar to

I =2.008 3 10 exp(-x(m)/960) . PMT No2
quanta/cm® sec g}ven by ! ——— PMT No.l
H.Bradner et al . N Ch.6 Ch.6

? Cycle Nai Cycle No.4
4 .Discussions What is »

the origin of the diffe-
rences in data sets for
the two deployments? 2)
There are some reports™ '’

on the observations of
extensive stimulated bio-
luminescence in the deep
ocean. The time depend-
ence and depth depend-
ence of our data also
suggest it to be due to fie.3 Time Structure of
bioluminescence. It is

[}
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well known that luminous species
easily respond to physical and
chemical stimulation. For the case
of the ship suspended runs, the
environment of inhabitants can be
agitated by the motion of the
instrument. Under these circum—
stances it is quite natural that
the light intensity due to bio-
luminescence changes greatly with
time. Futher, it is known that the
planktonic biomass y can be ex-
pressed by the equation 'y = a5¥
exp(-kx), where x is the depth”’, 10
Our data in the depth dependence
of the light intensity shows a
similar behavior, which suggests
that the photon flux data may ref-
lect the amounts of organisms in
the environment.

The mean value of the_ ottor_z_1l
tethered flux is 218+20 cm . sec .
For the bottom tetheréd case, the stimulation of luminous species 1g
very weak. The cotribution of noticeable spike signals, which are con-
sidered to be dug)t9)such species, is only 6% of the total count rate.
Several authors ’ have calculated the48hotpn flux due to Cerenkov
light emitted by B—des v elgitrons from K'”, Their results scatter
around 150 photons cm % sec . Considering the uncertainties of the
energy loss process, light attenuation length and sensor detection
efficiency assumed in the calculation, the expected value and our
results are consiiﬁent with each other. Also, because Cerenkov light
from individual K™~ decays is quite feeble(typically é? photons), this
light will appear to the PMT as a single photon source’: Our analysis
of the pulse height spectra shows that the bottom tethered data does
not contain large signals. From these results we chclude the main
light source for the bottom tethered exposure is K.

In summation, we have found that the background at the DUMAND site
is tolerable level for the DUMAND otical sensors.

o Ship-suspended Present
a Free Fall Data

----- H.Bradner s al

12372 X10%exp(-x(m) 1677)

122008 x10%exp(- x(m} /1960) —

4

Light Intensity (photons/cm?sec)

o

L i L L L

1 2 3 4 S Depth(Km)

Fie. 4 Light Intensity Versus Depth
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ABSTRACT

The mean intengity of Serenkov emission from the
products of K40 decay and bioluminescence was measu-
red at depth to 5 km, The intensity of Ocean light
background is founded to depend upon depth and at

the 5 km %evel is equal on averaged to 300+60
quanta/cmcs into spatial angle of 2JT sterradian

in transparency window. The amplitudes, duration

and number of BL flashs were measured at various
depth. The intensgive flashs due to BL are shown to be
obgerved rather seldom at depth over 4 km.

1.Introduction. Deep underwater 5er$nkogm§etector of muons
and neutrinos with the volume of 10/-10°m”[1] cen serve as
a tool of investigation of the fundamental properties of
microworld (neutrino microscope) as well as the structure
and development of the Universe (neutrino telescope).
Besgsides the problems of microworld and macrocosmos are Clo-
sely connected with problems of Ocean Physics, sea-biology
and deep underwater engineering. One of the main problem,
required a preliminary solution, is an investigation of
Ocean light background (ILB) at large depths. The data on
LB are esgsential for the choise og optimal parameters of
gegistration system of short (108°) light pulses due to
erenkov emission of relativistic muons or electron-photon
and hadron cascades from muons and neutrinos passed by a
photodetector at a considerable distance. The main varieti-
es of 1B are: a)a background from radioactivity; b)e back-
ground from bioluminescence (BL).
LB from radioactigity in salt water arises from mainly at
the_expense of K40 gecays. At the 25 m transparensy the flux
of Cerenkov emission from @-electrons and Compton electrons
into the spatial angle of"2sr gterradians is 150 photon/cm“s
in the wave range 600~6OO nm [2]. At better transparency
background from K40 will ve eater, Background from BL can
be divided into two types D%f i)quagi-isotropic background
from spontaneous BL of organisms averaged over large volume
of water; ii)pulse flaghs of BL close by the device, exited
by its movement. At present time the dependence of structure
of background from BL versus depth has not been clear yet
completely. To obtain the complete information about IB of
Ocean it is necessary to carry out the detail investigation
of its structure: mean intensity of background at a given
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depth, as well as duration and amplitudes of light flashs
at various depths.

2. Block diagram of measuring apparatus of weak light fluxes.
For the purpose of detail investigation of thne structure of
LB of Ocean a complex of Eeasuring apparatus was developed
and tested during the 408 cruige of the scientific~-research
Ship "Academic Kurchatov", The block diagram of a submerged
device is shown in Fig.1. The emiggion measuring apparatus
is composed of the following blocks: 1 - a block of photode~
tectors (four PMT-130); 2-a
block of amplifiers; 3 - a
block of discriminators; 4 -sa
block of counters; 5-~-a summator
6-an electronic commutator and
a code convertor; 7-a time in-
terval measurement system; 8-a
time pulse generator; 9-a block
of pressure detector; 10-a
block of data storage. The maxi-
mum intensity of light flashs
registed by the measgring appa-
ratus is equal to 10° pulse/s.
The minimum duration of flash
zhat c%n be measured is equal
. a4 - to 107°g. The maximum depth of
Fig.1. Eigzgddégﬁgﬁz of sub submersion equals 6 km. The de-
¢ vice works in an eutonomous re-
gime with recording the information on a compact-casset. Four
PNT-130 are used as detectors of opticel emigsion. The angle
of aspect of each PMT ig 120°, The comstruction of the advice
allows to investigate Ocean optical emissions: a)in the regime
of integral count of one electron pulses simultaneously with
determined of duration and intensity of pulse flashs; b)in the
regime of count of coinciding eventg from various PMT-g.

3. Experimental results and discugssion. The set of measure-
ments ol luminosity at various depths was taken in the cent-
ral part of the Atlantic Ocean., Consider the results of the
measurements made in the region 22°09'sl and 37°15'w.l. on

the Tth of October, 1984. Detection of the light flux was made
in the regime of one-electron pulses. The one-electron treshole
"~ des were set up for two PMT, but for another two PMT the value
of the thresholdes conforms to the amplitudes of two-electron
pulses. Such experimental scheme allows to.congider possible
counting losses at the intensities more 106 pulse/s. The chan-~
ge of the mean intensity for a stay time at given depth of
Ocean luminosity versus a device submersion depth is shown in
Pig. 2a. The fluctuations of the mean intensity is seen to
decreasgse congiderably with depth. On submersion from 4 to 5km
the mean intensity decreases 1,5-2 times. The dependence of
the mean intensity versus time at the 5000 and 4000 m levels
are shown in Fig. 2b and 2c respectively. Here averaging is
made over storage time of 32512 pulses. The counding rate of
one-electron pulses due to background from K40 calculated for
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a given device at the 20 m transparency of water is shown by
a dotted line. At the 5000 m level the mean intensity of Oce-
an luminogity changes slightly wiBh time and twice exceeds
the calculated background from K**At the 4000 m level the
fluctuations of background intensity are far in excess the
fluctuations of the background at the 5000 m depth. The mean

intensity is apprzximately three times greater than the cal-
culated one for K40,

, >
2a S km
/M/SJ 2b
400 - 5000 m
W s =, YL,
' 1O min O win *

Fig. 2. 2a - a dependence of counting rate of one-
' electron pulses versus depth of submersion,
averaged for stay time at given depth;
2b and 2c¢ - a dependence of counting rate of
one-electron pulses versus time at the 5000
and 4000 m depths averaged for - -
gtorage time of 32512 pulses.

The excerptions made at regular time intervals at_the 5000 m
and 4000 m levels with the time resolution of 10~3g are shown
in Pig.3. There are practically no intensive pulse flashs of
small duration (10~2-10-3g) at the 5000 m depth. There is
another situation for the 4000 m depth. Fig. 3b demonstrates
the presence of the narrow (0,02-0,03 g) intensgive pulse
flashs repeated at unregular time intervals. One can suggest
that the quasi-isgtropic background at deRBhs more 4000 m is
caused mainly by Cerenkov emission from K%Y(the calculated
background for our device must be approximately 60 pulse/s
at the 20 m transparensy) and from spontaneous BL of micro-
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organisms averaged over a large volume of water (at the

4~5 ¥km depth the Hsckground from spontaneous BL minus the
background from K%V was 80-90 pulse/s). Small number of in-
tengive pulse flashs at the 5000 m depth demonstrates

small concentration of glowing micro-organisms at large
depth,.

4. Conclugion. Hense, the measurements of LB showed:

i) the intensity of LB at the depth of km order is
equal on average to 300+60 photon/cmés into the spa-
tial angle of 2 JL sterradian and is characterized by
comparatively high homogeneity (rather small number
of short pulse flashs). At the 20 m transparency of
salt water the background from K40 must be twice less
and hense there is also spontaneous BL of microorge-
nisms at large depths;

ii) at the 2-3 km depth mean intensity is greater than
at the 4-5 km depth and is undergone by sharp fluctua-
tions. These flashs can be connected with BL of micro-
organisms nearby an device exited by its movement;
iii) & comparatively low LB at the 5 km level makeg these
depths promising for employment of large optical de~
tectors of DUMAND.
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1. Introduction. The chief aims in THE SPHINX PROJECT are research of

super. lepton physics and new detector experiments. At the second phase
of THE SPHINX PROJECT, we designed a hybrid TLC-PAIR METER for measuring
verticual muon spectrum in the muon energy range 10 — 100 TeV, searching

high energy neutrino sources ( Ev > * TeV ), searching high energy muon
sources ( Eu > 1 TeV ) and measuring muon group ( Eu > 1 TeV ).

The principle of "PAIR METER" has been already proposed*?3. 1In this
TLC-PAIR METER, electromagnetic shower induced by cosmic ray muons  are
detected by using TL (Thermoluminescence) sheets with position counters.

2. Designe of TLC-PAIR METER One cell of TLC-PAIR METER is shown in Fig. 1
and one unit is composed of 14 cells. The full-scale is composed of 18
units which is shown in Fig. 2. The cell TLC-P.M. consists of a) trigger
and time measurement counters (scintillation counter, 3 layers), b) XY-
position counters (Proportional chamber, 9 layers) and TL calorimeters (
TL-sheets + 14 cm irons, 40 layers). An old type PAIR METER consisted of
PRC calorimeter (proportional counters + 14 cm irons, 32 1ayers)?

The following table is the comparison one between a TLC and a PRC for
40 layers-PAIR METER.

Prototype Hybrid-type

Items PRC TLC
Detector Height (m) _ 9.6 6.5
Detectable Efficiency 1.0 2.2
Number of Position Counters 41 9
Budget for counters and electronics 140 k$ 60 k$

(PRC-Amp. ADC, Discri, CAMAC System)




( cross sectional view )
" SCINTI. |1
A ©—— XY POSITION COUNTER

8 C.U. Fe + TL-Sheets

XY P.C.

XY pP.C.

XY P.C.

6m

Xy P.C.
SCINTI. 2

XY P.C.

XY P.C.

Xy P.C.

. XY P.C.
v SCINTI. 3

>

!

&m

|

A

HE 5.2-10

Fig. 1. One cell of TLC-
PAIR METER. One cell size
is2mx2mx 6.6 m,

One unit of TLC-PAIR METER
consists of 14 cells.
TL-sheets which position
counters indicate muon
path are read out.

Fig. 2. The full-scale
of TLC-PAIR METER. This
scale is set to Gran
Sasso Laboratory. A full-
scale of TLC-PAIR METER
is flexible, so another
full-scale is able to be
set to other underground
facilities.

14mx4mx18=1008m?2

18 UNITS

> 6mx18=108m
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3. Simulations of TLC-PAIR METER For the PAIR METER, iron absorber is
better than lead absorber and a thickness of one layer should have one
nuclear mean free path, that is 14 cm; 8 C.U. The cell of PAIR METER
shown in Fig. 1 has 40 layers, to attain little statistical fluctuation.

Under these condition, various simulations have been performed. One of
simulations is shown in Fig. 3. This figure shows that an incident muon
energy ( Eu) relates to mean electron number ( Ne) of electromagnetic
shower induced by a cosmic ray muon passing through 14 cm x 40 layers.

By measuring Ne at PAIR METER, one can determine the Ey value with + 30 %.
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Fig. 3. Results of simulation to determine Ey. In this case, vertical
muon spectrum was used as Ey~2-7

4. Detecting small shower In the 2nd phase of THE SPHINX PROJECT = a hy-
brid TLC-PAIR METER, the most important technique is to detect small elec-
tromagnetic showers induced by a high energy muon on a TL-sheet.

We tried to read out from a TL-sheet irradiated 9°Sr"\f3-ray which is
equivalent to electron number of 20 GeV shower and this sheet was already
exposed by cosmic rays, background for one year at Mt.Norikura.

The ' RAW DATA [f] " in Fig. 4 is a integrated frame picture. This
irradiated sheet was read out by TL spatial distribution read out system®.
The [f] corresponds to 'Matrix" and éach'picture cell correspond to matrix
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element. [fi] is an i-th frame picture, I [fi] = [£]. [S]; S-matrix of
standard Hadamard matrix, [H].
[S]-[fi] = [Fi] ; Hadamard transformed matrix,

[F‘i]: the treated matrix; when a matrix element has small value,
that element reduces to zero.

2[F'5] = (F'], [S17L[F'] = [£']
The matrix [£'] is a new frame picture applied Hadamard Transform Technique
[HTT]. In Fig. 4, the frame picture [f'] after HTT is clearer than the [f}
for the shower position; the use of mutual-correlation at frame picture is
effective to higher ''Signal/Noise Ratio".

RAW DATA (f] HADMARD TRANS (£
background —le o o L I ' o'.' oo 4
(cosmic rays) o o o o o o .
o 00 0 o ° ° 3% e
30Sr g-tay % ¢ % :
irradiation % % 0.
(w20 GeV ° o . o o
shower) e o ( L
° o L)
e o o % o o % °

Fig. 4. One exsample of Hadamard 'I‘ransfox_mi Teéhnique.

5. Conclusions This TLC-PAIR METER proposal [Japan-Italy Colaboration]
approved by the Gran Sasso International Committee. So, simulations are

continued to attain more precise estimation-value and to select more suit-
able design. The HIT will be applied for frame pictures of real showers
induced by muons.
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PROPORTIONAL DRIFT TUBES FOR LARGE AREA MUON DETECTORS
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ABSTRACT

A proportional drift chamber which
consists of eight rectangular drift
tubes with cross section of 10 cm x 5
cm, a sense wire of 100 py¢ gold-plated
tungsten wire and the length of 6 m, is
constructed and tested using cosmic ray
muons. Spatial resolution (rms) is
between 0.5 and 1 mm over drift space of
50 mm, depending on incident angle and
distance from sense wire.

1. INTRODUCTION

The large proportional drift chamber have been
constructed for muon identification in the TOPAZ experiment
at KEK to study ete” interactions (1). A chamber contain
eight rectangular drift tubes with cross section of 10 cm x
5 ¢cm, length of 6 m and a sense wire for each cell (Fig. 1).
Two adjacent planes of staggered tubes help to solve the
left-right-ambiguity. The
chamber with large area, very
simple structure and good
space resolution is also very
useful to study muons in
cosmic ray experiments,
specially to measure the
direction of muons for
multiple muon study and
spectrogragh. In this paper,
we will describe the chamber
design, and cosmic ray test on
the three muon chambers
aligned vertically, filled L/JT
with mixture of Ar + 10% CHy. 400 40
Reconstructions of tracks of unit mm
the cosmic ray in the chamber :
determine the drift distance Fig. 1
from sense wire as a function Sketch of the proportional
of the electron's drift time, drift tube chamber.

T
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the spatial resolution and the chamber efficiency.

2. CONSTRUCTION

A chamber ‘consists of eight rectangular drift tubes with
cross section of 10 cm x 5 cm and the length of 6 m. A
chamber is made out of two four-cell structures which are
extruded separately from 6063-T5 aluminium and welded
together. The ends of the chamber are notched to allow
serial gas flow between cells. Aluminium end caps are
welded onto both ends of the four-cell structures to seal
gas, which also used to support sense wires. Aluminium
plates are welded onto both ends of the lower four-cell
structure to mount the chamber on the apparatus. A maximum
sagitta at the center of chamber is less than 3 mm, a
maximum lateral twist about the wire axis less than 3° and a
surface flatness for 400 mm wide less than 1.6 mm. The
extrusion is cleaned with 10% sodium hydroxide to take off
0il and nap on the aluminium surface. Each cell has a sense
wire of gold-plated tungsten of 100 um in diameter to get
high electric field at the position far from the wire. The
wire is soldered to copper pins in the center of Delrin
plugs under the tension of 850 grams. Lids are attached to
both ends to provide mechanical protection for the wire and
electronics. Chambers can maintain a vacuum pressure of
less than 0.1 Torr, which is the limit of the pump used.

High voltage and preamplifier/discriminator PC boards
are mounted on the chamber. The wire is connected to the
high voltage supply through a 10 Megohm register, and the
preamplifier through a 500 pF coupling capacitor.

3. RESULTS

Fig. 2 shows a set-up of the chamber and read out system
to measure the drift time as a function of a drift space,
photo

A seinti, mul,

T A—D—’\com

-
- >
=<

=

| B [y—pisc]” CONTROLER ~ Fig. 2
Fi il -1 il * ] start{F] — Schematic view of
. dan swxn%ﬂ the se?—up for
e Ty {- l.l¢v YT measuring the
(el -0-1-1 i‘ ““““ HE— _ space resolution
B "OE. P> ' of the drift tubes
lwm “iiVm:i i , with idincident
8';:- oo cosmic rays.’

L
IAMP_DISC.! 'HETEIVER
(SN 72733)  {MC 10116)
Vin. =6.5(volt)



67 HE 5.2-11

the spatial resolution and the detection efficiency. The
set-up consists of three chambers and two scintillation
counters with 10 cm width which are used to select cosmic
ray muons and to generate start pulse for TDC. The drift
times are digitized by 11 bit CAMAC TDC's with 2ns bins and
read out to micro PDP-11. The data are taken for track
angles 0°,28° and 45° with gas flow of 100 cc/min, high
voltage of 3.1 KV and threshold of 500 yv,
get spatial resolution is as follows. Data on time, about
1x104 events for a track angle are converted to drift
distance from the wire using a time-distance relation which
is assumed at first. Assuming the wire positions, the
circular space contours are fitted with a straight line of a
track using the method of least squares, which gives time

The analysis to

new distance on the straight line.

The mean of the

60 crereee rrrreerer v — 1'5f L T T T T
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Fig. 3 N 1 " 1 —l 1
Distance from the sense wire '10 20 30. 40 50
versus measured drift time Distance from wire(mm)
for track angle 0°.
Fig. 4

Spatial resolution (rms)
VS distance from wire for
track angles 0°, 45°.

deviation from the straight line for each wire changes the
wire position. By calculating the mean of the time-distance
distribution, a empirical time-distance relation is
obtained, which is used for next straight line fit. These
calculations are continued until the width of the
experimental time-distance distribution is minimized.

Fig. 3 shows a scatter plot of the drift time VS the
distance of the track from the sense wire; time-distance
distribution for track angle 0°. At larger track angles the
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time-distance distribution is almost the same. Fig. 4 shows
the spatial resolutions (rms) VS the distance at 0° and 45°,
which are obtained from the time-distance distributions
(Fig. 3). The resolution is 0.5 mm at the center and about
0.8 mm at near to and far away from the wire for track angle
0°, but gets worse at large track angle, ~ 1 mm at 45°.
Fig. 5 shoes the single wire efficiencies VS position
distribution with a maximum collection time of 2 us at 0°
and 45°. The efficiency is greater than 99.97% within 43 mm
but drops off rapidly near the ends.

4. CONCLUSION ,

Large area rectangular drift tube chamber with drift
space of 5 cm are constructed and tested. The spatial
resolution (rms) is better than 1 mm, and the efficiency for
detecting the passage of a particle is greater than 99.9%.
These characteristics are adequate for the purpose of a
large muon detector in cosmic ray experiments. ..
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An Upper Limit of Muon Flux of Energies above 100 TeV
Determined from Horizontal Air Showers Observed at Akeno

M.Nagano, H.Yoshii*, T.Hara, K.Kamata, S.Kawaguchi** and T.Kifune

Institute for Cosmic Ray Research, University of Tokyo, 3-2-1 Midoricho
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Abstract Determination of muon energy spectrum above 100 TeV by
observing the extensive air showers from the horizontal direction(HAS) has
been continued at Akeno gor four years. No definiteomuon originated
shower of sizes above 10~ and zenith angifi aEave_?O E?s been observed.
The upper limit_of HAS intensity is 5x10 s sr (90% confidence
level) above 10 . The value igdig@te§ltha§ the upper limit of muon flux
above 100 TeV is about 1.3x10 m s sr and is in agreement with that
expected from the primary spectrum with a '"knee", assuming scaling in the
fragmentation region and 40% protons in the primary beam. The critical
energy at which muon flux from prompt processes(decay of charmed particle)
take over that from the conventional process is higher than 100 TeV at
horizontal direction.

1. Introduction

The determination of the muon spectrum above 50 TeV is interesting
in relation to the proton spectrum in the primary beam and the production
cross—section of prompt muons through leptonic decay of charmed
mesons(D,D) or charmed barqu(Az) in hadronic interact{f?;(4§redictions
of the prompt muon spectrum are made by various authors . An
estimated crossover energy where the prompt muon flux take over the
ordinary muon flux is d%g§erent from authors, ranging from 75 to 1000 TeV
at horizontal direction and hence some models may be discriminated with
the present experiment.

The extensive air showers(EAS) observed at large zenith angle are
most probably initiated by bremsstrahlung gamma-ray of high energy muons
produced at the early stage of the shower development and are called HAS.
This experimentowg§ stimulated by the observation of muon poor showers at
around 55~ - 60 as a(§ypporting evidence of the flattening of muon
spectrum by Mikamo et al . By adding the timing channels and the track
detectors of muons, the discrimination of HAS from EAS is much improved in
this experiment.

2. Experiment

At Akeno air ghower array, 153 unshielded scintillation detectors of
1m (6 of them 2 m ) and 9 shielded deg?ggors of 25 m (muon stations) are
distributed over an area of almost 1 km . At the center two towers of
10m height are built and the two detectors are arranged in order not to
tEigger the vertical gmall showers. Around the tower, 25 detectors of 1/4
m~ area and 29 of 1 m” are arranged for the size and age determination of
small HAS. . Out of all scintillation detectors, 86 are accommodated with
timing circuits. 28 channels are in the central part and their timing
resolution is Z(S)nsec each. Others are detectors of 120m spacing with 10
nsec resolution . At two of nine muon stations, two more layers of 50
proportional counters each are arranged 25 cm apart from the adjacent
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layers. Projected muon tracks obtained at two stations, in which
proportional counters are arranged orthogonally to each other, are
available to determine the zenith angle of muons.

The size and the arrival direction of the showers are determined by
the least square fittingé For shower of size 107, ghe error in zgnith
angle determination is 3~ at the zenith angle of 60 and 5° at 35 for
smalloshower trigger. For large shower trigger that is about 8 above 10
at 60 . The zenith angles are also determined by measuring the muon
tracks with three layer proportional counters. In case that the latter
methods can be applied, zenith angle is determined within 3° above 600.
The error in size determination is less than 50% even for the flat shower
of small size at 60°. 8

Observation time is 1.07x10° sec. The effective collection area is
size and age dependent and is evaluated by the Monte Carlo simulation.

3 Results

In fig. 1 are plotted N versus
N” relation for showgrs of zgnith
angles larger than 60, which are
selected by both timing and muon
tracks. 1In case of muon poor showers,
the arrival direction of some showers 6.0
can not be determined by the muon
tracks due to the lack of muons in
three layer proportional counters. 1In
such cases, the density map was used
to check the arrival direction by
comparing with that of artificial
showers simulated with the determined
electron size, core position and the
arrival direction. The average N vs
NM, relations for showers of sec
ranges 1.0 -~ 1.1 is drawn by a solid
line for reference. The broken lines 4.0
are upper and lower bounds of N vs gu
relation for showers above 60
estimated from the data distribution
and the triggering inefficiency.

LOG(MUON SIZE)
v
=

o #782-597

I #311-18Y

" PR Lo s 1

5.0 6.0 7.0

There are many showers of relatively

low muon contents for showers of small LOG(ELECTRON SIZE)

slze. Tl.lese.ar‘e mainly dl,'le to 'Fhe Fig. 1 Muon size vs. electron size for showers
underestimation of muon size, since of zenith angles above 600, Two events with

the number of detectors of zero muons event numbers are candidates of HAS,

increases for small showers.
There are two showers whose muon contents are about 1/10 th of lower
bound of N vs N relations. In table 1 are listed the properties of two

candidateseat zenith angles above 60 . These events are similar to the

expected ones from HAS. However, there is no such candidate above 70

against more candidates below 60 . That is, the flux of this kind of

Table 1. Properties of two HAS candidates ‘F

Event No. GFT ‘fFT %u Ne Age N“, ('}i)at 30m
= - /o)

#311-484 68: 163;’ 64*513 3.1x10g 1.0 6.2x10. 0.010%0.008

#782-597 64 296 63 "+ 3 9.6x10 0.65 7.5x10 0.004 £.0,005
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shower decreases with zenith angle
and hence the zenith angle
distribution is different from the -8}
expected one from conventional or
prompt muons. Therefore, we can not
conclude that these are showers
initiated by high energy muons.
Assuming 1 event in each AlogNe
bin, the upper bound of the size
spectrum of muon induced showers is
evaluated. Since we have no gefinite
HAS, the absolute value at 10~ is
determined by_taking 2.3 events{C.L.
90%) above 10~ after integrating
MNJAmJtJhm , where A(N ) is the
sizeé depéndent effective area, and t
and b are observed time and solid

1
—
~N
\j

LOGCINTEGRAL FLUX) (m2s~1sy™d)
5

angle. The solid line with hatch in -16¢
fig.2 shows the upper bound thus -17 A - n
degermined.;lghe_gppgf lim}t above 10“ 105 105
10~ is 5x10 m s sr .
: SHOWER SIZE
4, Discussions E;gf\asch g Upggr bgung of H{\SsspectgumBits‘ shogn
. ed area. Open circles are by Bohm an

_ Though two events remained as Nagaro(10) and closed one by Mikamo et al(7).
candidates of muon induced showers The expected HAS spectrum for two kinds of muon
among more than 500,000 triggered *energy spctrum I and II are also shown.
showers, they are not likely to be
the showers initiated by muons from (7)(10)

their zenith angle distributions. 1In fig.2, the previous results

are also plotted. The flattening of muon spectrum is not observed in this
experiment. If their spectrum extends further to our size region, we
should observe HAS above 70  more than 5 events during the observation
time. The reason of the discrepancy of both experiments is not clear. The
calculation of the effective area for each experiment wag done by the same
procedure. The acceptance times observation time for 10° of the(esesent
experiment is about three times larger than that of Mikamo et al .

The expected HAS spectrum from muon spectrum is evaluated and
cogpared with the present up?fi)limit of HAS spectrum. The muon spectra at
75" are calculated by Mitsui with two kinds of nucleon spectrum. (TE?
spectrum I is extrapolation of proton spectrum measured by Ryan et al
plus .ucleon spectrum from other nucleus with the same proportion of each
component at 1 TeV. The spectrum II is assumed one that the composition
does not change, but the total energy spectrum with knee is taken into
agcount. The results are shown in fig. 3, where the flux is multiplied by

E". The broken line is that from the spectrum II and solid one from I. In
_the same figuFE)prngy muon spectra calcu%zyed by various authors; EGS
model 1, 2, 3 y C and IKK model 1, 2 are also drawn.

The expected size spectra at 75° is derived by the Monte Carlo
simulation by considering the bremsstrahlung process. The expected size
spectra from I and II are drawn in fig.2 by a solid and a broken line,
respectively. The upper bound at 10~ is in agreement with the expected one
from the primary spectrum with a "knee" and the so called '"normal
composition(40% protons)".

The present upper bound of HAS spectrum converted to muon energy
spectrum is shown by shaded region in fig.3. The fluxes denoted by EGS
model 1 and IKK model 2 are higher than our upper bound .and hence may be
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Fig. 3 Hatched region shows the upper bound of muon spectra estimated from

the present upper bound of HAS spectrum. The muon energy spectra at §=75°

calculated by Mitsui(11) with two different primary nucleon spectra 1 and II.

The muon spectra from the prompt processes estimated by various authors are

also shown.(2)(3)(4)
ruled out. The difference between models are mainly due to the differences
of production cross-section of charmed particle and the fraction of energy
delivered to charmed particle_ to incident energy. In case of EGS model 1,
q: (mb) = 0.36 1n(s/80 GeV™)._, In model 2, this cross-section becomes
Eofit®ant (0.7mb) above $=4400 GeV“. In two models denoted by IKK the
diffractive production of D, D and A::are taken into account, whose
contribution is abo? )40 times larger than their previous result with non-
diffractive process . This large difference is mainly due to the large

transfer of energy to charmed particles in the diffractive process.
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COMMENTS ON THE MEASUREMENTS

'

OF MULTIPLE MUON PHENOMENA

Sato,T., Takahashi,T. and Higashi,S.
Depertment of Physics, Osaka City University,

Osaka, Japan

Abstract

According- to the Kiel group (1), the
extensive air showers in the energy around
1015 ev include those initiated by
astrophysical primary gamma-rays. In such
observations, we need to have a precise
measurement on the directions of primary
particles. It is one of the methods to measure
the directions of high-energy muons in air
showers. We have investigated the accuracy in
measuring the direction, by caluculating the
cosmic-ray phenomena in the atomosphere at
very high energy. The results caluculated by
Monte Calro method suggest that one may
determine the direction of primary cosmic-rays
within errors of 10-3 rad in observing muons
of above 100 GeV at sea level.

1. Introduction

On the observation of high-energy gamma-ray (N'1015‘eV)
from point source such as Cyg-X3, it is very important to
have a precise measurement on the direction of primary
particles. When we observe the extensive air showers by
using scintillation counters, the arrival direction of
showers may be determined by measuring differences on the
arrival time of incident particles into scintillation
counters. However, the shower front having thickness of a
few meters, it is difficult to make the errors in the
detection of arrival direction less than 10~2 rad for the
zenith angle.

On the other hand, high-energy muons in air showers are
produced at the first stage of development of air showers,
and the deviation of these direction from one of primary
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particles depend on the transverse momentum ( v 400 MeV/c )
of hadrons, which are parent of the muons in the first
interaction. So, it is expected that these high-energy muons
( above 100 GeV ) may have much the same direction as
primary particles have.

In this paper, the accuracy of the primary direction
obtained by measuring the direction of muons at sea level
have been investigated by Monte Calro method.

2. Method of simulation

Here the protons have been used as primary particles and
energy region of primary particles are 10 n~ 30 TeV. We have
used the energy spectrum of primary cosmic-rays by Grigorov
et al. , which have been measured as total particle
spectrum (2). Our simulation have been made using the
scaling model standing for the Feynman scaling in hadronic
interaction (3). The interaction cross section of a hadron
is assumed to increase as increasing of energy (4). The
multiplicity distribution is assumed to obey the Koba-
Nielsen-Olsen scaling low (5) (6). The transverse momentum
of each secondary particle, py 1s sampled using the
distribution of linear exponential form and the average
value < py > set to 440 MeV/c. The effect of energy losses
and of geomagnetic field have been taken into account.

3. Results of simulation and Discussion

The present simulation has

been carried out on the high- 300
energy muons initiated by
primary cosmic-rays with
vertical direction. The energy,
the zenith angle, the position
and the other properties of
muons for each shower at sea
level have been simulated (7).
Fig. 1 shows the distribution of
difference between the average
arrival direction of muons and
the direction of primary
particle, A6. In Fig. 1, a solid
line , a dashed line and a N "
dotted 1line shows the i 2 3 4
distribution taking 100 Gev, 200 A9 (mrad)
GeV and 500 GeV as threshold ‘
energy of muons, respectively.

The deviation of these Fig.1 A®-distribution.

— E,2100Gév
--- £,2200 Gev

S
| e £,2500 Gev

——TT 0
————

T
ey
]

l___..__.,l_— o

NELRAMRLRL

100

No. of events/O.Zmrad
N
(&)
O
{I
.




75

distribution gives a accuracy of
the measurement on the arrival
direction, and the deviation
for each threshold energy is
decreasing as increasing of
energye. Namely higher energy
muons is detected, more precise
observation on the arrival
direction of primary particles
is obtained, though number of
muons detected is a few in
higher threshold energy. In Fig.
2 the number of muons detected
per shower for each threshold
energy is shown. Though Kiel
group had reported that the air
shower started from gamma-ray
primary is muon-rich '
generally, such showers have a
few muons. This method which use
a few muons is very useful
to determine - the arrival
direction of the showers started
from gamma-rays.

For example, the extensive air
showers around 1013 ev have »
0.5 muons/m?, which had energy
above 100 GeV, in the core.
Therefore, using the muon
detector with the area of 100
m2, we could observe N 50 muons.
Though the number of muons in
the air shower started from
gamma-rays are 1/20 of one in
air shower started from proton,
we can observe at least a few
muons. Therefore, the arrival
direction of the extensive air
showers may be determined better
than 2.0 mrad.

4. Conclusion
The accuarcy in determining

the arrival direction of
extensive air showers by high-

energy muons have been estimated.

by Monte Carlo simulation.

No. of events
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Fig. 3 shows the result of the simulation, where a solid
line shows the means of difference between the direction
determined by high-energy muons and the arrival direction of
air showers against threshold energies of muons and a dashed
line shows the dispersion of the differences. This
simulation has not included the multiple Coulomb scatterring
of charged particles in passing through the matter, which
depend on total amount of matter above a muon detector. But
the result in this paper may be help to attempt the
experiments.
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ENERGY SPECTRUM OF CASCADE SHOWERS INDUCED BY COSMIC RAY
MUONS IN THE RANGE FROM 50 GEV TO 5 TEV

Ashitkov V.D., Kirina T.M,, Klimakov A.P,,
- Kokoulin R,P,, Petrukhin A.A., Yumatov V.I.

Moscow Physical Engineering Institute, Moscow 115409, USSR

Abstract. Results of a new measurement of the energy
spectrum of cascade showers induced by electromagnetic
interactions of high energy muons of horizontal cosmic
ray flux in iron absorber are presented. The total
observation time exceeded 22,000 hours. Both the energy
spectrum and angular distributions of cascade showers
are fairly described in terms of the usual muon genera-
tion processes (i.e. through % - and K-decays in the
atmosphere) with a single power index of the parent
meson spectrum over the muon energy range from 150 GeV
to 5 TeV,

1. Introduction. Recent magnetic spectrometer measurements
of coemic ray muon spectrum at large zenith angles (1,2]
agree well with each other and are successfully interpreted
within the frames of the conventional muon generation pro-
cesges with a value of the differential parent particle
spectrum index of about 2,7 up to several TeV muon energies.
A similar result was obtained earlier in the ionization
calorimeter measurements of the spectrum of cascade showers
initiated by muons [31 and was confirmed by the MUTRON ca-
lorimeter data published recently [4]. However, a number of
experiments [5-8] give appreciably more rigid shower spec-
trum"around 1 TeV, what is claimed tvo be caused either
by some additional flux of muons (or some other penetrating
particles) or by an anomalous muon interaction increasing
with energy. On the other hand, in the experiments [9,10]
the steepening spectrum of cascade showers was observed.

Here we present the first results of & new measurement
of the cascade shower spectrum using an ionization calori-
meter. Compared to our old data [3], the energy range has
been extended to lower energies,The exposure time and hence
statistics of high energy events have been doubled,

2. Experimental. A schematic diagram of the experimental
arrangement 1s given in Fig.1. The arrangement consists of
the six-layer calorimeter and G.M. counter hodoscope detec-
tors. Two trigger modes have been used in the operation.
The first one required the coincidence of any three layers
of ionization chambers (ionization > 80 cascade particles)
together with the total energy deposition exceeding 60 GeV,
The second trigger was organized to study the low energy
part of the spectrum and included. & coincidence of two
hodoscope detectors and triggering of any pair of adjacent
layers of the calorimeter with the above ionization thresh-
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= —= old. The cascade energy threshold in
AC the latter case corresponded to app-
roximately 20 GeV, A veto signal from
A Ic B an air shower shield was formed by a

4~fold coincidence in AC detector
which consisted of 6 cells of 0.8 m?
sensitive area each, A more detailed
description of the experimental arra-
ngement has been published in [111.

During five experimental runs in
| | 1980 to 1984 with the total observa-
, tion time of 8,0x107s of about 250000
Fig.1 events have been recorded and ana-
&. lysed. Only cascade showers initiated
by muons crossing hodoscope detectors with 2zenith angles
© 260° have been selected to study the shower energy spect-
rum and angular distribution., Edge events and a small amo-
unt of nuclear showers (which are very different from elec~
tromagnetic ones in longitudinal development ) have been re-
jected. The total number of reconstructed events equals to
8.2x10% -for trajectories traversing both A and B hodoscope
detectors with A 22 triggered 1layers of the calorimeter,
and 3.8x104 for three-layer events (A 23) with at least one
hodoscope detector (A or B) discharged. The maximum detected
shower energy was about 16 TeV,

3. Data analysis and results. To derive cascade shower gene-
ration spectrum from the observed distributions the accurate
account for experimental conditions (arrangement geometry,
trigger and selection criteria, hodoscope and reconstruction
efficiency, the difference bhetween the real shower energy §
and its estimate £, and so on) is necessary, We used the
trial spectrum method to analyse our data, Calculations
started from the expected (or "trial'") spectrum of cascade

shower generation in a unit target mass:
o

Te, (8,0 = L  N(E0)6(E,8)dE, 1)
min

where JWL(E,G) is the differential muon spectrum at the ob-
servation level (has been calculated after [12]), and 6 (E,E)
is the sum of the cross sections of electromagnetic muon
interaction processes [13-15]. A Monte Carlo technique was
used to calculate the response of the experimental arrange-
ment -~ the matrix of the numbers of events N,(A% ,A8)
expected in the energy estimate interval A% and zenith angle
interval A ©. The experimental values of the differential
cascade shower generation spectrum were then derived from a
comparison of the observed N(A%,A0) and calculated N,(AZ,A0)
matrices using the following relation:

T8, 0%) = 1 (67,60 x N(AT,40)/N, (aZ, A0). 23
Here ©* is the average zenith angle in the A© interval, and
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€ is a logarithmi- © T ' T T T
cally averaged value 8
(L.e.,8&" = exp(lnt)) . o - (A+B)(A23)
of the cascade sho- ’
wer energy, contribu- 4 /ij“”’“'zzwfk?ﬁp«“

ting to AY interval, Y =275, K/ =015

Such a choice of the r L. ' ' §¥:
reference energy mi-

nimizes the sensiti- 2 7
vity of the derived ne,789xe%, 107 g s e Gev?

spectrum to the slo-
pe of the trial one. v 1 ! ! | s

The experimen- 50 100 200 500 1000 €,GeV
tal spectrum of cas- Fig.2
cade shower genera- ‘ g.
tion in iron is presented in Fig.2 for two selection crite-
ria discussed in the previous section. Error bars indicated
in the figure are statistical only. The systematic uncer-
tainties may reach=~15%. The best-fit wvalue of the pion
generation spectrum index is 2,75+0.02 in the shower energy
interval 50 GeV € & < 2 TeV for the events selected accor-
ding to (AB)(A22) criterion, and 2,68+0,03 for (A+B)(A23)se-
lection in the range 200 GeV<E <3 TeV, Effective muon energy

range covered by this experiment is
- . r , approximately from 150 GeV to 5 TeV.

© - (ABXA>2)

i— 71T 1T 711
1 )t 1.

1

30 RCE,0)/N 08,600 ] ar distributions of cas-
cade showers initiated by muons are

curves are calculated with¥= 2.70

€ =1TeV and K/ = 0,15 and normalized to

the experimental data. The agree-

-

20 ment of the observed distributions

25k \\ _ given in Fig.3. The theoretical
L with the theoretical prediction is

excellent.

AN < above muon energy E,. With an app-
1.5 %\\
L\\? muon intensity does not strongly

1.5
4 Cascade shower intesity above
S~ a certain energy ¢, may be conver-
20f; \\? £=05TeV ted into absolute muon intensity
ropriate choice of the relation

. between £, and E,, the estimated

» ~ depend on the spectrum model and
1or 4 relies mainly upon thé electromag-

S £=0.2TeV . netic interaction cross sections
sL i used in the conversion. Absolute
5 y/yﬂv\ﬁ\\k\\w muon intensities above 1 TeV at

~_ large zenith angles derived from
ol o~ the present experimental data are

given 1in Fig.4 together with the
recent magnetic spectrometer re-

00 01 02 03 04 cos®  gy1ts, Errors quoted (except MUTRON
Fig.3 point) are pure statistical. The
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systematic uncertainty of L T T T T
our data is of about 15% 20 F N (51TeV.0) 4
and is related mainly to { * B 21
the absolute normalization $8 ¢ €

of shower energy measure- 15 5 §}{ i
ments. $ ,

4, Conclusions. The energy " $ ]
spectrum of cascade showers or 8 RIS N ¢
initiated by cosmic ray mu~ ® -PRESENT DATA

ons and their angular dis- 05 . . ! ! 1
tribution have been measu- 90 85 80 7 20 0°
red in a wide energy range v :

with a good statistical ac- Fig.4
curacy. Both the spectrum 8.
and the angular distribution are fairly described by a con-
ventional picture of muon generation in4i- and K-decays with
a single power index ¥q = 2.68 - 2,75 and K/f-ratio of 0.15
over the muon energy range from 150 GeV to 5 TeV. The abso-
lute muon intensity at large zenith angles derived from the
cascade shower intensity agrees with the recent magne-
tic spectrometer data and does not support the hypothesis of
the additional muon interaction around 1 TeV muon energies.
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MEASUREMENT OF MUON INTENSITY BY CERENKOV METHOD
Liu Z.He, Li GeJ., Bai GeZe
Liu J.G., Geng Q.X., Ling Jo.
Chongqing Institute of Architecture and Engineering
Chongqing, People's Republic of China

1. Introduction.
Optical detection is one of the important techniques in

studies and observations of air showers, muons and relevant
phenomena. In order to measure the muon intensity in a pro-
per energy range and to study some problems about cerenkov
radiation of cosmic rays, a muon-telescope with cerenkov
detector has been operated.

2. Experimental arrangement and method.

The telescope consists of two scintillation counters,
one cerenkov detector and coincidence circuits. The cerenkov
detector is installed in a closed cylindrical shell and is
composed of bare photomultiplier, parabolic mirror with
diameter 500 mm and focal distance 260 mm, pre-amplifier
etc,

The hollow cylinder is assembled in sections and so that
its height may be changed. Near by the telescope, another
gseintillator has been operated simultaneously to determine
the influence of showers on the intensity.

Signals of cerenkov radition from photomultiplier are
amplified and analysed by a multichannel analyser gated
"on" by the telescope coincident output.

3ince the number(n) of cerenkov photons emitted within
a reglon of wavclengths Aand A, for a particle with f§~1 is
given by:

_ 4 .2
n = 27To(l()“_ )w) 3in“ @

the number of cerenkov photons emitted in a unit of path
length can be calculated. In observations, the actual number
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of photons reflected from the mirror and collected by the
photomultiplier will depend on various factors. It can be
compared with the value .of theoretically expected.

3. Results and discussion.
The muon intensity measured is in agreement with the

integral energy spectrum of cosmic ray muons. Details of
data analysis will be presented as more observations are
completed.

In order to get correct analysis to the experimental
process, fluctuations and influence factors, it is better
to operate the apparatus in various conditions, such .as,
varied height of the hollow cylinder, different placement
of photomultiplier with different area of photocathode etc.
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ANALYTICAL CALCULATION OF MUON INTENSITIES
UNDER DEEP SEA-WATER
‘ Inazawa, H. and Kobayakawa, K.
The Graduate School of Science and Technology
and College of Liberal Arts, Kobe University
Nada, Kobe 657, JAPAN
1----Introduction. The study of the energy loss of high energy mumons

through different materials, such as rock and sea-water can cast light
on characteristics of lepton interactions. There are less ambiguities
for the values of atomic number (Z) and mass number (A) in sea-water
than in rock., Muon intensities should be measured not omnly as
fundamental data but also as back ground data for searching the fluxes
of mneutrino. The average rang—energy relation in sea—water is derived.
The correction factors due to the range fluctuation is also computed.
By applying these results, the intensities deep under sea are converted
from a given muon energy spectra ‘at sea-level. The spectra of
conventional muons from n, K decays have sec6® enhancement. On the other
hand, the spectrum of prompt muons from charmed particles is almost
isotropic. The effect of prompt muons is examined.

2+ -The energy loss of muon in sea—water. With respect to the Pacific
Ocean near Hawaii, the salinity is taken as 34.5%0 and the density as
1.0275. Referring to (1, 2) we obtain the fundamental constants for
this salinity as follows: <Z)> = 7.471, <A) = 14.873, <Z/A> = 0,5525 and
{Z2/A> = 3.779 which differ a little bit from Varilov et al (3). The
salinity and the inorganic composition of the sea-water over the
apparatus is desirable to be directly measured.

The rate of muon energy loss is given by (4)

~dE/dt = k(E) + b(E)E (1)
and b(E) = b,(E) + by(E) + B (E) , (2)
which are the terms from pair production, bremsstrahlung and nuclear
interaction, respectively. In a good approximation, we have

B (E) = 5,043 + 0,1165 1nE(TeV) 10"7/gem 2, (3)
which “corresponds to o(hv) = 125ub (5). The b, term is corrected (6).
The energy dependence of b is shown in Fig, 1, where those in standard
rock (S.R.) and water are compared.

3 -Average range~energy relation- and- correction factors: After
integrating eq. (1) numerically, we get the average range D(E)
corresponding to the muon energy E at sea—~level. The E-D relationm in
sea—water is shown in Fig. 2, as well as in S.R., and water. One find
1~ 2% differences of D(E) in sea~water and in water near at E = 100 TeV.
The corresponding zenith angles at DUMAND to ranges are added in Fig, 2.
The vertical depth of DUMAND is taken as 4.8X 105 g/cm? which muons with
E = 3.1 TeV reach to.

The correction factor R is defined by R = I (D)/I(D), where I and
I, are intensities with and without the range fluctunations,
respectively, The values of R depend on the exponent B of the integral

energy spectrum at sea-level, i,e. I()E)ocE—ﬁ. Following to the
procedure in (4), the R values in sea-water are computed for f =2 and
3. The R values with any B at a given depth D can be interpolated or
extrapolated from the relation
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1n R(B) = -k,B3/2 + k, |, (4)

where k, and k, are constants determined from R(2) and R(3). Fig. 3
shows the dependence of R with D for § = 3, 2.7, 2.5.

4 --Intensities deep under-sea. The muon energy spectrum at sea—level
can be converted by using the results obtained above. So the spectra
are assumed as follows. The conventional spectrum at vertical direction
is referred to Komori and Mitsui (7). This spectrum has almost constant
B, i.e. 2.67, above E = 10 TeV, Since the conventional spectrum is
enhanced by sec®, the enhance factors are estimated from those given by
Maeda (8). These spectra are shown in Fig. 4 for both vertical and
horizontal directioms. The 1latter fits well with MUTRON data up to
E = 25 TeV (9). The dashed curves in Fig. 4 shows prompt muon spectra
which have no dependence of © up to E = 1000 TeV (10). The maximum
contribution (MAX.PROMPT) is estimated under the assumptions that the
diffractive characters of the produced charmed particles are extremely
stressed and the intrinsic charm distribution is very hard. The minimum
contribution (MIN.PROMPT) is taken out of charm production only in

non—~diffractive processes, The maximum and minimum prompt spectra are
well described by .

IP(>E) = 2.11X10-% E(TeV)-2.44 (cm? s ster) 1, (5)
IP(>E) = 7.36 X10~21 E(TeV)-*+45 (cm? s ster) 1, (6)
respectively.

The intensity at a given vertical depth D can be obtained by the
following procedure. The corresponding energy E to D is given by the
average range energy relation,. After B around E is determined from
I(JE) in vertical direction, R with D and B is got from eq. (5).
I(>E)/R is the vertical intensity at D. The resultant intensity is
shown in Fig. 5 as a solid curve, When the energy spectrum includes the
miximum prompt part, the intensities changes into a dashed curve. Cld
measurements of OCU group (11) and Vavilov et al, (3) are also plotted.
The recent simulation (12) gives the almost same results with curves of
the figure.

The same procedure is applied to the intensity at a slant depth.
Here we consider a measurement at the vertical depth 4.8 X105 g/cm?
(DUMAND) . Since the conventional energy spectrum is enhanced in an
inclined direction with 6 as shown in Fig. 4, we have a different R as
well as I(DE) from vertical ome, where E corresponds to the slant depth
4.8 X105 sec® g/cm?, The relative contribution of prompt muons, if any,
to total intensity becomes the 1less as @ becomes the larger. The
intensities vs slant depths (or zenith angles at DUMAND) are presented
in Fig. 6. If the maximum prompt muons contribute, the intensity is
about twice of that without prompt muons at 6 = 70°,

5+.--Conclusions and discussions- The average range energy relation
and the correction factors due to the range fluctuation have been
computed in sea-water, From a given energy spectra at sea—level which
are conventional (m. k decays) and prompt (charmed particles decays),
the intensities in the vertical direction deep under sea have been
obtained (Fig. 5). The angular dependence of intensities at DUMAND has
been made clear (Fig. 6). It is concluded that measurements at larger
zenith angle than 70° can reveal the contribution of prompt muons. The
present calculations are wuseful for the measurement of muon neutrino
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flux. Because this flux can be estimated from the deviation of the
observed flux from the intensity described here.
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PHOTO NUCLEAR ENERGY LOSS TERM FOR MUON-NUCLEUS
INTERACTIONS BASED ON '§ SCALING MODEL OF QCD .

Rajkumar Roychoudhury
Electronics Unit
Indian Statistical Institute
Calcutta T00035, INDIA
1. Introductione EMC collaboration e::peri.me::ﬂ;sAl discovered a signifi..
- cant deviation of the ratio of structure functions of iron and deuteron
from unity (see Fig: 1)°

This reau1§ was later verified by a
" SLAC group™ These results have estab.
lished the fact that the quark parton
o K distritution in nuclei are different
el from the corresponding distribution in
e '4 the nucleous. In the present paper we
s examine whether these results have any
K - effeot on the calculation of photo nu-
mi cleous energy loss term for muon.nucl-
Fig.iﬂ'l:mio of the struciure functions of iron g.?lear interaction‘ All the prev-
and deuteron Dato from the EMC', j_ouﬂ calcu_lations were based on the
data of ep scattering in which the de-
viation discussed above was neglected.
Though the EMC and SIAC data were res..
tricted to rather large q2 region it
is expected that the d.wi%tion wogld
: persist even in the low q¢ domain
The model used us is a modified version o:t'? scaling model of Geor-
€l and Politzer/. For the ratio of iron and deuteronstructure fungtion
we took a rather naive least square fit of the form R(x) = a + bx’ and
assume the formula to be valid for the whole q2 region in the absence
of any knowledge of R(x) for small q2.

2. Z scaling model and Kinematics . If a massless gquark carries a
fraction of the proton momentam and is kicked onto its mass shell

by the collision, then
2 2 '
(Sp+q) = §2m§‘+2§p-q+q=0 (1)
: 2x
from which we get = 72 (2)

1+ (1 + 4x3 m15 / 2) o

where x is the usual Bjorken scaling variable defined by x = q /2m

being the energy transfer+ Taking into account of scale brea.king Ph-
enomena, nucleon structure function has been constructed after the

scaling model of Georgi and Politzer!Yfor laxge q2 in the following

ST 3 (R SR o)
kS (1+4m /<1)15

For low q (<4 (Gev/c) ) the struot\n'e formation can be approximat
WY w, e (aa® + 0/ y) (4)

RO

(3)
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and we take
W ey wz/anpx _ (5)

A good f.'lt1 1l:o the structure function for low and high q2 values is ob~
tained with a = *655, & = *3%The x dependance of the ratio R(x)

_—nge/ ))vg is taken to be

R(x) ~ 1.2 - *5x | (6)
the enexrgy loss tgrm bN is given by .
N Vmax ' ne1 d% 2
by =3 j"“ & 3 dg“a v )
g 2 . dq da v
Ymin  Y%min ‘

where q2, E, Y are respectively the 4 dimensional momentum transfer 8Q-
ared, the muon energy and the energy transfer E — E'* N is the Avogadro
number, A the atomic mass n mber and n is the pover index describing
the A dependance of the cross section and m ig the proton mass® The

limits of integrations are giv:n by P
vminlz"n .2 7:“"’3[1--2%(1-“3“2/:1)2)] (8)
oy
2 2

nq, n, being the pion and muon mass respectively The dowble differen
tial or

oss gection for inelastic muon nucleus scattering is given by
Drell and Waleckal2' '

2 2 a2 2 2
-g-;-g;—-; - 1_5)m2q4[ (@° - 2 nuz) Wo+(EB(E-Y)-q /2¥,] (10)

In principle by can be evaluated from (7) and (10) but the calculation
is cumbersome “and lengthy. However if we neglect texrms of order 1/B
~ then bN can be expressed in a closed form’

2 _
btow 2% Are NZ[1451n (m , E + & % /2) +D85% ] (1)
g w2 v

where A for atmosphere is 14°75 and A t/A o~ *8the suffix 1 in PN me.
ans that b has been calculated withodtftaking imto account of EMC ef..
fect’ If J take into consideration of EMC effect and calculate bN
(call it b2 ) then to the leading order

N
b2, 1020 (12)
¥ N

3* Regulte and Discussions . Fig*2 shows the energy dependance of 'lam
found from the present calculation’ Though the EMC data is mainly
confined in ‘the Tegion of G2 > 1 Gev/c we assumed the result to be va-
1lid in the whole q< region’! The result b® would be modified in

N
future when further data for heavy nucleus like Al would be availab-
le in q? ¢ 1 (Gev/c) region’
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If it is found that R(x) does not differ from that in the low q2 Tegiw

on then bl will represent the muon energy loss which is still higher
N

than that estimated by Dau et al*

Conclusion Assuming EMC results for R(x) to be valid in the low qa
region, value calculated using the structure function for deep iR
elastic mlon scattering off a nmucleon bound in a nucleus found to be
higher than that obtained using the structure function for deep inel.
astic muon scattering off a free mucleon® Also both b ! and b2 rise

with energy’ N N

1 1 -
10 100 1000 10000
MOUN ENERGY E (Gev)

Fig.2: The energy loss parameter by plowd as o

tunction of muon energy € — present
caleulation  for Fg (%) Present ¢

for F{“(x) and others taken from the reterances
{3-7).
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ON METHOD OF MNUON SPECTRUM MEASUREMENTS
BY THE SCINTILLATION DETECTORS OF A
LARGE THICKNESS T > 4to .

0.G.Ryazhskaya

Institute for Nuclear Research, the USSR Academy
of Sciences, 60th October Anniversary prospect,7a,
Moscow 117312, USSR

The various methods are known for the study of muon
spectrum. The direct ones include the muon energy measure-
ments by magnetic spectrometers. The indirect ones deal
with the reconstruction of the muon spectrum from the
spectrum of secondary particles (-5 -quanta, knock-on elec-
trons and e e -pairs) obtained by burst or celorimeter
technique. The burst technique is based on the measurement
of the number of cascade particles, mainly in the cascade
meximum, by the detectors of small thickness T < t t, -
rediation unit). The calorimeter method comsist in®dete®-
mination of the cascade energy with help of the cascade
curve shape. For this purpose the multylayr detectors can
be used. They are usually comprised of proportional coun-
ters, X-ray emulsion chambers or scintillation counters
with the target material placed between them.

Using the scintillation detectors of a large thick-
ness one cean meesure the total cascade energy directly. In
this case the detector works as a true calorimeter. But
when the total energy is detected, the cascade spectrum
differs from the muon one.

Let us consider the spectrum of cascades generated
by muons in the target of infinite thickness with Z=12.
The spectrum is measured by the scintillation detector of
thickness T > 4t, . The cascades with energy v > 200 GeV are
mainly generated by bremsstrahlung -s-quanta. The contri-
bution of knock-on electrons decreases with energy. The
value of Rg, ='£z 3) gg (where Fg(>J)dy , F (Y )ay
are the spectra of knock-on electrons and -y ~quanta, is
the particle emergy ) depends on the muon spectrum index
very weakly. The values of Rs, for Z=12 and =5, = 1.0,
1.5 and 2.7 are presented in Table 1. One can calculate
Rg, with the accuracy better than 5% according to the
formulas:

Rg, = 409° Tz;%yqr* (1),
where VvV 1is in GeV.
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Table 1
N, GeV 100 200 | 300 400 | 500 1000

The contribution of the cascades from e*e ~pairs is
about (3<4)% for all energies /1,3,4/. Therefore, the
spectra of the cascades generated only by muons through
bremsstrahlung and inelastic scattering should be consi-
dered.

The bremsstrahlung cross section /1,2/ for Z=12 proves
to be approximated with accuracy better than 1% by follow-
ing functions:

dGp(v,v) = Gb~fb(vé\>,Z)-d nv (2),
where C = 4o4(r°§) '%"-Z(Zﬂ),

fb(v,~0,12) = C1 = 11.45 for v <0.03

£ . (v,Vy ,12) = A (B,.+1n 1 ); A,=0.939, B.=8.75 for 0.03<v<
b 11 v M 1 <0.178

£,(v,¥,12) = D-1nV +(K-Bln¥) 1nk , D=0.824, K=5.7, B=0.48
N ' for 0.178 <v < 0.9,

where v”‘EI: y ,EJL are in GeV.

For all other values of 2, fb(v,\J,Z) is
£ (v,9,2) = £,(v, v, - 34 -+ Bty ).

The approximations (2) and (3) are convenient for cal-
culations of bremsstrahlung energy losses and = of the ¥ -
quanta spectrum, R (V) dv. The functions (2) and (3) as

well as these functions multiglied by v S ?a? be integ-
rated snalytically. Calculated according to 2 the ener-

gy losses differ by less than 0.1% from the precise values.
For power-law muon spectrum one gets the following express—
ion for F (V) dv

B (V) av = S 8 [/ (54D (BB (Tug) oY +

NE IS4 '6'}_‘_
) 4N ¢ .
*""“’5'3?—"]  Som (T 1m9) (4),

where in L’'( 7 .) the integration over v up to v,=0.178 is
performed,

3'(;%%%73 D(1~ v, 5#), K'(5) = K [1- v, Ta(1-1nv, ) |,
1 #0178y i (gu) = B [1~ v, TA(1= In v) ] .
L' () is 27% and 23% for

For -5, =1 the ratio
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~%=(200)and 2000 GeV respectively. For %,,>2.5 the ratio
S m .
e, 1037 is less than 2%. According to (4) the brems-
strahlung spectrum can’t be approximated by power law: for
Tu=2.5 when v is increased by the factor of 10, the value
of m(w,., InV ) increases by 29% demonstrating thus the de-

viation from the power-law spectrum. The photon spectrum
is flatter than the muon one. In the more rough approeach
when the bremsstrahlung spectrum is taken as power-law one,
the difference between 7, and 35, is equal to a% =0.11
(5u=2.5). Thus, when the total cascade energy is measured
the spectrum Fb(\>)dv is flatter than the spectrum of the
parent muons.

If energy £=--q(V ), where q(V ) <1, is deposited in
the detector, the variation of q with energy cen lead to
the deformation of the energy release spectrum as compared
with the photon one. The value of q is a function of the
detector thickness, T, the distance between the point of
the cascade generation and the position of the detector,X,,
and of enexrgy, v . With the detector thickness being
constant and with the generator thickness being infinite,
the energy release sgpectrum (in cm-2.gec' )canecalculated

b

as:
P,(e)de = ae J O3 ~SEelv) == (L0g)+(D(g) =
- Bload vy 4 Klme) T (5),
where Q§%§:Ll is the variation of the thickness of the ge~

neration layer at which the cascade with energy vV releases
energy in the range [ &, £+ d&€] in the detector. For the
steep spectrum it is convenient to use d 1lng€ instead of de.
Teking into account the cascade curves /5/, which give
the dependence q(x) for the detector of thickness T, one
can obtain the dependence _dXo - Xb(T) [02+ (%?ya]’ where

din€
Vo= & / is the minimal energy of the cascade producing the
energy rele £, - 18 the maximal fraction of released

energy, Xb(T) is the function weakly dependent on T,
C,~0.23," ¥,=4.5. The expression (5) can be integrated
aﬁalytically. For &/ > 100 GeV it is equal to

F,(€) d InE= c—"-%-bi-u %(T,a)ﬁ-}—&% (-%j-: b )

ML EBr
o , B/ (wu) & K (5u)
(708 +(0/(B) - S50 ISy ¢ St | (6.
The accuracy of (6) is better than 4%. The energy release
spectrum is seen from (6) to be of the game shape as the
bremsstrahlung spectrum for the vexry thick detectors and
for qmaxuconst. Generally for £ >100 GeV and T‘>4t° one has

Gpag(T &) = qu (1)) ()7 +m -mIne (1),
(o]
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Hy =M, 1n Qoo, Lp=el p(T), My= 2.93-107%,3.26 1072,
3:48+107%, 3.48-10"2, 3,46-10"2 for T=12%t,, 10t., 8t.,6%,
4%t respectively.For 4t°\<1‘<6t one must take T =4t ,
#;=0.83, while for 6t <P<13% - - T, =6t ) 0 «,20.56.
For T>13%_and for the’large raflige of “lne Apex (T2 € )=1.
The value®of P+ cen be written as:

B (1,8) = o (1 ) (o)W1 - Delldne o He) ] (),
Omax” " ‘max"“o o [ qme.x.(o (%3*” ]
Then the energy release spectrum F, (£ ) can be given as:
CoXp(T) % T B C 1 dlne [y
P,(&)aine = SXelDomn (2 ) 70 (& v L 8By

M 1
' _ B(tx) e . K(3) P’ _ su(Melne - He)
'i'(D(’?S)-&) TS)* )1% + 'IS}& _] E‘ (T‘;) (*.\T.;o)‘b (9)0
The deviation of the spectrum F.( & )dlnf from the power-
law function dlne/e $# is connected with two terms depend-
ihg logarithmical}liy on £ : )

't . _ Blwu) & _ K(Bu) 1w SulMelng-He
m’' =L, )+(D(%pu) = )ln-mvr %~ and A=t -—-S—-(-,E—)———Lqm R [EAre
If the spectrum (9) is approximated by the power law, the
spectral index for T < 6t_is somewhat greater than 3, and
for T>8t_ is hardly les8 thing,The values of A‘GaA“G(T,'Bﬂ)
are presefited in Table 2:

T 4 6 8 10 12

ag|Sx=1 0038 | 0,013 [ 0:004[=0.0013[=0.0013
T '-:2.5 0-1& 00036 00004 "0.009 "00021

Measuring the energy release spectrum by the detector
with T =8t , the energy dependence of the cascade energy
deficit coﬂpencates for the increasing of the bremsstrah-
lung cross section. q varies from 82% to 66% for £=100
and 10000 GeV respectmly. In real measurements cascades
come from different directions where the detector has the
various thickness. The total energy releage gpectrum in
this case must be found as a sum over various thicknesses
T; involved in the measurements, i.e. Fb( €)de =3 P, (&Tde.
If the detector thicknegs varies from 6t to 121;o and
<I>=8t% , the spectral index of F, (&)d& i8 almost®equel
to the muon spectrum index for 1=5u3. It is the Artyo-
movgk 100-ton scintillation counter that operates in this
way /6/. .
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RANGE FLUCTUATIONS OF HIGH ENERGY MUONS
PASSING THROUGH MATTER
Y.Minorikawa
Department of Physics, Kinki University, Osaka 577, Japan

K.Mitsui
Institute for Cosmic Ray Research, University of Tokyo,
Tokyo 188, Japan

1. Introduction. The information about energy spectrum of sea

level muons at high energies beyond magnetic spectrographs can
be obtained from the underground intensity measurements if
the fluctuation problems are solved. 1In the present paper we
recalculate the correction factor R for the range fluctuations
of high energy muons by analytical method of Zatsepin et. allz
where most probable energy loss parameter are used. It is
shown that by using the R at great depth together with the
slope,A, of the vertical depth~-intensity(D-I) curve in the
form of exp(-t/A), the spectral index,y, in the power law
energy spectrum of muons at sea level can be easily obtained.

2. Formulation of the correction factor R. The R is defined
as R = Io(t)/I(t) ’ Io(t) is the intensity without fluctu-
ations and I(t) is the intensity,taking fluctuations into ac-

count. In order to find I(t) the following diffusion equation
has to be solved:

i

| _ .
3I/3t - B(E,)3I/3E LW(Eu,v) [I(Eu/l—v,t)—I(Eu,t)]-dv (1)

1l

W(Eu,v) (N/A)(I>B + N¢N
(N: Avogadros number, A: atomic mass number), where ¢B and
o) are the differential cross section of bremsstrahlung and
nuclear interactions, respectively. To get the solution of
eq.(l); we make two assumptions and introduce three dimension~

less variables as follows:
(i) B(Eu) = a + bPEu' (1i) f(v)/v = W/(bB+bN)
X = bpt, e = pru/a, b = (bB+bN)/bp.

;where a is ionization loss and bp, bB and bN are energy loss
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parameters due to pair creation, bremsstrahlung and nuclear

interaction, respectively. Then eq.(l) becomes
1
3I/0% - (e + 1)3I/de = bj.f(v)/V[I(e/l-v,x)-I(e,x)]dv (2)
y o

In this notation the average energy loss may be written as
| ~de/dx = 1 + (1 + b)e (3)

Io(e,x) is given by combining eq.(3) with the boundary con-

dition 1I(e,0) = Be ¥ as

Io(e,x)= B~exp[—y(1+b)x][e+(1-—exp(—(1+b)x))/(l+b)]—Y (4)
By analogy of eq. (4)we take the solution of eq. (2) in the form

I(e,x)=B-exp [~y (l+xb)x] [e+(1-exp (- (1+«b)x))/ (1+xb)] Y
- x expl¢(e,x)] (5)

From egs. (4) and (5) we get R for ¢ = 0 in the following way

R(0,x)=[exp(b(x-k)x) (1+b)/ (l+kb)[exp ((1l+kb)x)-11/
[exp ((1+b)x)~111"Yexp[-¢ (0,x)] (6)

At a great depth(t >4000 hg/cmz) and under the assumption
$(0,t+>»)=0, we get such a simple form as

Ra[(by + be)/ (b + kbg)]expl-yby (1-x)t] (7)
B

,where bf = b, + bN'

3. Derivation of spectral index vy. It is assumed that the

D-I curves are expressed by a unique exponential law of the
type I(t) = C-.exp(-t/A) (8). Then combining eqgs. (4),(7)

" and (8) we can obtain a relationship between y and A

Y = [A(b, + xb) 17T (9)

Here the constant x is determined in such a way that ¢ (e,x)
approaches zero as e»=. By substituting eq. (5) into eq. (2)
X 1is given as

, |
X = (l/y)j’f(v)/v[l—(l—v)Y]dv ‘ (10)
[
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For Opr O WE take the following formulae

®B=0.95@(2r0me/mu)zz(Z+g)(4/3+v2-(4/3)v)(l/v)ln(P/Q) (11)
P=(2/3)k(mu/me)Z—2/3r

Q=(kr—é72)(mﬁ/meEu)(v/(l-v))z_l/3 + 12

a 2

ol UrN'%{(v—l)+[lfv+§~(l+%;pf‘):] »

Bl [’*‘TQ%::‘J}3) (12

Ev /Ev, A4
A A+2M
2

(0. = 125 ub and 4% = 0.4 Gev?) -
We calculated the values of x as a function of v for
standard (Z2=11,A=22) and K.G.F(2=12.93,A=26.12) rocks at Eu=l'
10,100 TevV. The results are shown in Fig.l. We find from this

=

X ln

figure that the x and y has nearly a linear relation such that
X = myy +m, (13)

In the case of Eu=10 TeV we have m1=—0.1085, m2=0.9943 for .
S rock and ml=—0.1092, m2=0.9935 for K.G.F rock. Substituting

eqg. (13) into eq. (9) we get the equation for vy.

mybey? + (b + mybo)y ~100/1 = (14)
(b_,b,. are measured in unlts of 10 =6 cm g and A in units of
p't 4 -2
10" gcm )

For bp, we use the expression taken from Bugaev's book4):

bp=6.01-10'8z(z#l)/A[o.971n(pl/Ql) + 2.151 (g Yem?) (15)

p.=1833"1/3 | 0,=1832 -1/3,2

1 /(2E m, ) + 1

In the following we apply this equation together with the A

of D~I curves for S rock and K.G.F rock to get Y. If we take

A=9.868" 104gcm 2 (8000 <t =9000 hgcm ) for S rock which is

derived from eq.(2) in ref.(5), and A=9.00-104 gcm -2 (t=104

hgcm—z) for K.G.F rock§)
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The values of y thus obtained is as follows:
y,= 2.70 (E=~30 TeV) for S rock and
Y 2.62 (E=50 TeV) for K.G.F rock.

The former is consistent with the value of 2.71 by Bergamasco

et a1.5) and the latter is also consistent with that of 2.6
7)

by Miyake et al. °, where fluctuations are treated by Monte
Carlo Method.

4. Conclusions. By using the approximate R at great depth, vy

can be easily obtained if the D-I curve has the form I(t) =
C.exp(-t/A). It is found that there is a discrepancy of y

between S rock and K.G.F rock in the same energy region.
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THE SPECTRUM OF NEUTRONS AT 60 hg m™2

J.C. Barton,
The Polytechnic of North London, London, NT 8DB, U.K.

ABSTRACT
The rate of neutron interactions has been measured in the Holborn
underground laboratory for the energy range T.5-60 MeV, using a
3.85 kg cell of liquid scintillator. The neutrons are selected
by pulse shape discrimination, with anticoincidence counters used
to reduce interference from muons transversing the scintillator.
The observed flux is interpreted in terms of neutrons produced
from environmental uranium and thorium, those resulting from the
capture of negative muons in nuclei and those from fast muon
interactions.

1. Introduction. This paper describes the results obtained with an im-
proved version of the experiment reported at the last conference (Barton,
1983). A preliminary attempt is made to estimate both the source
spectrum of neutrons at this depth and the proportion of these neutrons
which would be detected by the present system.

2. Apparatus. The counters are arranged as shown in Figure 1. The
neutron counter is a cylinder of 175 mm diameter and length, containing
3.85 kg of NE213. The two anticoincidence counters are always operated
in parallel; some results have been taken with them used in coincidence
with the neutron counter. The 5 cm lead screen was removed for part of
the observations.

The data from the pulse shape discrimination circuits were recorded
as 2-dimensional histograms. Using an Am/Be neutron source, the dis-
crimination was found to be very satisfactory up to its maximum energy
(v 12 MeV). Of course the discrimination becomes less .at higher ener-
gies but is adequate to beyond 50 MeV. The present arrangement was
less satisfactory at energies below 8 MeV because the photo-electron
statistics were poor; a larger diameter photomultiplier might, in
principle, improve the performance at low energies, but a tube with
sufficiently uniform time response was not available.

L j L A 1>
/_/_////4 WL 80l L 273

End view Y T Y Y " . Side view

f
0 0.5 m

Fig. 1: Arrangement of apparatus
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The discriminating properties of organic scintillators are asso-
ciated with their non-linear response to more heavily ionizing particles.
The position of the cosmic ray peak provides a direct calibration for
minimum ionizing particles, but the energy scale for protons is not so
easily established. There are no convenient calibration sources so the
energy scale had to be taken from reports of calibrations made on other
large NE213 counters used for accelerator experiments. The published
data are not in good agreement so the neutron energy scale adopted here
has an uncertainty of * 15%.

The results have to be corrected for two types of spurious event.
The trigger level for the leading-edge timing must be set low to avoid
time-slewing which means that accidentals cause spurious zero-crossing
times. Secondly, muons which stop in the counter may decay before the
zero-crossing time (1.5 ps was used) and give distorted events.  Both
effects have been analysed theoretically and compared with the background
events in the pulse-height/pulse-shape histograms in regions away from
"the muon or proton ridges. At worst the correction for the proton
region was 15% and the additional uncertainty is generally less than the
statistical one.

When operating the main counter in coincidence with the others, a
well-resolved proton ridge was not observed. This is understandable, as
the signal would be due to both muon and proton in proportions varying
from event to event. These events would fall in the valley region
between the two main ridges. Similarly, events with indications of
particles ionizing more strongly than protons are ascribed to nuclear
disintegrations in the scintillator. For the anticoincidence events
both effects were sufficiently small that the true proton events could be
separated with less difficulty.

3. Results. There was no clear difference between the anticoincidence
results with or without the lead in position. The combined results are
therefore used for Figure 2. The coincidence rates are also shown but,
as explained above, there is much greater uncertainty about these.

L. Predicted source spectrum of neutrons. All rocks contain a small pro-
portion of uranium, typically from 1-5 ug g~1, about three times as much
thorium and a few per cent of potassium. Neutrons can therefore result
from spontaneous fission of 238U, from (a,n) reactions and (y,n) reac-—
tions. For a rock in the middle of the range indicated above, these
processes give, respectively, about 5 x 1078 g7l s71, 1.2 x 1077 g71 g71
and < 1079 g71 s71, These values depend on the other constituents of the
rock but not very strongly, except in particular ores. The spectra of
neutrons from fission and (a,n) processes in thick targets are known to
fall off rapidly above 2 MeV.

The stopping rate of all muons at this depth is (21#2) x 1073 g7 g7t
and for "standard" rock with Z = 11 about 0.5 x 0.5 will be captured
and produce, on average, 1.2 neutrons each (Mukhopadhyay, 1977) giving a
total yield 6 x 1073 g7l @”1. The spectra given by Sundelin (1973)
show that about a fifth of the neutrons have energy greater than 10 MeV
and decreasing v e7 '



100 HE 5.2-20

(0.,n) process + event rate in anticoincidence

. ¢ event rate in coincidence
Spontaneous °

fission n's

(Note that the effects of real photons
are not included. They will contribute
at least as strongly as the virtual pho-
tons in the G.D.R. region and, nossibly,
also in the pseudo~deuteron region.)
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~\~°* \
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Neutron or event Fnergy MeV

Fig. 2: Observed event rate comnared to neutron source svpectra

The fast muons traversing the rock produce neutrons through both
real and virtual photo-nuclear interactions. For energies below 100 MeV
most of the real photons result from bremmstrahlung of knock-on electrons
and have a spectrum of the form n E~2, In the same energy region the
virtual photons have a spectrum ~ E~1 s0, at sufficiently high energies,
will always be more important than the real photons. Although the
various electromagnetic interaction processes producing real photons are
well understood, the detailed Monte Carlo calculations required to
estimate the absolute intensity of photons with energy comparable to the
critical energy do not seem to have been carried out. For the spectrum
of virtual photons, the plane wave Born approximation has been shown to
be valid at low energies (Orth et al, 1981), whilst at energies above the
pion production threshold the refined calculations of Bezrukov and Bugaev
(1981) are available.
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Photo-nuclear reactions are usually considered in three energy
regions. Below 30 MeV the giant dipole resonance provides the mechanism
and the resulting neutrons have a spectrum similar tc those from the
. evaporation process. Between 30 and 150 MeV the pseudo-deuteron model of
Levinger has recently received more precise experimental support for
light and medium nuclei (Homma et al, 1983). The neutron usually re-
ceives half the energy of the photon, less the binding energy. Above the
pion production threshold neutrons are produced both directly in the
hadron cascade and from the capture of negative pions by quclei. The
spectrum of the neutrons in the cascade falls off as v E 2 between 10 and
50 MeV but more rapidly at higher energies (Metropolis et al, 1958), with
the absolute values estimated from the total amount of energy transferred
via muon nuclear processes. Negative pions produced by the same mech-
anism are captured by pseudo-deuterons in nuclei and produce one or two
neutrons with a rather flat spectrum up to ~ 100 MeV (Madey et al, 1982);
the number of pions stopping at 60 m.w.e. has been determined experimen-
tally (Slade, 1966). Figure 3 includes estimates of the main contribu-
tions to the neutron source spectrum.

In the present experiment, as was pointed out earlier, only the
anticoincident results enable the neutron events to be separated un-
ambiguously. Those neutron sources in which the originating muon is
closely collimated with the neutron will therefore be excluded. A fur-—
ther complication is that the neutrons may be scattered and lose energy
before reaching the detector. Overall, it must therefore be expected
that the observed anticoincidence spectrum will be softer than the
source spectrum and substantially lower in magnitude. Examination of
Figure 2 shows this to be true but it is not yet possible to say whether
the difference can be accounted for quantitatively.

. Conclusions.
. The observed spectrum of neutron events at 60 hg em™?2 falls sharply
up to 15 MeV and then decreases rather slovly.
2. The observed intensity of neutron interactions, not closely accom-—
panied by muons, above 15 MeV at this depth is 1.8 + 0.3 kg™l g1,
3. The total intensity is at least double this value and is not in dis-
agreement with what can be predicted from known processes.

= o
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A Transient Digitiser for Fast Air Shower Events

N.R. Wild and R.W. Clay

Physics Department, University of Adelaide, South Australia, 5001.

l. Introduction Measurements of air shower structure often have to be
made on time scales of a few nanoseconds. Longitudinal disk structure
near the core is of the order of metres in dimension, air Cerenkov
pulses have full widths at half maximum of the order of tens of
nanoseconds, and fast timing over typical arrays is usually measured
to nanosecond accuracy. Measurements over these time scales are neither
easy nor cheap. Oscilloscopes can be used but have very limited dynamic
range (see eg. Liebing et al, 1984) and can be expensive if measurements
down to a few nanoseconds are to be made. For our fast Cerenkov work,
we needed an instrument with better dynamic range than an oscilloscope
and with a time resolution sufficient to enable us to make measurements
limited only by our system risetime of a few nanoseconds. We have built
a 16/32 channel, 8 bit, fast transient digitiser which can be run at
sample intervals down to ~ 1l nanosecond per channel. The system cost
for 16 channels was less than US$ 2000.

2. System Description The digitiser is based on a series of sample

and holds which are gated almost at the same time by a trigger pulse and
which sample a progressively delayed signal. The signal delay medium is
coaxial cable and the time between samples can be as low
as ~ 1 nanosecond. We investigated a number of possible fast sample
circuits, such as a gated double balanced mixer, but were generally
unable to obtain our required 100:1 or better dynamic range. We finally
found a system described by Baldis and Aazani-Zangareh (1973) which uses
sampling gates based on a matched Schottky diode bridge (see fig 1).
The bridges are gated by the application of both a positive and a
negative sub—nanosecond pulse which are applied along striplines on the
circuit board as indicated. The gated sample of the signal is then
amplified and applied to a slow sample and hold/8-bit digitiser. The
sub-nanosecond sampling gate signals are produced by an fast impulse
generator and power splitter (Avtech Electrosystems, Ottawa, Canada).
These represent the major part of the gating system expense and were the
parts we found most difficult to produce ourselves. The digitiser
output is transferred to a Commodore 64 microcomputer for storage and
handling.

The system has a bandwidth (R 300 MHz) determined by the total of
the successive gate capacaitances. For 16 channels this is sufficient
to place an impulse completely (>10% amplitude) within a single one
nanosecond sample interval. One bit corresponds to a few millivolts in
amplitude but, more importantly perhaps, the system dynamic range is
close to being a true 8-bit range with long term drift and noiseé being
of the order of the ome bit level.

The digitiser can be run as a triggered .oscilloscope with an event
rate of up to ~ 3 Hz into the Commodore 64 microcomputer or as a logic
gated device with a possible reset whilst an analog sample is held in a
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sample and hold before digitisation. In this case a 30 kHz trigger rate
1s possible with selection of the events which we require to digitise by
the 1input of an appropriate external gate. The latter mode 1is ‘of
particular interest for air shower work where a photomultiplier output
can be sampled and one can then wait up to 5 ys to determine whether or
not an air shower of interest has also been detected. These rates
should be compared to an oscilloscope previously used by us for similar
purposes, the Tektronix 7834 stogage oscilloscope. This device has a
maximum useful trigger rate for photographic recording of poorer than
1Hz and has a dynamic range of much less than 50:1 for high speed
operation.

In conclusion, we have built a fast transient digitiser which can
digitise 16 channels at intervals down to lns with a dynamic range
of ~ 200:1. The device is particularly useful for air shower transient
studies at a cost which is affordable on a quite modest budget.
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LIMITS ON DEEPLY PENETRATING PARTICLES IN THE
>1017 EV COSMIC RAY FLUX

Baltrusaitis, R.M., Cassiday, G.L., Cooper, R., Elbert, J.W., Gerhardy,
P.R., Loh, E.C., Mizumoto, Y., Sokolsky, P., Sommers, P. and Steck, D.

Physics Department, University of Utah, Salt Lake City, UT 84112
ABSTRACT

We report on a search for deeply penetrating particles in
the >1017 eV cosmic ray flux. No such events have been
found in 8.2x106 sec of running time. We consequently
set Timits on the following: quark-matter in the primary
cosmic ray flux; long-lived, weakly interacting particles
produced in p-air collisions; the astrophysical neutrino
flux. In particular, the neutrino flux limit at 1017

eV implies that Z, the red shift of maximum activity is
<10 in the model of Hi1l and Schramm®.

1. Introduction. We report on a search for deeply penetrating
particles in the >1017 eV cosmic ray flux. The search was performed
using the University of Utah Fly's Eye detectorl, as part of its

normal operation. No unusual deeply penetrating events have been found
in 8.2x10% sec of running time.

We consider the following as candidate sources for such
events (2): a. metastable quark matter as part of the primary cosmic
ray flux; b. taus and other long-lived particles produced in the
interaction of the primary cosmic ray flux with the atmosphere;

c. weakly interacting particles of astrophysical origin such as
neutrinos.

2. Search Philosophy. We search for deeply penetrating particles in
two ways. EAS's observed in
10° — T T T the Fly's Eye fiducial volume

with 80<6,<90 typically must
R traverse >3000 g/cm? of
. x atmosphere before interacting.
102+ We expect to see no such
events from normal hadronic
interactions in our exposure
% time. Upward EAS's must
originate in the Earth and
hence must be produced by
weakly interacting particles.
. 1 g | Figures 1 and 2 show the
10057550 a5 66 75 oo oObserved zenith angle and
depth of first observed inter-
action (Xo) distributions in
our data. Note that the Xo
Figure 1 distribution extends beyond
the expected distribution of
Zenith Angle Distribution the actual point of first
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»
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interaction since Xo is
always an upper Timit on the
actual interaction length.

3. Quark Matter Limits.

300 ! l I I
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—
&
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« M
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D
z *y
xx”{
0 ———— L FRrx xX e rww it sle gmn g okncnss
) 1000 2000 3000
Xolgem™2)
Figure 2

Depth of First Observed Interaction Xo

10000 g/cm2. Table 1 gives resultant quar
(cm?sec sr)=L as a function of explosion d
The 1015 eV data point is derived by assum

Centauro events® are quark-matter explosio

TABLE 1
Limits on quark-matter flux

We search for metastabTle
quark matter globs exploding
deep in the atmosphere via
the mechanism proposeg by
Bjorkien and McLerran3. ~In
that picture, quark matter
globs of a given baryon
humber No will explode at a
given atmospheric depth,
independent of initial energy
(assuming they have not
ranged out before exploding).
We detect such events by
searching for downward EAS
with Xo between 3000 and

K matter flux Timits in

epth and explosion energy.
ing that the Mt. Chacaltaya
ns.

in the primary

cosmic-ray spectrum in units of (cmZsec sr)-1

Explosion Explosion

depth energy
g/cm? (eV) 1015 1018 1019

500 3x10-1

3000 1.0x10-18 3.7x10-19
6000 8.8x10719 1.4x10-19
9000 1.3x10°18 2.1x10-19

Y Interacting

Particle Production.

F 31017 eV tau

s, not
Fly's Eye, could produce taus which
volume and decay into observable EAS's.

cross sections by using the known cosmic
1017 <E<1019 ey
sensitivity for such decays is maximize
where X = Ex/Ep and Ep is the energy of
interval, we set a 1imit on (op/0t0t) en(X)
probability of producing a tau in a cosmic
the normalized tau distribution

find o /oyt N(X) is less than 4

e

function for such interactions.
.0x1072 and 1.3x10"! for X=1.0 and

s and tau Tike particles

of the primary cosmic-ray flux with the
deeply penetrating downward EAS.

themselves detectable by the

penetrate into the Eye's fiducial
We set 1imits on tau production
ray flux intensity for

and branching ratios. Our

d for 1.0<X<.1 and 1018<E<1019
the primary particle.

In this
where o /oot is the

ray interaction and n(X) is
We
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X=0.5 respectively. If the cosmic ray flux at these energies is pri-
marily composed og protons, we find, using our measured p-air cross
section of 520 mb>, that o_en(X)<20 mb for X=1.0 and <69 mb for X=.5.

We also set Timits as a function of the decay length on
production cross sections for hypothetical weakly interacting particles
produced in cosmic ray interactions with decay lengths 20<cyt <500 km
(see Table 2). These are assumed to decay into hadron and/or electrons
with a branching ratio of 0.5.

TABLE 2
Limits on (o/otot)n(x) for weakly interacting particles in
cosmic-ray-air interactions as a function of cyt and X.

Ep(eV) cyt{km)

50 100 200 500 1000
X=1
1.0x10%7 5.9x10"3 2.2x1073 T1.3x1073 1.2x10"3 1.3x10"3
1.0x1018 8.8x10"2 3.6x1072 2.2x1072 1.9x1072 2.2x1072
1.0x1019 6.1x10"!1 2.5x1071 1.5x10"! 1.2x10"1 1.3x10°1
X=0.5
4.1017 4.4x10"2 1.8x10"2 T.1x1072 8.8x1073 1.0x10"2
1.0x1018 1.3x10°1 5.4x1072 3.4x1072 2.8x1072 2.8x1072
1.0x101° 4.4x1071 2.6x10°1 2.2x1071 2.7x10°1
X=0.1
1.0x1018 2.2x10"1 I 5x10-1 1.5x10"1} 1.9x10°1
5. Limits on the Ultra-high energy Neutrino Flux. We have recently

reported’1191ts on astrophysical eTectron neutrino fluxes at energies
of ;1018 eV Here we update the flux 1limits and extend them down to
1017 ev,

If the neutrino interaction cross section for E>10l7 eV is
10-33¢cm? as predicted by the standard model, we maximize our sensitivity
to such a neutrino flux by searching for upward EAS's. Electron neutrino
interactions in the earth's crust will be detectable at depths of
hundreds of meters below the surface because the LPM effect slows down
the rate of shower development for the high energy electron produced in
the interaction. This allows the electron shower to emerge into the
atmosphere and be detected. Figure 3 shows the electron shower size at
shower maximum as a function of electron energy and depth of interaction
in the crust. Table 3 gives 1imits on the neutrino flux as a function
of energy. Calculations by Hill and Schramm® indicate that if the
neutrino flux is produced by interaction of UHE protons with the 2.7 deg
black body radiation, then the flux at 1017 eV is sensitive to Z, the
red-shift of maximum activity. Their calculation indicates that with
our flux Timit of 2.0x10"12y/cm2sec str at 1017 eV z must be less
than or equal to 10. :
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Figure 3. Electron Shower Size at
Shower Maximum as a Function of

: 10”ev I— Electron Energy and Depth of

Interaction in the Crust.

10

-~ 1 1
0 1000 7000 3000

DEPTH INTO THE CRUST (r))

Figure 3

TABLE 3
Limits on vo flux based on upward events
(v/cm?sec str.) and o, = 10" 33cm?.

E,(eV)] 1017 1018 1019 1020 1021

6.

1.3x10"12 5.3x10"14 6.6x10715 2.8x10~16 3.6x10717
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ABSTRACT

The 90 tons Liquid Scintillation Detector (LSD) is
fully running since october 1984 in the Mont Blanc
Laboratory, at a depth of 5,200 hg/cm” of standard
rock underground. Even if the detector is a multi-
purposes experiment, the main goal is to search for
neutrino burst from collapsing stars. The experiment
is very sensitive to detect low energy particles (at
a threshold of 0.8 MeV), and thus has a very good
signature to gamma-rays from (n,p) reaction which
follows the W + p «» n + e neutrino capture. We
present here the analysis of data, and discuss the
preliminary results on low energy measurements.

1l.Introduction. The analysis of low energy pulses in a massive
detector deep underground is of primary importance to understand the
background in experimental neutrino astronomy at low energies, when the
signal is to be extracted from the background. Hence, a well defined
analysis on the energy distribution of background pulses can be used as
a calibration method for the existing underground statidns of low
energy neutrino astronomy. In addition, it provides an experimental
basis to evaluate the feasability to detect low energy neutrinos, for
example from solar origin, in future and more massive detectors.

The low energy background in a detector located very deep underground,
is mainly due to gamma-rays from Compton scattering, either from the
rock surrounding the laboratory or from small contaminating impurities
in the material which the detector itself has been constructed with.
Since it is necessary to reduce such a background to the lowest level,
we have carried out a systematic study of the background spectrum in
the energy region ;9 0.8 MeV, in our 90 tons Liquid Scintillation
Detector, located inside the Mont Blanc tunnel and fully running since
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October 1984, The results of such an analysis are here reported and
discussed.

2. The LSD experiment. The aims and performances of our apparatus are
described elsewhere (ref.1 and these proceedings, HE 5.3-6). Briefly,
it consists of 72 scintillation counters, 1.5 m each shielded with Fe

slabs 4 cm thick (see fig.l of HE 5.3-6).
|
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—/ trigaer e} ] FiFO
NS T [l I oo D
=) -

8-bitt=-~1 FIFO

PM 1 (— b >

i

PM2 (o A

PM3 (s
: ADC memary

) burfer
-+ Y
1‘/ s-bitf =7 FiFo
ADC memory
2 b= buffer

2>
>
>
i<

ADMDIDD  DVWY)

trigger output

~

25
et source

— Electrenic block diagram for one countor chaunol.
Fig.1

Our recording system is triggered whenever one, out of the 72 counters,
gives .a pulse with energy threshold 7 MeV. The electronic method allows
us to record the following parameters which could follow the main
trigger: a) pulse height (at the energy threshold 0.8 MeV) in any of
the 72 scintillation counters, during a 500 ps gate duration, b) time
delays among pulses in the gate with an accuracy of 100 ns, up to the
gate duration, c¢) multiplicity of pulses for each counter and each
event, up to 16 pulses., Fig.l shows our electronic system for one
scintillation counter.

3. The calibration method. To calibrate our counters, we Sd’ as a
neutron source, neutrons from the spontaneous fission of Cf; the
source, enclosed in a semiconductor silicon surface barrier counter
(SBC) in a stainless steel box, was placed inside a scintillation
counter (ref.l). During several calibration runs, ggzused two different
triggers following the spontaneous fission of the Cf source, namely:
either pulses given by the SBC, or direct detection of pulses from high
energy prompt gamma rays (E > 7 MeV) in the counter; the rate of the
former is 0.12 s , and that of the latter is 0.017 s .
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Fig.2 shows the re-
sults of our measure-
2.2 Mev . ments on the inner

S

counter n.l4. The mea-
' ‘ sured gamma spectrum
Tank N®14 Cf22calibration (peaked at 2.2 MeV)
n. fissions = 6517 is compared with the
background distribu-
tion (shaded area)
and with the spectrum
of prompt high energy
gamma rays, which ex-
tends up to 20 MeV.
By subtracting the di-
stributions of prompt
and 2.2 MeV gamma e-
vents, one obtains a

N.counts

-
o
«

¥ from n capture = 16201,
background = 514
£=e51

Ax3 Mev -

104

spectrum peaked at ~
6 MeV (dashed line,
fig.1). The high sen-
sitivity of our appa-
ratus is shown by the
ratio of the result-
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ing counting rate to
that of the 2.2 MeV
gammas from (n,p) ca-
pture, which is only.
Mev 0.015. The origin of
these pulses 1is now
Fig.2 under an accurate ana-
lysis.

Moreover, our data show that the efficiency of neutron detection is of
order or better than 0.65. This efficiency is nearly the same for all

the other counters tested so far with this calibration method.
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4. Analysis of background pulses. Since all the 216 photomultipliers

of our detector have been chogen with very low noise, with a single
counting rate in the range 10 to 10 per s, the 3-fold coincidences
in one counter are less than 3 10" " during the gate duration (500 ws),
when our detector is sensitive at the low level discrimination ( >0.8
MeV). .The background in this energy range is mainly due to the local
radioactivity of the rock in the laboratory. For the high level
discrimination at E ;;‘7 MeV, besides this source of background, one
should also take into account the soft component of muons crossing the
rock near the apparatus; this effect is much more evident in the
counters at the edge of the detector.

For background analysis we exclude all the muon-like events, and only
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single events on any out of the 72 counters are considered. In this

way, the background analysis has been made, within the 500 us gate
duration, for the remaining 71 scintillation counters.

5. Conclusions. An example of the measured energy distribution of the
events analysed according to the previuos criteria is given in fig.3
for the scintillation counters n.10 (inner one) and n.22 (at the edge).

Fig.3 - count} Time: 476:32 hours
-y ’ N'of trigger 35465 ]
-4 : counter N°10: M v 0.05/500 ps
10°, : ‘ counter N°22: M~ 0,39/500 us
.r—'=-. - counter N?72: fi~223/500 i
i .
—
1
L™ .
4
10° ; 7 ‘
b .
. Fig.4
¢
i
2 i
10 :
:
h—.-‘ .
(I
0=
i
P
10 B
[
Pt
R
w7 . R . ! L -
T TR I 0123456 78 9 10 mutiplcity m

During 476 hours lifetime, out of 35465 triggers, the average value is
0.052 and 0.39 pulses/trigger for counters n.10 and n.22 respectively.
In addition, the measured multiplicity of events in the same counters
during the gate duration is shown in fig.4 together with that of the
top layer counter n.72, for which an average value of 2.2 pul-
ses/trigger has been obtained.

Similar distributions were also obtained for the other counters, thus
showing a rather good uniformity in the counting rates. Finally, the
ratio of background counting rates between inner counters to the top
ones is on the average better than 0.05, and between the inner counters
to those at the edge of the detector is of order of 0.1l. This result
clearly confirms the feasability of our detector in performing neutrino
astronomy with a very high sensitivity.,

References : ’
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ABSTRACT

A massive (90 tons) Liquid Scintillation Detector
(LSD) is running since October 1984 in the Mont Blanc
Laboratory at a depth of 5,200 hg/cm”~ of standard
rock. The research program‘of the experiment covers
a variety of topics in particle physics and astro-

" physics. We present here the performances of our de-
tector, the main fields of research, and we discuss
the preliminary results.

l.Introduction. Since October 1984 a massive (90 tons) Liquid Scintile-
lation Detector (LSD), is fully running in the Mont Blanc Laboratory,
in a cavity ingide the road tunnel linking Italy and France, at a depth
of 5,200 hg/cm~ of standard rock. LSD has been designed as a multipur-
poses experiment, with a large mass of sensitive material deep under-
ground, to perform researches in several fields of particle physics and
astrophysics (ref.l). In particular: a) search for 7V bursts from
collapsing stars, b) direct measurements of atmospheric © Y and 7"
spectrum at energies 210 MeV, c) possible detection of solaganeutrinog
at the energy threshold 5 MeV, d) search for nucleon instability, n-Tm
oscillations and magnetic monopoles, e) researches in cosmic ray phy-
sics: muons, muon-~bundles, W -stop, electromagnetic and hadronic casca-
des, prompt muon production at high energies.

The experiment has been designed with the combination of four excellent
conditions, namely: a) large depth underground of the Laboratory, b)
good shielding against the local radioactivity background, c¢) high
performances in the electronic system, and d) good quality and efficien-
cy in the detection system (scintillator and streamer tubes).

2. The LSD_ experiment. The detector is made of 72 scintillation coun-
ters (1.0x1.5x1.0 m each) on 3 layers as shown in fig.1l. To reduce the
low energy local radioactivity background from the rock, each counter
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4-layer horizontal chamber
Fe(2cm)
49 55 61

'Z 1 7 13

IR

Fe(10 ¢m) 4-layer horizontal chambers

Fig. 1. - The 90 ton liquid scintillation detector in the Mont Blane Laboratory
(dimensions (7 X8 x5) m3).

and the whole detector (8x7 m2 area, 5 m height) are shielded with Fe
slabs. The total mass of Fe in the shield is 200 tons, and the 100 tons
internal can be considered also as a target and active material. In the
scintillator we have 8.5 10 free protons, and 5.1 10 bound protons
and 6.0 10 electrons in the scintillator and inner Fe.

A 47 anticoincidence system, made of limited streamer resistive tubes
of the NUSEX type (ref.2), is now under construction. The system allows
to reconstruct tracks of charged particles, mainly muons at our depth,
with an accuracy of A/l(;m in spatial resolution and with an angular
resolution better than 0.2 for particles crossing the apparatus.

The electronic system, monitored by a PDP 11/24 computer, consists of
(ref.3) two level discriminators for each scintillation counter: a high
level discriminator (for pulses with energy threshold 7 MeV), which is
OR-ed for main trigger functions, and a low level discriminator (with
an energy threshold 0.8 MeV) active only during a 500 ws gate, opened
by the main trigger. Two ADC's measure the energy deposition of charged
particles in the scintillation counters in two overlapping energy
ranges: 0-70 MeV and 0-700 MeV respectively. )

A 200 ns resolution time provided by a coincidence system for every
pulse is recorded by a TDC, 32 bits of dynamic range. The absolute time
of each event is recorded with an accuracy better than 1 ms, to
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correlate our detector with the neutrino network. A FIFO memory buffer
system is used for each channel to accumulate up to 16 events/channel
before the read out.

Background measurements and results on the efficiency to detect low
energy pulses are reported elsewhere (ref.3 and these proceedings HE
5.3-5). In particular we have measured the efficiency in detecting low
energy neutrons, which give a very good signature to ¥ from collap-
sing stars in a delayed coincidence with positron pulses.

3. Data analysis. We report

Bottom counters

here the results from a pre-

1 7 13 195 i mi :
i a1 1.0 1% liminary a?alyéls made after
. 76 days lifetime. In order
Ces 2 al o 9 to estimate the counting
s R = rates in our apparatus, we
o performed a separate analy-

3 9 H15 21 s .

Ho. 58 0.1340.13 ] 0.88 sis of events in any of the
/,4 ol e '2? 72 scintillation counters,
T flo.84 ¢14'§44 0.78 both at the energy threshold
k- 7 MeV and 0.8 MeV. Fig.2
o — . shows the counting rates
;2‘ F(?% 01135 011:3 023) above the low level discrimi-
= ; ti d middl
: e 1oli1a] =24 nation for bottom an i e
- 2.1 1.1 1.2 1.60. counters; the top 1layer of

counters is not desplayed
because of the lack of the
Fe shield, which will be set
up in the near future. From
fig.2 we conclude that the
uniformity and homogeneity

- BV, K e
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25 | 3137 a3
1.8 | 1.0fo.80| 1.5/

26 | 32|38 aa
0.76 f 0.13A0.20] 0.86

of the counting rates are
within 90% for counters in
similar positions; this

represents a good check on
the consistency of our
apparatus.

In HE 5.3-5 we present the
analysis of the low energy
pulse distribution; here we
discuss the data analysis

2 cm. thick Fe shield \

above the 7 Mev energy thres-—
hold. At this discrimination

level the counting rate
(which . represents the “total

L Counting rate 10i/sec
Fig.2 (E 2 0.8 MeV) trigger frequency in our

apparatus) is 1.2 events min~L
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For muons in single counters the pulse amplitude distribution has been
cut at ~ 20 MeV in software analysis. Fig.3 shows the events pulse-
height distribution for vertical through going muons, crossing a verti-
cal telescope of 3 scintillation counters. From this distribution, and
from that of the pulse-height in single counters, the ADCs scale has
been calibrated, giving a sensitivity of 3.0 MeV/channel, and covering
an energy range up to 700 MeV for each scintillation counter.

N
events
Fig.
30 - ‘1g 3
20 -
10
— [lallam.
0 200 400 600 800 1000  Mev
4. Conclusions. From the analysis of our data, we obtained the

multiplicity m of counters fired per event (see table I). From the 5291
muons involving at least 2 counters, a rate of 2.9 muons/hour has been
obtained for the whole our detector; this value agrees with the
expected one at our depth, obtained with previous experiments in the
Mont Blanc Laboratory.

The analysis on muon-bundles, muon-interactions, confined events,
neutrinos from collapsing star, etc. is now in progress.

m 1. 2 3 4 5 6 7 8 9 10 11 12 13
n. of .
events 11173 2399 2009 657 130 57 14 11 4 a 3 2 1
Table 1
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ABSTRACT

A sample of 401 contained neutrino interactions collected in the 3300
metric ton fiducial mass IMB detector is used to study neutrino oscilla-
tions, geomagnetic modulation of the flux and to search for point
sources.

1. Introduction. The IMB detector is an 8000 metric ton imaging water Cherenkov detector (1.
The device has been used to search for nucleon decay. The active dimensions are 22.5 m X 17 m
x 18 m. The detector is shielded at a depth of 1570 m.w.e. and has a fiducial mass of 3300 metric
tons. In a 417 day exposure, 401 contained events have been recorded. The majority (>95%) of
these events are attributable to neutrino interactions. For the most part, these neutrinos are
believed to originate as tertiary products of cosmic ray interactions in the atmosphere. The neutri-
nos are a mixture of v, and v,. They may be used to study some fundamental problems in particle
physics, cosmic rays and astronomy.

2. Neutrino Oscillations.  Neutrinos are incident on the detector from all directions. According
to theory, neutrino oscillations should manifest themselves as an Energy (E)/Distance (L) depen-
dence of the neutrino rate. The detector measures the visible energy E,; deposited by a track.
This is the energy of a photon with the equivalent light output. The visible energy may be con-
verted to an energy and momentum if a particle mass is assumed (n, p, e, vY). . The direction of
tracks is also measured. The event direction can be projected back to determine the point the neu-
trino entered the Earth. So the distance traveled is also measured. The distance varies from a few
kilometers for nearly vertical neutrinos to 13,000 kilometers for those going upward. The mean
energy is about 950 MeV.,

A neutrino oscillation disappearance experiment has been carried out (2) (on a 135 event sub-
set of these data) by comparing the energy spectrum of the downward neutrinos (0, < 53°) to that
of upward neutrinos (8, > 127°). The comparison was done using the Smirnov-Cramer-Von Mises
test. This yields an excluded region in sin?2n and Am? seen in Figure 1. We can exclude masses as
low as 2.2 x 107 eV? at maximum mixing.

This result can be extended. Electron neutrino and muon neutrino interactions may be dis-
tinguished by the presence of a muon in the final state. The detector has an efficiency of about
50% to observe the muon decay following the initial interaction. Muons coming from pions pro-
duced in electron neutrino interactions can be suppressed by using only single track events in the
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Figure 1. The excluded region for a test of oscillations into sterile neutrinos.The dashed curve is

the result of a Monte Carlo test. The solid curve is from a comparison of the shapes
of the energy distributions.

analysis (quasi-elastic charged current events). We select events that have a definite muon decay
signature. There are 15 in the upward 1/5 solid angle sample and 21 in the downward 1/5 solid
angle sample. By comparing the energy spectrum of these two samples we can get limits on the
oscillation of muon neutrinos. This gives the excluded region seen in Figure 2. It may be possible
to identify and distinguish showering tracks from muons and so a similar analysis can be per-
formed on a purely v, sample.

3. Geomagnetic Effects. In the preceding work we assumed that neutrino spectrum (shape) was
independent of distance. The Earth’s magnetic field tends to deflect the lower energy primaries
incident near the equator. For our detector (52° N geomagnetic latitude) this implies a lower flux
of neutrinos coming upward, since the mean magnetic field is greater than the local field that
affects the downward going, locally produced neutrinos. Notice this effect is similar to the effect of
neutrino oscillations. The lowest energy upward going neutrinos appear to be attenuated. Our pre-
vious results could be strengthened and extended if the geomagnetic effects were well understood.
For the present, we will just compare our data to predictions (3). In Figure 3, we plot log E/L for
our data and compare with expectations. An isotropic distribution would reverse the height of the
two peaks. The geomagnetic modulation is a better fit to the data. The neutrino energy spectrum
and zenith angular distribution also agree well. The double peaks in Figure 3 reflect the solid angle
subtended. Most of the solid angle is either nearby or on the other side of the Earth.

The y* comparison of the two curves gives x> = 29 with 14 degrees of freedom. But almost
half of this comes from the bin centered at log(E/L) =-2.23. This corresponds to
E/L = 5.8 x 1073 MeV/meter. Removing this bin yields a x? of 17 for 13 degrees of freedom.
Only statistical errors have been included in these calculations.
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Figure 2. The excluded region for a test of v, oscillations. This comes from a comparison of

the energy distribution for muon containing single prong events in the upward and
downward 1/5 of the solid angle.
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Figure 3. A comparison of the log (E/L) distribution with that predicted by theory (dashed
curve). The good agreement supports the theory which includes geomagnetic modu-
lation of the flux,

4. Point Sources. . Our data rate corresponds to a neutrino flux of about 4.1 + .6 v/(min cm? str.)
with an energy above ~400 MeV. These data may be used to search for point sources of neutri-
nos. All terrestrial point sources (reactors, accelerators, etc.) are normally too small to be seen. A

search may be made for extraterrestrial neutrino sources. The events have been plotted in right
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ascension and declination and various cuts have been imposed to enhance any signal. Topological

cuts to retain only single prong events have been tried. At the present time, no statistically
significant evidence for a point source is known to be present in the data.
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Atmospheric Neutrinos Observed in Underground Detectors

T.K. Gatsser and Todor Stanevt

Bartol Research Foundation of the Franklin Institute, University
of Delaware, Newark, DE 19716, U.S.A.
1. Introduction

Atmospheric neutrinos are produced when the primary cosmic ray beam
hits the atmosphere and initiates atmospheric cascades. Secondary mesons
decay and give rise to neutrinos. We have calculated the neutrino production
and compare our predictions with the neutrino fluxes detected in underground
detectors. Such a comparison will provide knowledge about the neutrino back-
ground for nucleon decay and for extraterrestrial neutrinos.

There are two ways to detect neutrinos in underground detectors: direct
neutrino interaction within the volume of the detector (contained neutrino
events) and detection of muons produced in a neutrino interaction in the rock
surrounding the detector (neutrino induced muon).

Contained neutrino events are characterized by observation of an interac-
tion within the fiducial volume of the detector when the incoming particle is
not observed. The reconstruction of the event gives the energy and in some
cases the flavor of the interacting neutrino. Because of the large angle between
the neutrino and the produced lepton in quasielastic collisions at low energy
the determination of the angle of the incoming neutrino is restricted in princi-
ple. Both the neutrino flux and the containment requirement restrict the
energy of the neutrinos observed in contained interactions to less than several
GeV. Our detailed calculations of neutrino fuxes emphasize this low energy
region, though we have calculated fluxes up to 1000 GeV at specific angles to-
compare with earlier calculations.

Neutriros interact with the rock surrounding the detector but only muon
neutrino interactions can be observed, as the electron energy is dissipated too
fast in the rock. The direction of the neutrino is preserved quite well in the
interaction and at energies above 1 TeV the angular resolution is restricted
mainly by the scattering of the muon in the rock. An energy measurement is,
however, impossible and the muon rate reflects the neutrino spectrum above
sorne threshold energy, determined by the detector efficiency for muons.

Contained Neutrino Events

All primary nucleons with energy above the production threshold contri-
bute to the flux of neutrinos, which produce contained events. The low energy
primary flux is subject to modulation while penetrating both the solar and ter-
restrial magnetospheres. Thus the intensity and the energy spectrum of the
primary beam is different for each direction at each location at each epoch of
the solar cycle.

We have calculated the flux of atmospheric neutrinos as

dN, o dN
E= fE, dE, Y(E,,,EO,H)Q(EO,a,z;S)E (1)

where Y(E,,E,,0) is the yield of neutrinos in an atmospheric cascade generated
by a primary cosmic ray of energy E, incident at zenith angle 6. 0 is the
geomagnetic cut-off and dN/dE, is the flux of primary nucleons. For each pri-
mary energy and zenith angle we made a Monte Carlo simulation of atmos-
pheric cascades and recorded the energy distribution of the four types of
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neutrinos. The program follows the secondary particles and their interactions
down to the neutrino threshold energy in a realistic atmospheric model,
accounting in detail for the decay kinematics and the energy loss of the
charged particles. The major approximation of the calculation is its linearity,
which does not affect significantly the neutrino fluxes above 50 MeV and the
angular distribution above 200 MeV.

The interaction model is based on a parametrization of hadron-nucleus
collisions and is tuned to fit the available data in both the GeV and TeV
regions. The main features of the interaction model include: (a). Leading
hadron elasticity skewed toward small values; (b). Energy dependent hadronic
cross-sections, both around the production threshold and at high energy; (c).
Energy dependent K /r ratio. Details of the model as well as comparison with
data are discussed in Ref. 1.

The event rate due to the neutrino flux is
lel dU"
Rate*—:; fE‘ fE., dE;dE,,TETEG.'(Ei) (2)

where do,/dE; is the cross-section for v;+N—[;+X with visible energy E; in the
detector and ¢, is the corresponding efficiency.

A correct calculation of the neutrino rates thus requires a proper
knowledge not only of the neutrino cross-section, but also of the energy thres-
hold and the efficiency of each detector, which are obtainable only through an
extensive Monte Carlo study of the detector properties. Such studies have been
performed for the detectors with significant neutrino statistics.??
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Fig. 1. Comparison of the calculated lepton energy spectrum in quasielas-
tic neutrino interactions with data. In the case of IMB (a) the histogram shows
Cherenkov energy distribution ( E,=E, for electrons and E,=E, - 200 MeV for
muons ) for neutrino interactions with assymetry > 0.6. The Kamioka data®
show the lepton energy distribution in single ring events.

Even without a detector Monte Carlo, however, we can compare the
detected lepton energy spectrum to our prediction for quasielastic neutrino
interactions for lepton energies above 100 MeV, where neutrino cross-sections
on bound nucleons are not drasticly different from the free nucleon cross sec-
tions. The comparison for the IMB and Kamiokande detectors is shown in Fig.
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1%, A more detailed comparison would require accounting for the detector
efficiency, which is estimated to be 80 per cent for IMB4., There appears to be
a lack of leptons at Kamioka at energies below 300 MeV, which comes from
the low number of electrons detected in this region.

Neutrino Induced Muons.

The flux of muons produced by interactions of v, with energy E, in the
surrounding rock is
da dAU

dN, o ot Bu . .
d"E“d“E_: =Ny fo deE“ dE,‘g(X,E#,E',,, );E_ dE, (3)

u

where ¢{X,E,,E,) is the probability that a muon starts with energy E, and
ends up with energy E, after propagating a distance X in rock. Because the
muon production cross-section and range both increase in proportion to the
energy up to a several TeV, muons are produced by neutrinos with a large
range of energies. On average the correlation between the neutrino and lepton
direction is quite good. The dependence of the flux of neutrino induced muons
on the detection energy threshold is remarkably small.

At high energies our neutrino fluxes are in very good agreement with pre-
vious work, which use the kinematic relations between production of muons
and neutrinos and the measured muon flux as a normalization. The most
detailed of these is the one by Volkova ¢, who gives the angular dependence of
the neutrino fluxes up to very high energy. We have used Volkova’s high
energy neutrino fluxes to calculate the rates of neutrino induced muons as a
function of the muon energy and angle. The comparison with experimental
results is shown on Fig. 2.
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Fig. 2. Comparison to data on upward muons. CWI® and KGF? data are hor-
izontal, Baksan® - vertical and IMB® is averaged over all 6>90°.

Flux of upward muons (cm®s sr)™!

Discussion and Conclusions

The absolute and relative rates and the energy distribution of the con-
tained neutrino events, as well as the fluxes of neutrino induced muons, are
fully consistent with the predicted neutrino fluxes of atmospheric origin. The
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uncertainty of the absolute normalization of our calculation is 10 to 20 per
cent. On-the basis of the observed rates alone one cannot exclude the possibil-
ity that a similar fraction of events has a more exciting origin - nucleon decay
candidates or extraterrestrial neutrinos.

The agreement between the predicted and observed angular and energy
distributions, however, suggests that the majority of detected neutrinos are of
atmospheric origin and leaves little room for point neutrino sources. The
identification of nucleon decay candidates requires a better knowledge of the
neutrino-nucleus cross-sections and interaction properties.
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GEOPHYSICAL SEARCHES FOR THREE-NEUTRINO OSCILLATIONS

J. R. Cudell
Physics Department
University of Wisconsin
Madison, WI 53706

T. K. Gaisser
Bartol Research Institute
University of Delaware
Newark, DE 19716

Introduction. The possibility of using cosmic ray induced neutrinos to
detect oscillations in deep underground experiments has been considered
by many authors.l-5,12 Most of the estimates are made neglecting matter
effects, or in the two neutrino case. The matter effects, however, are
non-negligible:s’4 in the two neutrino case, they reduce a mixing angle
of 45° to 7.5° for 1 GeV neutrinos of squared mass djifference 10~7 eV
going through the earth (average density = 5.52 g/cms) making the oscil-
lation totally unobservable. Also, they produce a natural oscillation
length of about 6000 km in the case of massless neutrinos, invalidating
all estimates based on wavelength arguments. Adding a third neutrino
flavor considerably modifies the oscillation pattern and suggests that
scales down to 5 x 10=3 eV2 could be observable even when we take into
account matter effects and the electron contribution to the incoming flux.

In this paper, after defining the model of the earth used in the
calculation, we will show the effect of matter on the probability curves
for different cases, varying the masses and the mixing matrix. We will
then give the prediction for the ratio upward v + V/downward V + V as a
function of the zenith angle at Cleveland, neglecting angular smearing
and energy threshold effects.

1. Simple Model for the Earth: The 3 neutrino oscillation formalism

has no analytic solution in the case of a continuous medium with varying
density.7 We therefore approximated the real density profile of the
earth by a 3 layers model. The earth's density, especially in the core,
is rather poorly known.8 ' The only firm constraint, i.e. - that the
average density is 5.52 g/cm3 and the diameter 12756 km, has been
included in our model: the three layers have respective densities of

3.5 g/cm3, 5.5 g/cm® and 10.17 g/cm3 and respective radial thicknesses of
928 km, 1950 km and 3500 km. These densities and thicknesses come from a
crude estimate made on one of the models quoted in Reference 6.

2. Probabilities. We now study oscillations through a diameter of the
earth using the notations of Reference 7. .
The main problem is the choice of a mixing matrix: in the case
of Dirac neutrinos, the mixing matrix depends on 3 angles and one phase.
We do not know of any model predicting a 3 neutrino mixing matrix with
mixing angles large enough to be observed. . .
Accordingly, we consider the following matrices, with U ; the ampli-
tude to go from a charged-current eigenstate v > to a mass eigenstate
v; > of mass mj: o
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Case 1: 2 neutrino mixing matrix "Cabibbo like":
U, = (cos o -sin o . with o = 45° (maximal vacuum mixing)
sin o cos o . 22.5° (1lifting the &m? 1)
L 1 sign degeneracy’)
Case 2: 3 neutrino mixing matrix with maximal muon mixing:
02 = ( % 1/V/2 -% This reduces the outgoinyg vy flux most.
172 0 1/VZ (2)
| -% 1//2 4

Case 3: Big 3-neutrino mixing with a phase. To study the phase-depend-
ence we use the Kobayashi-Maskawa matrix with a phase § and all angles
45°:

Up = [INVT

IVE - e 1//F + yeld (3)

. 1//8 + %els - 1/V/8 - %616

We study the probability P, to get flavor o from a beam of Ve or Vu
when we let it evolve through matter and assume one of the previous mix-
ings. The results are shown in Fig. 1 for 1 GeV neutrinos.

We see that a squared mass difference of 10-4 eV2 in the 2 neutrino
case is unobservable due to matter effects.o»% However, this estimate
is_violated in the. 3 neutripo case: for an appropriate mixing matrix,
ém? scales of order 10-4 eV% are attainable. Furthermore, graphs (b)
and (c) clearly show that the oscillation pattern is totally modified by
matter effects. Notice that the probabilities do not go back to their
original value in the course of the oscillation. This is a matter effect
which one always encounters in the presence of more than two uniform.
media. Also, we see that 3 neutrino oscillations are very sensitive to
the phase of the mixiné'matrix and Ehat matter effects can, in principle7
distinguish between §m“ > 0 and §m“ <0 as has already been pointed out.

3. Upward to Downward Ratios at Cleveland. We now present results for
the upward to downward ratio of contained events at Cleveland, corre-
sponding to incoming fluxes partitioned into zenith angle bins such that
.1 xn <cos 0 <.1 x (n+1) where 0 is the zenith angle and ne¢[0,9]. The
energy is integrated for each bin from .2 GeV to 3 GeV. We neglect the
effect of the layer above the detector and define the geometry assuming
the detector at the surface of the earth. The zenith_angle dependent
fluxes that we use have been described elsewhere.2>910 "The calculation
is made at solar minimum and we assume a ratio V/V of 1.3. We take a
fiducial volume of 2 x 1033 nucleonsll and the inc%gsive cross sections<:
o, = .737 x Ex 10798 cm? and 0- = B X .31 x 107°% ¢m2 with E the neutrino
energy in GeV. We show in Fig. 2 the results of our calculations in the
form of ratios upward V + V /downward Vv + V. We first exhibit the
effect of matter on 2 neutrino oscillations at the scale om2 = 104 ev2,
~Although one would expect a big depletion (Fig. 2d) of the v flux from a
naive argument based on vacuum oscillations, we see in Fig. Bc that mat-
ter effects completely modify the picture and make the phenomenon unob-
servable in this case. We also show results in the 3V case whiSh sug-
gest that it is possible to observe Sm? scales of order 10-4 eV*.
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4. Conclusions: We have shown in this work that matter effects totally
modify the expectations for neutrino oscillations through the earth,
making the accessi?le range for the squared mass difference of the order
of 10-2 eV2 to 107> eV in the 2 neutrino case and of the order of

104 eV2 to 10~5 eVy2 in the 3 neutrino case. In both cases, the mixing
needed to reach this precision must be unrealistically big.

In the energy averaging of § 3, we have taken the same .electron and
muon thresholds. " An interesting possibility exists for the case where

the electron threshold is lower than the muon threshold, as for the
example of contained interactions shown in Fig. 2. One can then imagine
a situation in which the upward Ve interaction rate is increased without
a significant decrease in the corresponding rate of v, interactions.
(This is possible because, at a given neutrino energy, v /Ve = 2). An
oscillation effect maximum around 500 MeV could therefore increase the
Ve interaction rate via Vi > Ve more than it would be depleted via

Vg * V;, without affecting the v,, interaction rate significantly since
the latter is due primar: h i 1 GeV
s primarily to neutrinos of energy E 2 1 Gev,
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FIGURE 1. Neutrino oscillations through a diameter of the earth.
Horizontal axis: distance traveled through the earth; Vertical axis:
probability P,.

(a) Case 1 with |6m2| = 104 eV2. The three curves give Pe for a pure v
incoming ‘beam, for-o = 45° (curve a); o = 22.5° and dn@ <0 (curve b), i
o = 22.5° and ém? > 0 (curve c).

(b) Case 3 with § = 0° mf = m) = 107 e, m§ = 1073 ev?.

(c) Same as (b) considering the earth as a vacuum.

(4) Case 3 with 6 = 270°, mj = 0, ma = 1.5 x 107" eV?, n2 =5 x 107 eV’
(e¢) Same as (d) but with § = 0°,
(£) Case 2 withm> = 0, m> = 107 eV%, n? = 5 x 1074 ov?.
FIGURE 2. Ratios —¥WUP £, 10 even bins in cos 6.
(v+V)down

Horizontal axis: cos 0; vertical axis: ratio 3%55'
"(a) Without oscillations.
(b) Case 2 withnj = 0, m2 = 107* V%, m? = 5 x 107% ev%.
(c) Case 3 with & = 270°, mi =0, m) = 1.5 x 1074 V2, me =5 x 107 eV’

(d) Case 1 with a = 45°, 6m2 = 10'4 eV2, neglecting matter effects,

(e) Same as (d) but with matter effects.
(f) Same as (e) but with o = 22.5°,.
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~ MEASUREMENT OF NEUTRINO OSCILLATIONS IN MACRO EXPERIMENT
The MACRO Collaboration
‘Paper presented by J. Musser

ABSTRACT: We consider the possibility of investigating neutrino oscillations
in the proposed MACRO experiment. We calculate its sensitivity taking into ac-
count the theoretical uncertainties coming from flux calculations, geomagnetic ef-
fects and propagation through matter, as well as the experimental limitations.

1. The use of atmospheric cosmic ray neutrinos in underground experiments
for investigating neutrino oscillations could in principle allow to explore a region of
parameter space beyond that accessible in reactor or accelerator experiments.

Unfortunately, many limitations prevent to reach the nominal high sensitivity
deriving from the long oscillation path (i.e. the Earth diameter D ~ 104K m.)

First, the low statistics ineherent in this kind of experiments makes small
mixing angles not accessible. Furthermore, an average over the neutrino energy
spectrum and neutrino directions, i.e.. over oscillation lengths, is unavoidgble: in
particular, the effect of averaging over directions is much larger than the afveraging'
over source dimensions. '

The last limitation arises because of the mattef. The different indices of re-
fraction in matter for v, and v,, generated by the charged current contributions to
elastic v, — ¢ scattering, lead to a decoherence of the v, and v, components after a

characteristic length of ~ 9000 KXm in the earth.

2. Considering only two neutrino flavours, namely vy and v,, an underground
experiment can record the disappearence of v, or the variation of the ratio ;/,‘ [ Ve.
The disappearence method needs the knowledge of the éxpected flux and hence is
affected by uncertainties of the order of 10 — 20%, as confirmed also from results of

large nucleon decay experiments.

The influence of the Earth magnetic field, as well as that of solar wind, adds

further uncertainties to the calculation of the low energy‘ part of the spectrum.
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The angular distribution of the muons produced by » in the surrounding rock
and the ratio V,; Jve are however less sensitive to systematic uncertainties. In fact,
the energy of parent neutrino for muons traversing an underground apparatus is
high enough ( E, > 10GeV ) to allow neglecting geomagnetic effects, and the
comparison between different path lengths makes unnecessary an absolute monitor
on the flux, provided the angular distribution is known with sufficient accuracy.

The ratio v /ve is obviously less dependent on theoretical uncertainties.

Two final remarks on experimental possibilities are in order.

A direct comparison of the downward and upward neutrino fluxes using muons
produced in the rock is difficult, since, at the deepness of the existing and proposed
large underground detectors the cosmic muon background is too high even near the
horizontal direction.

In addition, the energy of neutrinos that produce muonic events contained in
a detector of reasonable size is very low, so the angle between the produced muon
and the parent neutrino is large, making less efficient the distinction between up

and down directed neutrinos.

8. We evaluated the sensitivity of MACRO [1] using a complete Montecarlo
computation, including generation, transport and tracking of leptons. The v, flux
is taken from ref. [2], assuming equal contribution for v, and ¥, and D(ve) =
0.2 x ®(v,). The interaction cross section includes quasielastic, A and inelastic

channels. The survival probability for v, is :
Py, — vu) = 1= (1 — p)sin®(20)sin®*(xL/L,) (1)

in vacuum, and

P(v, — v,) = 1 = (1 = p)sin?(20)(In /L) sin® (7L [ ) (2)

in matter.
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In the above formulas, 6 is the vacuum mixing angle, p the ratio v, /v, I, =

2.5E [(m} — m3) ( oscillation length in vacuum ), lo = 27/GN, = 9 x 103 K'm and
Im = 1y (14 (I /10)? F 21, [locos26) =1/ (3)

is the oscillation length in matter [3]. The signs refer to neutrino and antineutrino
respectively.

A pproduced inside the detector must be fully contained to cut the background
of the entering stopping muons, and its verse of motion cannot be iden_tiﬁed. Thus
we consider only the total number of contained events.

The maximum flux reduction for oscillations in such case is 20% requiring a
knowledge of the expected flux better than the present.

A p produced in the rock must traverse the detector with a minimum track
length to allow the determination of the verse of motion by time-of- flight measure-
ment. The median energy of parent neutrinos is, in this case, ~ 60GeV and the
mean v — u angle is ~ 3.5°,

The modulation factor, defined as the ratio between the measured and the
expécted angular distribution of the detected muons, is shown, for various Am?
and at maximum mixing, in Fig.1 and 2. '

Maitter effects reduce the sensitivity in Am? by about an order of magnitude.

The error bars indicated in I'ig.2 correspond to about 3 years of exposure and
show that a 3 o lower limit of Am? = 5 x 10~3 is achievable. For Am2 > 5 x 10—2
the modulation factor becomes again nearly flat, giving the upper limit for this

experiment.
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Figure Captions
1) Modulation factor at MACRO, only vacuum oscillations.

2) Modulation factor with matter effects taken into account. Error bars refer

to 3 years of data taking.

-1-........4.I11.2.:'.1..0,:: ................. n 1. + T ...... “ 1
AlmP1072) e |
9.+ 94 1
LBx10T e
8+ - B+ 5x1073" ’
T . I+ e 1
5x1073.. 5x1077.."
----- . vacuum J AR matter
5 + 6T 1
Op Op
180° 150° 120° 90° 180° 150° 120° g0



132
HE 5.3-11

SEARCH FOR STELLAR COLLAPSE
WITH THE MACRO DETECTOR AT GRAN SASSO

The MACRO Collaboration
presented by
R. Steinberg, Physics Department
Drexel University, Philadelphia, PA 19104

N The generally accepted modern view of stellar evolution!
holds that stars in the range of B to 12 solar masses evolve
gradually as increasingly heavier nuclei are produced and
then consumed in a series of exothermic thermonuclear
processes wultimately leading to the formation of a core
composed almost entirely of nickel and iron. When the mass
of this hot iron-nickel core reaches the critical value of
approximately 1.4 solar masses, electron degeneracy pressure
is no longer able to support the outer layers of the star
and a collapse process begins. Since the core has exhausted
its thermonuclear fuel, further stages of thermonuclear
burning cannot prevent a runaway collapse.

As the density reaches 1010 gm/cm® at a temperature
near 10'° K, most of the heavy nuclei are dissociated
into free nucleons and electron capture on free protons
leads to a decrease in the degeneracy pressure and further
acceleration of the collapse process. This implosion of the
stellar core takes place on a time scale only slightly
longer than the free fall time (tens of ms) and leads to the
formation of a neutron star or black hole and to the sudden
release of a large fraction of the star’s gravitational
potential energy, much of which is ultimately emitted as a
huge burst of neutrinos and antineutrinos of various
species.

Although this general picture has received substantial
confirmation over the past two decades with the discovery of
radio pulsars (neutron stars), X-ray pulsars (accreting
binary neutron stars) and Cyg X-1 (probably an accreting
black hole), an actual neutrino burst has not yet been
convincingly detected.

The MACRO detectorz will employ 700 tons of liquid
scintillator contained in 572 individual scintillation
elements located in the favorable deep-underground, low-
radioactivity environment of Hall B of the Gran Sasso
Laboratory. The large mass and high sensitivity (10 MeV
visible energy threshold) of the detector will allow an
extremely sensitive search for neutrino burst events.

The total energy released during a collapse event will
be the gravitational binding energy of the residual neutron
star, viz.

E = 3 x 1053 (M/Me)2(10 km/R) ergs.

Inserting typical values for neutron star masses and radii
gives an energy release of about 3 x 1053 ergs. Since only
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a small fraction of this energy goes into the exploding
envelope of the star, most of the energy is emitted in the
form of neutrinos and (possibly) gravitational waves.?3

Detailed computations of the time evolution of the
collapse distinguish three phases:

a) Neutronization, lasting a few milliseconds, in
which most of the protons in the core capture an electron to
produce a neutron and a neutrino; only electron neutrinos
are emitted in this phase.

b) Deleptonizatiom, which can last wup to 1 second,
in which the remaining lepton (and hence proton) excess is
radiated through the same process as above, although a
sizeable antineutrino flux can also occur.

¢) Cooling, lasting from 1 to 10 seconds. In this

period, neutrinos of all flavors are emitted with a
Fermi—Dirac thermal spectrum, modified by absorption in the
source. The bulk of the neutrino radiation 1is in this

phase; furthermore, the emission of electron antineutrinos,
which are the most easily detected, is essentially limited
to this phase.

We have performed Monte-Carlo calculations of the
detection efficiency of the MACRO 1liquid scintillation
detector to evaluate the sensitivity of a stellar collapse
search with this instrument. The effective mass for
neutrino burst detection is 600 tons of liquid scintillator
with a chemical composition of CnHzn.

The main detection channel for antineutrinos 1is the
charged current interaction with free protons; neutrino
detection is mainly via elastic scattering on electrons. In
the Monte-Carlo code we included the effects of module
geometry and the appropriate neutrino cross sections and
energy loss rates for electrons and positrons. The neutrino
energy distribution for the burst was assumed to be a
thermal Fermi-Dirac distribution, modified by absorption
in the collapsing star4. We considered two sets of collapse
parameters taken from the literature5:8, See Table I.

TABLE I. STELLAR COLLAPSE MODEL PARAMETERS

Parameters Model I}4] Model II[5]
Flux(7,) at Earth 6 x 10" em~? 1.7 x 10! ¢m—?
Flux({v,) at Earth 6 x 10t cm™? 2.4 % 10! em™?
<Ep, > ‘ 12 MeV 10 MeV
<E,, > 10 MeV 10 MeV
At . 20 s 10s
Ewt - 6 x 10°3 ergn 2 x 10%3 ergs
Number of Positrons: ,

D = Lkpe o sxaot 4% 10°

D = 10 kpe I ) 40
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Fig. 1. Two theoretical
models for the energy
distribution of the
neutrinos emitted during
stellar collapse. Model I
is from Ref. 5, while,

Model II is from Ref. 6.

40 50
EyMeV)

Fig. 1 shows the neutrino energy distributions for the
two models. Fig. 2 summarizes the results of our Monte
Carlo calculations for the single module visible

energy
distributions of the positrons produced by electron
antineutrinos. Note that, since the cross—section for
antineutrino absorption increases as E,2, the average

positron energy of about 15 MeV is higher than that of the

antineutrinos which produce them. Fig. 3 shows our result

for the energy distribution of the electrons resulting from
elastic scattering of electron neutrinos.
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Fig. 2. Results of the Monte Fig. 3. Results of the Monte
Carlo - calculation for the Carlo calculation for the
energy distribution ~of energy distribution of
positrons produced by electrons produced by

electron antineutrinos. electron neutrinos.

From Fig. 2 we conclude that, for the anticipated detection
threshold of 10 MeV, positron detection efficiencies are 75%
and 60%, respectively, for the two models. From Fig. 3, the

electron detection efficiency is 26%, since the elastic

scattering cross section grows only linearly with E, and the
average electron energy is only ~.5 E,.
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The last two lines of Table I show the expected numbers
of detected positrons for the two models, assuming a visible
energy threshold of 10 MeV, for distances of 1 and 10 kpc.
Even in the more pessimistic Model II, 40 counts are
obtained for a collapse
at the Galactic center. I T

Statistical fluctuation
of the radioactive back- W'
ground counting rate in
the detector can mimic a._
neutrino burst. For a 55
year run, 90% confidence>
level detection of aX g
neutrino burst requires
the frequency of spuriousé
bursts to be kept belows
l per 12 years. Allowing®
this rate for spurious .
bursts, Fig. 4 shows the
minimum detectable neu- - L

. . 0" ' 1" Byplen?)
trino flux as a function , L
of the background counting Fig. 4. Minimnum detect-
rate of the scintillator able neutrino flux vs.
system for several values detector background rate.

of the burst duration.

With an estimated maximum background rate of 1 Hz and a
typical burst duration of 5 sec, the minimum detectable
neutrino flux is 2 x 1032 /cm2, Thus, in Model I,
the maximum range for burst detection would be 40 kpc, while
Model II predicts a maximum detection range of about 15 kpc.
The MACRO detector therefore will be sensitive to
stellar collapses occurring anywhere within the Galaxy.
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The MACRO Collaboration

Paper presented by G. Auriemma*

ABSTRACT

A large area underground détector with accurate muon tracking and directionality can be used
for the search of extraterrestrial sources of high energy neutrinos. The sensitivity of the MACRO
detector to possible sources of neutrinos was evaluated with a Monte-Carlo simulation of the neutrino
interaction in the rock and of the detection in the real apparatus.

Two categories of possible neutrino sources are discussed in comparison with the detector sensi-
tivity. Promising candidate objects for this search appear to be the two binary X-ray sources in the
southern sky Vela X1 and LMC X4, which are known to emit y-rays up to the 10% TeV region .

A large flat underground muon detector can be used as a neutrino telescope because the horizontal
and upward going muons are generated only by neutrino interactions in the rock 1,2), The MACRO
apparatus 3) in the Gran Sasso Laboratory is particularly well suited to this application due to its
intrinsically very high tracking accuracy (A6 < 1°), its large area {~ 1000 m?) and its time-of-flight
resolution {~ 1 nsec). The depth of the Laboratory (~ 4000 m.w.e.) assures a good filtering of the
downward muons generated by the cosmic ray interactions above the Gran Sasso mountain. The
omnidirectional measured muon flux in the Laboratory 4) is ~ 1 4 m~2 hour—1. Therefore the time
of flight measurement given by the scintillator counters can distinguish the upward-going component
of the muon flux with negligible contamination. Under this circumstances the background to the
detection of extraterrestrial neutrino sources is given by the conversion of atmospheric neutrinos. The
estimated rate of this background ®) is ~ 1 u day—! over the entire MACRO apparatus.

An analytical computation of the response of underground detectors to extraterrestrial neutrinos
was reported by Gaisser & Stanev ). This computation has shown that the detection efficiency for
neutrinos is a fast rising function of the neutrino energy. Therefore the detectability of extraterrestrial
neutrinos is related to the hardness of the spectrum of the source.

We have computed the response of MACRO to extraterrestrial neutrino sources with a Monte-
Carlo program in order to derive that parameters , such as detection efficiency and the angular spread
of the muons respect to the neutrinos direction, which cannot be easily deduced from analitycal
computations,

The rate of muons in the MACRO apparatus can be factorized as follows :

[c+]
NM=A(a,5)xex/ F,x P, dE, (1)
Er

where A(e, §) is the time averaged exposed area for the point in the sky with equatorial coordinates
a, 8, € the detection efficiency in the apparatus, Ep the minimum energy of the muon which can
be detected in the apparatus, P, the probability that a neutrino produces an upward muon at the

* LN.F.N. Sezione di Roma and Dipartimento di Fisica ,Universitd di Roma ”La Sapienza”, Rome,
Italy
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detector (see Gaisser & Stanev 9)) and F,, is the spectral distribution of the neutrinos. Assuming , as
costumary for astronomical high energy sources, a power-law spectral distribution for the neutrinos:

F,=K,xE;" @)
we have estimated both the efficiency and the average neutrino conversion probability P, defined :
o0
— F,x P, dE
P, = fEToo = - (3)
f £e Fu X dE,
and the average energy E,, of the neutrinos which have originated a muon detected in the apparatus:

- JoE,xF,xP,dE,
E, ==z 4
ngvxPudEy (4)

In addition from the Montecarlo we have obtained also the angular point-spread function of the muons.
Detailed description and results of the Montecarlo will be reported elsewhere 7). We summarize in
Table I the results obtained for spectral index from -2 to -3.8. We have included in the Monte-
Carlo code the angular spread originated by the neutrino-nucleus interaction as well as the effect of
transport in the rock. The differential cross-section of neutrino-nucleus scattering used takes into
account both the effect of the mass of the W boson and the nucleon structure functions according to
Duke & Owens parametrization 8). In the transport section of the program we have included only
the multiple Coulomb scattering of the muon . The distribution of the angle § between the muon
in the apparatus and the neutrino original direction shows a central dominating gaussian core and
a tail corresponding to relatively rare large angle scatterings.We have therefore quoted two angular
parameters in Table I. The one reported in column 6 is the r.m.s. angle wich is dominated by the
Coulomb scattering and the one reported in column 5 is the angle wich includes 90 % of the total
muons. Comparison between the two angular parameters shows that steeper spectra can be easily
identified by the larger angular spread.

TABLE I. Summary of Montecarlo results

v E, € P, fo0% | Or..s M.D.F.
(TeV) Er = 1GeV (ergs em=2 s—1)
2.0 23.3 | .75 6.x 10~° <1e AT° 2. x 10-8
2.2 7.8 | .68 1.x 10™° 1° .61° 1, x 107
2.6 86 | .56 7.x10"11 | 2025 1°.2 1.x 10~
3.0 095 | .39 1.2 x 10~11 6°.0 2°.0 1.x 10-5
3.8 01 | .14 3.2x10712 | 11°5 4°.6 1.7 x 10-%

The detection of extraterrestrial neutrino sources with MACRO is limited by the sensitivity of
the experiment itself and not by the atmospheric background . Infact the resolution of the telescope
for hard neutrino sources (i.e.sources with spectral index 4 ~ —2) is better then 1 degree. Therefore
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the expected atmospheric background is ~ .05 y year—1. The detection of neutrino emission from an
identified celestial object can be unambiguously proved by the clustering of a small number of muons
in a cone of aperture ~ 1° around its direction. Therefore the minimum detectable flux (MDF) from
a source, reported in Table I corresponds to the neutrino flux which gives 10 muons in a cone of 1°
aperture in five years of exposure of the apparatus. The intrinsic neutrino luminosity of a source
detectable with MACRO is :

L, > (M.D.F.) x 4xD? , (5)

where D is the distance of the source.

The localization of the Gran Sasso Laboratory at 38°N makes the MACRO experiment suitable
for the survey of the southern celestial emisphere. Infact the time averaged exposure area in formula
(1) is a function of the source celestial declination. We have reported in Fig. 1 a plot of the equal
exposure contours in a galactic coordinates plot. The sensitivity given in table 1 corresponds to
the maximum exposure in the direction of the celestial southern pole. For a given source the MDF
reported in Table I must be scaled to the actual exposed area

>
-]
m

“ﬁa\ Va
X

Fig. 1 MACRO field-of-view in Galactic coordinates.Contours represent equal time-averaged exposed
area. The shaded region in the northern emisphere is inaccessible to MACRO survey.

It was shown that the MACRO survey will be sensitive mainly to high energy neutrinos. Several
classes of objects were proposed as strong neutrino sources °). We will discuss briefly the detectability
with MACRO of two interesting classes of objects. '

a) U.H.E. binaries

Recently U.H.E. y-rays (E, > 10 TeV) emission was observed from the well known X-ray
binaries Cyg X3,Vela X1 and LMC X4 10:31,12,13)  Very reasonable models of this objects suggest
that hard neutrino emission is expected 14) in the TeV region, if the U.H.E. ~ emission is originated
from hadronic interaction of accelerated protons (or nuclei) on the non-degenerate companion star.
The spectral index of the neutrinos is predicted to be 4 < 2 from the observed ~-ray spectrum. In
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Fig. 1 we observe that two of this sources (viz. Vela X1 and LMC X4) are in a very good position for
the MACRO apparatus.In particular the source in the Large Magellanic cloud is predicted to have a
neutrino luminosity well above the detectability of MACRO.

b)Active Galactic Nuclei

Radio and X-ray observations of the compact nuclei of several peculiar galaxies (viz. Seyfert’s
type I galaxies, BL-Lac objects and Quasars) indicate that extreme non-thermal emission originate the
huge luminosity of these objects. Neutrino emission could be associated to this non-thermal emission
15,16)  In particular the neutrino radiation could be extremely relevant in the case of continous re-
acceleration of particles in the source. Recently high quality observations of the X-ray spectra have
shown that the non-thermal emission of a large sample of objects can be fitted with an ®universal”
power law distribution”). This could be the evidence that in all these sources the particle spectrum
has a spectral index 4 ~ 2.3. In principle we can expect that the neutrino spectral index would be
the same. To be detectable with MACRO a source with spectral index -2.3 should have an intrinsic
neutrino luminosity of L, > 1046 x D%, ergs cm=2 =1, This neutrino luminosity is anyway too
much high also for these type of objects, according to the current estimates.

We are gratefull to T. Gaisser, T. Stanev and V. Stenger for very helpfull discussions.
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THE CAPABILITY OF THE EXISTING NETWORK OF INSTALLA-
TIONS FOR DETECTING THE ANTINEUTRINO BURST FROM
COLLAPSING STARS

Khelchukov F.F., Ryassny V.G., Ryazhskaya 0.G.,
Zatsepin G.T.

Institgte for Nuclear Research of the Academy of
Sciences of the USSR, Moscow

1. Introduction.As the neutrino fluxes can bring informa-
tion from the internal layers of the collapsing star, the
problem of the neutrino burst detection is of importance
for both the direct registering of the collapse itself and
the investigation of its dynamics. The main characterig-
tics of the neutrino fluxes have been obtained by simula-
tions /1-7/. The total neutrino flux energy is estimated

as 2.5 4 1072 - 1.4.10%%rg, the energy of V), -flux being

1053erg. Predictions on neutrino energy spectra are quite
different. We will use two models of the collapse: the
model by Bowers end Wilson /2/, hereafter "BW", and the
model by Nadyozhin and Otroschenko ("NO"). The \V,-spectrum

in the BW-model reaches the meximum at Ex > = 8 MeV. Avera-
ge energy of \), Ey =10 MeV. The NO-model /1/ gives E5 =

= 10.5 MeV and Ey = 12.6 MeV. The . -burst duration is

ATy= 20s for the NO-model. As the black hole formation
is the result of the star collapse in the BW-model,

ATy is taken to be 5s _ according to /7/. In the
NO-model the emission of <V, during star collapse is

not taken into account. So in our estimates we correct the
intensity of V. -burst with the factor of 2/3, the latter
resulting from the hypothesis about the equal energy re-
lease in various types of neutrinos.

2o :ae ~burst detection efficiency of various scintilla-
$ion installations

To detect the Vv -flux the reaction

V.+ P —-n+e* (1) ,
will be used. The neutrons will slow down during S/Ls and
then will be captures by scintillator protons (Taqﬁ,afﬂysk

N+p —D+y ; B = 2.22 NeV (2)

The AJ%~burst detection has the following features /8/:
1) the counting rate increase in the energy range of 5
«~45 MeV during 5-208; 2) the time correlation between the
pulses due to reactions (1) and (2); 3) the homogeneous
spatial distribution of the interactions (1) in a detec-
tor; 4) simultaneous events in various detectors.
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We have considered /8/ the ¥, -burst detection capabili-
ty of four installations : Artyomovsk scintillation detec-
tor (ASD ), Baksan scintillation telescope (BST), the
USSR~Italy liquid scintillation detector (LSD) and the
scintillation telescope in the Homestake Gold Mine (HST).
The main characteristics of the installations are presen-
ted in Table 1.

ASD /9,10/ is a steel cylinder (h =5.6 m, # = 5.6 m)

containing 105 tons of C H2n+2( n = 10) with a scintilla-

tor. The pulses in the eﬁergy ranges of 5-50 MeV (the 'po-
sitron' range) and of 1.5 - 4.5 MeV (the 'neutron' range)
are analyzed. The 'neutron' channel is opened during

10~ 510{ms after the 'positron'‘pulse arrival. The 97%
of positrons and 80% neutrons from the reaction (1) can be
detected. The background counting rates are 0.4 g—! in the

‘positron' range and 1.2-101)3’8"1 in the ‘neutron' one. The
events are selected from background provided that at least
15 pulses in 20 appears in the 'positron' range, = 10 of
them belng accompanied by 'neutron' pulses. At the next
step the events are selected if each of > 13 'positron'
pulses is accompanied by 1-3 'neutron' pulses. The game
liquid scintillator is used for BST and LSD.

BST consists of 3136 standard modules 0.7 x 0.7 x 0.3 nP
The pulses in the energy range of E >12.5 MeV are analyzed.
Three step criterion is used for the event selection. At
the first step an event is selected provided that > 5 pul-
ses in 20 S appear in the detection range. The spatial and
time distributions are analyzed at the second aqd the third
steps. The background counting rate is 0.034 s8~1/12, 13./

LSD /14/ consists of 72 modules 1.5 x 1.0 x 1.0 m>.
The neutrons from the reaction (1) cen be detected. The
threshold is adjusted to 6 MeV, result%ng in the back-
ground counting rate less than 0.01 $~'., The selection cri-
terion: > 4 pulses in 20 g in 6~ 50 MeV energy range.
: HST /15/ is under construction now. The telescope will
employ 200 modules 8 x 0.3 x 0.3 m° filled with & liquid

gscintillator « The threshold is expected to be of

5-10 MeV. The background counting rate and the selection
criteria have not been published. +
YWe have calculated the energy spectra of e produced by

Ve ~burst in various detectors. The spectra are calcula-
ted assuming the distance to collapsing star to be R =
=10 kpe and the scintillator mass M = 100 tons (Fig.1),
The <), =-spectra from /1,2/ were used for the celculations
While simulating, the module design and light collection
conditions for varioui detectors were taken into account.

We have used the e’ -spectra obtained for to determine
the *V, -burst detection efficiency. The e"'-spectra, were
not supposed to change with the time. When calculating,
the positron and neutron pulses were generated at random
and added to background pulges. Then the total pulse array
was processed in search of V., ~burst events and the depen~
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‘Fig.1. The energy spectrs of et produced by N =burst in
various detectors (NO-model). The dashed lines ~the eleci~
ronic thresholds.

dence of the burst detection ef’ LSD
ficiency on the distance to col=- l.o-——\\ t
lapsing star (W(R)) was deter-
mined for various installations.
The dependence W(R) and the
Galaxy star distribution /16/q(R),
were used to calculate the pro- .78-
bability of collapse <V, -
-burst detection. The func=- 4
tions W _(R<Ro) are
ghown in $ig.2.

. The creation of the network - 797 R, kpe
of ingtallations. Y

.
Xs one_can see in Table 1 the 20 25 30
Ve =burst detection Vf Ro
-efficiency is rather great: Q= e (ReR )= WERY R AQ,/ (IR
EWE(R‘iO kpc) ?;5? for gvery ( ) o 29 b )
‘installation. It's to be noted, .. :
however, that the burst seems <Lif:2. The integral proba-
bility of collapse Vo =
to be detected only by coinci-~ -b t detecti e
dence of signals from several urst devecvion.
ingtallations. Let us estimate the possible imitation coun-
ting rate for every installation (n) supposing that coinci-
dence counting rate has.to be < 1/100 years. Provided

the time resolution is t <10 S, we'll obtain for two in-
stallations : :

Nye=2th* < 1/100 years =>n «1/3 days ;
and for three oneg:

N, =23t'N%< 1/100 years —> n<1/2.7 hours.

Certainly the network of installations allows more 'aof't!

selection criteria to be used, which incresses the Ve -~
~burst detection efficiency up to 99% for every installa-

tion. So the installation 'living' time ( w, ) is of

importance. If wy were 85% for every installation,
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the detection efficiency of the network should be Z> 90%.

It should be emphasized that the creation of the net-
work requires the close cooperation between various re-
search groups. The cooperation could start with the joint
time planning of runs, as well as the prompt andocontinuous
exchange of the information

Teble 1. The main characteristics of installations K., -
- the average number of . =~interactions in a detec-
tor (NO-model); Ny ~the background counting rate; Q =~the
Galaxy star %grt being observed by installation ( Q=

We (R€30 kpe) ) ; T3 ~ the minimum ~, =flux
which may be detected with probebility AS> 0.9.

Thre-| = min
Instal-| Mass|Depth k ng Iz, ,om
lation | (t)|(mwe)| %5 0| (s [FO T ATS =208
asD | 105( 570 | 5 | 47 340y [0.97]0.94 9-1012
BST | 130| 850 | 12.5 | 27 |0.034 [0.99|0.95| 8-10"
LSD 90(5200 | 6 35 (0 001]1-00|1.00|5.10™0
HST | 140|4200 |5-10 |52-41 |2 |2 ?

*) - the effective background counting rate with accoun-
ting the neutron detection.
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1. Introduction

One of the important object of DUMAND is the measurement of high
energy neutrinos. And also in the underground laboratories, such as
Gran Sasso, neutrino physics will become more and more important subject.
In such a case atmospheric neutrinos behave sometimes as guest and
sometimes become an obstacle. In this paper focussing on high
energy neutrinos (2 1 TeV), we carried out a new calculation of
atmospheric neutrino intensities taking into account EMC effects observed
in P-A collisions by accelerator, recent measurement of primary cosmic
ray spectrum and results of cosmic ray muon spectrum and charge ratio.
Another features of the present calculation are a) taking into account
kinematics of three body decays of kaons and charm particles in diffusion

equations and b) taking into account energy dependence of kaon production.

2. Methods of the calculation

Energy moment Zhé in which particle h collide with nucleus A and
produce particle c is given as following;

1
A _ y-1 2
th =7 [OX f] !(X,pt) dpt dX,

3

1 do o

where - A _ hp ¢ ,a(x)
A S T

hA 1 h
On the other hand in nucleus-nucleus collisions, we take A-A collision
as sum of '"nucleon''-A collision. Where '"nucleon' is considered that
a part of nucleon is quark-gluon(Q-G) state. So Zbé is modified

taking into account the primary cosmic ray composition as follows;

A A _ _ A A
ch 6p ch (1 Gp)[(l R) ch + B ch ] ,

where Gp is the proton excess at the top of the atmosphere and the value
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is 0.79. 8 is the rate of Q-G state and 0.237 estimated from cosmic
ray muon charge ratio. More details of the above formulas and the

1).

values of Zﬁé can be found in Minorikawa‘and Mitsui
Next we consider prompt neutrino production. Prompt neutrinos are
produced through decays of.charm particles, such as pp~ DDX or AZﬁX.
Inclusive distribution of D-meson is very similar to the distribution of
mesons produced by h-A collision and the distribution of AZ baryon is’
similar to that of proton without diffractive part. From the above

points, energy moments of charm particles are presented as following;

vA - [ vA_
ZpD = ( pr ¥ Zpﬂ ) Bpo
A
AN 3 +
pA. = “op
_ o, tot o .
where B = 0 <n >A” /o <n >A”. As a cross section, decay mode and
o cc pp m

branching ratio of charm particles, we take those presented by
Castagnoli et alz) and the collision mean free path of charm particle
with nucleon was taken 200 g/cm2 for D-meson and 100 g/cm2 for A;
baryon at the energy of 1 TeV. For neutrino intensities produced by
three body decays of kaon and charm particles we can calculate using

3)

diffusion equation taking into account kinematics by Hagedorn™’ and

given as follows;
2 2 E)
m F(M) Bisece*
n (E ,x,0*) = M ——— P(E.)n. (E. ,x,0%)dE.
AV ARRVE 3 g M ya E 0(x) p; R T B i’

1 1
where B is decay constant and Bki = 850, B, ,=201.8, B =9, 04x107
L
= 4.33x107 and BA+ = 2.12x108 in GeV. Focussing on the neutrino

M

D
from the decay D ~» Ku%, we present as following;
2 M! 2 .2
m 2 - M
2 M /\/ 2 2,02 . 2
R, = " ——— - M-+ m )] M- (- m )T,
3 4mz " > ! M My
- - 2
where M’ On mu) Mé my mk+ m , ._~ my,
$00= oD s m )21 - - m )7,
E, ml - M 2 E,
E= 7t » By ——5—, and r = W/mp,.
1 - 4 E 1-xl

Primary spectrum was taken as 1.87 E ~2. 7(E <5x 106GeV/nucleon) and
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191 E.°

0 0 (EO> 5 x 106GeV/nuc1eon) in unit of (cmzsec ST GeV)hl.

3. Results _

Calculated differential neutrino spectra are presented in Fig.1 as
solid lines. The calculations performed in the early,4Vb1kova4) and
Inazawa and Kobayakawas),vare‘shown in the figure, however latter
intensity was raised by a factor m for kinematical correction.

By integrating differential neutrino spectrum from 0° to 360° for .
azimuthal angle and from 0° to 90° for zenith angle, downward going
integral neutrino intensities were estimated and presented in Fig.2.

4, Discussion

Rate of the intensity of electron neutrino to that of muon neutrino
is 5.5% at 1 TeV and 2.6% over 106GeV} And also rate of the intensity
of neutrino to that of anti-neutrino is 2.2 for muon neutrino and 1.7 for
electron neutrino, indEpendently of energy. The integral intensity of
the prompt neutrino exceeds the conventional one at about 10 TeV for
electron neutrino, and in the -energy region of several hundreds TeV for
muon neutrino. Because the above energy region will be covered by

DUMAND, it seems to be able to detect the prompt effects.

This calculation was performed using the computer FACOM M180-TI AD of
the Institute for Nuclear Study, University of Tokyo.
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Fig. 1 :

Differential neutrino

spectrum.
0° and 90° mean zenith angle.

Fig. 2 :

Neutrino intensity I(ZE)
obtained by integrating the
differential spectrum from

0° to 360° for azimuthal angle
and from 0° to 90° for zenith

angle.
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ABSTRACT

We discuss here a standard source of high energy neutrinos com
posed of a source of accelerated particles imbedded in a cloud of
low density gas. The main mechanism of neutrino production in
the source is pp-collision, and the main process of detection is
through muons produced underground by the neutrinos. The flux
of neutrino-produced muons is computed for sources with diffe-
rent spectral index.

1. Introduction. High energy neutrinos (E,210 GeV) can be generated in cosmic

sources as a result of the interactions of accelerated protons with the ambient
gas, through the chain of pions (kaons) decays, as well as charged mesons decay
(prompt neutrinos). In the past, the possibility to detect high energy neutrinos
was discussed mainly in connection with huge detectors, with an area of order 1
km?2, as the DUMAND project. The aim of this paper is to discuss high energy
neutrino astronomy for relatively small (area S~ 100 m?2) underground detectors,
and to consider a "standard source' of high energy cosmic neutrinos to which re-
fer when considering (see Berezinsky et al., these proceedings) the real astro-
physical sources.

The main process of neutrino production in the source is pp-collisions (which
implies also p-nuclei collisions). In some cases prompt neutrinos can dominate,
while usually py neutrinos have too large energies and consequently too small
fluxes to be detected in small detectors. The main reaction for neutrino detection
isu. + N — u + X, for which at high energy muons retain the same direction of
the parent neutrinos, so that the source is seen within the resolution angle of the
detector. For a detector located deep underground, and for a source in antiver-
tical direction, the atmospheric muon flux is negligible along the direction of the
source, and the background is mainly due to the atmospheric neutrinos.

2. The standard source. Our standard neutrino source is a source of accelera-

ted particles imbedded in a cloud of low density gas (1), in which neutrinos are

produced through the chain of pions and kaons decays, which follows the pp-col
lisions. We assume that the column density of the cloud is x» x,~ 70 g/cmz, and
at the same time transparent to neutrinos. In our calculations we used the follo-
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wing spectrum of the accelerated particles:
-(x+ D
Y E p dE
N (E)AE = (p = 1)y (= +1)  =—fo -~ %)
P R By E

where N_(E) is the number of protons with kinetic energy E produced per second
by the source, y is the exponent of the integral spectrum, and Lp is the cosmic

od .
ray luminosity of the source: Lp =/o E NP(E) dE. In all our formulae the energy

is given in GeV, E, =1 GeV, and Lp is given in GeV/s. For E>» EO the neutrino
flux at the Earth is given by(2):
. Lp (3 - D
]y(E)dE = (<fy+q?;)E
4ur? (1 -ot)

D g 2

where ¢, and ¢; are the neutrino yields,& ~ 0.5 is the fraction of energy retained
by a nucleon in a nuclear collision, and r is the distance to the source. This flux
is accompanied by an equilibrium muon flux that can be calculated from the kinetic

S dr
equilibrium —?I_EU))(E/“) ]/‘_(E )] = G(E), as:

N, ® 7 dE, Y e E) Ay )
j/u(E/u) ——————— f dE/ ————3 (E )j loz +~.'L ] &)
£ 4

EV dx dy dx dy

where N =6.02 10 3 is the Avogadro number, 3 (E, ) =a + bE/,_ is the muon e-
nergy loss expressed in GeV cm?/g with the values of a and b given by (3), j (E)
is they, +y, flux, 1 = Y /(¢, +¢) and 4 = {;/(q, +¢;) are the fractions of V
and V Y neutrinos in the flux, y = E /E, , and x is the scaling variable. The dlf—
ferentlal cross—sections can be wrltten as:

2 2
dza;, F(2Eymn+mn) A(xQ)+B(xQ)y

w 2
dx dy 2 (1 + QZ/ mwz)

(4

2 2 2 - 2 2
a6 Gp @E,my+mp)  A(,Q ) + B(x,Q?2) y

. 2
dx dy 2 a + Q2/ m\f)

where m, = 0.94 GeV is the nucleon mass, my, = 81 GeV is the W boson mass,
Gg=1.17 10~5 GeV_Z, and the form factors can be expressed through the quark
structure functions x(uv +dy) and xS, with S = 61, as:

A(x,Q% = 2B ,Q2> = -3-x 506,Q%

A(x,Qz) [u (x, Q )+ d,(x,Q )] + ———-x S(x, Q2) (5)

B(x,QZ) [u x,Q )+d (X QZ)] +-zmx S(x,Q2)
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In our calculations we used the structure functions given by(4). Q2 is defiiled
as 2mnE#x(1 ~¥) / y when larger than 4 GeVz, and it is assumed Q02 =4 GeV

when smaller than QOZ. Inserting (4) and (5) into (3), one obtains, for a power law
neutrino spectrum:

2
G_N G_.Em
. . F A Famn |
J,u(E/“) = JV(E/“_) , IX(E/‘-) (6)
BED Lg
where G"F = 4.54 10759 em? is the Fermi constant and
4 1 4
i,(E,) =]dzzx"2! dy ¥ dx g -
yoM 2 2
) p A 1 +Q%/ my) o)

[ A0,Q% + 7 A6, 0D + yfpBe, 0D +q B(x,Qz)}J

where Q2 = 2mnEﬁ_ x(1 - y)/yz if larger than 4 GeV2, and Q2 =4 GeV2 otherwise.
The integral muon flux can thus be expreszsed by:

4 .
¥G . N,G_E " m 1z(§u_/u)

: . F oA F My -3 g
LOED = j CE) e dud™ L 2 ®

/5(13/“_/u)

and the number of muons crossing an underground detector with area S during
the time t is given by: '

nﬂ'(>E/“) = j/b(>E/u)St @

We computed the values of n, (> 13“_ ) for S =100 m2, t =1 year, and our
standard neutrino sourcewith a cosmic ray luminosity L_ = 1043 erg/s at the di-
stance r = 10 kpc, for different values of the exponent of the integral spectrum.
Table'l gives the results of our calculations.

3. Conclusions. From the values of n/L (>E/&) reported in table 1, the following

conclusions can be inferred:

i) to detect with a S = 100 m2 area detector a galactic source at the distance of
10 kpc, a cosmic ray lurhinosity of order Lp = 1043 erg/s is needed. Such a large
luminosity can be provided only by supernovae explosions or young pulsars.

ii) to detect extragalactic neutrino sources, the scale of luminosity is L& 10
erg/s at the distance r = 1 Mpc, and Lpfd 1049 erg/s at r = 10 Mpc.
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E,u. (Gev)
10 30 100 300 1000
1.1 1.210°  1.210° 1.110° 9.310° 6.7 10
1.2 6.910° 6.610° 6.010° 4.910° 3.310°
1.3 3.110° 2.910° 2.610° 1.910° 1.310°
;“ 1.4 1.3 10°  1.210°  1.010° 7.4 10" 4.5 10!
T 1.5 5.5100  4.9100 4.010° 2.8100 1.610
T 1.6 23100 2.0100 1.6100 1.0100 5.3
g 17 1.010" 8.6 6.2 3.9 1.8
1.8 4.7 3.7 2.5 1.5 6.410 "
L : — —
@ 1.9 2.2 1.6 1.0 57100 2.21070
Z 2.0 1.1 7.4107  4.4107F 2.21070 8.0 1072
1 -1 1 2 2
2.1 5.310° 3.4107 1.910°0 8.8107° 2.910
-1 -1 2 2 -2
2.2 2.710° 1.610° 8.0107% 3.510°% 1.010

Table 1: number of muons with energy higher than E, crossing in 1 year an under"
~ground detector with area S =100 m™~, for our standard source with co-
smic ray luminosity Lp = 1043 erg/s at the distance r = 10 kpc.
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ABSTRACT

On the basis of our standard source calculations (Berezinsky
et al., these proceedings) of high energy neutrino fluxes, we
discuss some models of astrophysical object (single stars and
binary systems), from which a detectable muon flux is expec—
ted in small underground detectors.

1. Introduction. In connection with the discussions on the DUMAND projectl),
high energy neutrino sources were extensively studied (2-6). In particular, the
feature of such a discussion was on sources which can be detected with very lar
ge underwater detectors, with area of order 1 km”. In recent years, with the
aim to search for proton decay, relatively small underground detectors have been
built, which are used for several other purposes. As regards high energy neu-
trino astronomy, their small area in comparison to the DUMAND project limits the
number of sources which are possibly detectable.

High energy neutrinos can be produced in'cosmic sources as a result of PpP-
collisions between accelerated protons and the ambient gas through the chain of
pions and kaons decays, as well as charmed mesons decay (prompt neutrinos).
The main reaction for detection is Vit N = u+ X, being, at large depth under-
ground, the main background mainly due to atmospheric neutrinos. Since the path-
length of high energy muons in the rock is large, while the dimensions of the un-
derground detectors relatively small, muons are produced mainly outside the de-
tector; moreover, since high energy muons retain the same direction of the parent
neutrinos, the source is seen within the resolution angle of the detector.

The low energy limit of the experimental neutrino astronomy is defined by the
angle @;/L between the parent neutrino al% the muon produced in the yN-collision.
Since this angle %x2.6 (100 GeV/E,) degrees increases with decreesing
neutrino energy, the background within the resolution angle of the detector increa
ses at low energies; at the same time, also the vy N cross—section and the range of
muons decrease. All these factors reduce the muon flux and, consequently, the sig
nal to noise ratio in the direction of the source at low energy (E, £ 10 GeV).

Our calculations of a "standard source" of high energy neutrino astronomy (pa
per I, these proceedings) show that the horizon for small detectors (area S ~ 100
m2) is limited to our Galaxy. If the sources were transparent to gamma rays, then
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there will be a connection between neutrino and gamma fluxes; in this case, the
limits on the gamma ray flux (fb,<10" em™2s~1 for the existing sources) show

that in our Galaxy we cannot expect to observe stationary neutrino sources. Then
we are left with the possibility to detect transient or hidden sources. The aim

of this paper is to discuss such a sources of high energy neutrinos, and their de-
tection with small underground detectors ;see(7) for a general discussion.

2. Detectable high energy neutrino sources.
2.1 It is well known that young supernova shells, filled with high energy parti-
cles, are a powerfull source of high energy neutrinos (8) during a period ¥, =
1.310" s, (at time t> T, the high energy particles in the shell loose energy mainly
due to the adiabatic expansion). Our standard source calculations are directly ap-
plicable to such a model, and, for a source located at the distance r = 10 kpc,
with a cosmic ray luminosity Lp = 1043 erg/s and an exponent ¥ = 1.3 of the inte-
gral spectrum (which is the commonly accepted value for the cosmic ray produc-
tion), our results predict that of order 100 muons with energy E. > 1 TeV cross
an underground detector with an area S = 100 m?2 during 1 year. This is undoub-
tely a detectable neutrino source.

For a steep spectrum (¥ = 2.1), a cosmic ray luminosity L_ = 1044 erg/s is
needed to detect 5 muons with energy E/w 7 10 GeV in the same detector during
the same time. In this case, a rather high luminosity of the source is required,
and nevertheless the signature remains poor.

2.2 A neutrino source made by an active pulsar imbedded in a supergiant (9),

a model previously (10) considered in detail, can be easily interpreted on the
framework of our standard source. Both for a flat spectrum (y =1.3) and for a
steep one (y = 2.1), the results on the flux of neutrino-produced muons in an
underground detector with area S = 100 m?2 are the same as for the previous ca-
se 2.1. This is, however, an example of a hidden source since, because of the
large column density (x~ 100 g/cmz) along the supergiant radius, no gamma-rays
are emitted from the surface of the system, and the source could be detected on-
ly through its neutrino emission.

2.3 A pulsar in a binary system yields neutrinos in the direction of the Earth
during the eclipse of the pulsar by the companion, because neutrinos are produ-
ced in the atmosphere of the latter, opposite to the line of sight to the observer.
Our standard source calculations are applicable for the total duration of the e-
clipse (t, # 2 10" s, if the companion is a 5 Mg giant); for r = 10 kpc, Lp - 1043
erg/s and y = 1.3, the number of recorded muons per orbital period is ~ 20 at
the energy threshold Eun =10 GeV. In this case, it would also be possible to di-
scover the periodicity of the neutrino emission from the system.

If the companion is a main sequence star with M = 1 Mg, the numerical esti-
mates are practically the same as for the previous model; however, in this case
it is impossible to discover the periodicity of the neutrino pulsation.

2.4 As aresult of accretion, a white dwarf in a binary system can undergo a
supernova explosion with complete distruction. The energy emitted as cosmic



154
1.5 HE 5.3-16

rays, accelerageld by the shock wave in the outer layers of the star, can reach
an energy of 10”7 erg, and neutrinos are produced when the accelerated protons
hit the giant companion. Our standard source calculations predict that more than
200 muons with energy E/,)100 GeV cross the S = 100 m2 underground detector
during the short burst duration if the total energy emitted as cosmic rays is 3
10°0 erg and the spectrum is flat (y =1.3).

3. High energy neutrinos from Cygnus X-3. We devoted(ll) a special attention
to Cyg X-3, which is currently interpreted in the framework of a binary system,
proposed in 1979 (10) and further developed in 1982 (12), made by an active pul-
sar orbiting around a massive companion with orbital period of 4.8 hours. By
connecting the neutrino and gamma-ray fluxes (assuming a target transparent to
gamma rays) and by using the observed gamma radiation to fit the spectrum, one
finds that the neutrino flux is:

1.1 )

j,0E) = X4.2 107 CE/1L Ten)
where A is an enhancement factor that, for a gamma transparent target, is equal
to the ratio of the durations of the neutrino and gamma pulses (A = ¥,/ Ty ). By
introducing this neutrino flux in our standard source calculations it is possible
to estimate the number of muons crossing in 1 year an underground detector; for
a 100 m2 area detector, and for enerégy thresholds 10 GeV, 100 Gev, and 1 Tev
one finds the values 6 1073 X, 5 107>\ , and 3 1073 A respectively. Therefore,
to detect high energy neutrinos from Cyg X-3 in a small detector, a large enhan-
cement factor A » 103 is needed; however, this imposes serious constraints on
the luminosity of the cosmic ray source in the binary system, that seem to be rea
sonable only for a young pulsar while any steady source should be ruled out.

The explanation of the excess of muons in the direction of Cyg X-3 observed
in the Mont Blanc NUSEX experiment (13), as due to a flux of high energy neutri
nos, requires the extreme choise of the parameters in the model; in particular it
implies a very large cosmic ray luminosity of the source Lpz 1042 - 1043 erg/s.
With a neutrino flux compatible with the gamma ray observations, the interpreta—
tion of the muon excess as produced by neutrinos should be excluded. In addition
the flux of muons produced by neutrinos is independent of the column density of
rock above the detector, and this feature is in contraddiction with the NUSEX
data. Thus we can conclude that the neutrino hypothesis to explain the excess of
muons in the small detector seems to be unreasonable.

4. Conclusions. Neutrino astronomy with a small underground detector is charac

terized by the following considerations:

i) The low energy limit of neutrino astronomy is defined by the angle '\9;//4. between
the parent neutrino and the muon produced in the inelastic v N collision; this li-
mit is of order of E,, ~ 10 GeV. '

ii) Only galactic sources can be detected with a small detector: at r = 10 kpc a
cosmic ray luminosity -Lp = 1043 erg/s is needed. To detect extragalactic sources
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the scale of luminosity is Lp = 1047 erg/s at r = 1 Mpc, and Lp = 1049 erg/s at

r = 10 Mpc.

iii) A detectable neutrino flux is expected for several models of sources: young
supernova shells, supergiant fed by an active pulsar in its debris, and several
models of binary systems (pulsar and giant, supernova explosion in the system).
iv) Under reasonable assumption, the detection of the neutrino flux from Cyg X-3
in a small underground detector seems to be excluded.

v) Our standard source calculations exclude the possibility to detect neutrinos
from flares in the opposite side of the Sun or from the decay of solar neutrons.
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ABSTRACT

We illustrate some aspects of neutrino astronomy by
calculating the neutrino-induced muon flux from Cygnus
X-3. The signal depends primarily on the power in
cosmic rays at the source and on the distance to the
source, and only relatively little on details of the
matter distribution in the neighborhood of the source.

l.Introduction. Cygnus X-3 is a binary X-ray source in which the
compact partner apparently accelerates particles to high enough
energy to produce multi-TeV secondTEieSI%n the envelope or debris
of the companion star.[l] The 10°“-10 eV photon spectrum cig
be accounted for in this way if protons are accelerated to 10
eV and then produce neutral pions which decay to photons.[2]
Charged pions and kaons will also be produced, and these will be
a source of neutrinos. Muon neutrinos and anti~-neutrinos will
interact in the Earth to produce a signal of muons, which might
be visible above the background of atmospheric muons at suf-
ficiently large angles. The general idea of neutrino astronomy
is well-known.[3] Detailed models of Cygnus X-3, coupled with
numerous observations of signals from this and other sources,
motivated us to carry out a detailed calculation of the neutrino
flux and of the neutrino-induced signal from it.[4]

2.Calculation of Neutrino Flux. Assuming that the compact par-
tner accelerates protons which collide with material of the
companion star, we calculate in detail the hadronic cascade
induced by the proton beam[5], including interaction, energy loss
and decay of charged pions and kaons. This is done for a grid of
primary energies and phases of the period of the binary system.
For the matter distribution of the companion we assume a 2.8
solar mass main sequence star. Since this is undoubtedly an
oversimplification, we later compare the results obtained for a
variety of densities and thicknesses. Fig. 1 shows the resulting
neutrino flux averaged over a period, assuming an &sotropic
luminosity in cosmic rays at the source (19 kpc) of 103 erg/sec.
For comparison we also show the atmospheric neutrino flux. The
signal/background ratio exceeds one above about 1 TeV,

We next attenuate the produced neutrinos in the companion.
Stecker et al. [6] have pointed out that deposition by neutrinos
of too much energy in the interior of the companion would disrupt
the system. This can be used to place a limit on the luminosity
of such a system in high energy cosmic rays.



FIG. 1. Neutrino flux
from Cyg X-3 compared to
atmospheric flux. Dashed
line is an estimate of
.atmospheric background
assuming detector resolu-
tion of 1°. For E, below
about 1 TeV angular reso-
lution is dominated by
scattering angle in
charged-current neutrino
interaction rathexr than
by detector resolution.

FIG. 2. Attenuation of
neutrinos in the compa-
nion. Solid line shows

neutrino flux before at-

tenuation; dashed lines
show transmitted flux at
two arigles relative to
the surface of the
companion.
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the interior of the companion. (This is for a spherically symme-
tric matter distribution with R=1.4*1¢'lcm and a scale height of
8000 km for the companion star. The distance between the centers
of the stars is assumed to be not much larger than R.) As
pointed out by Stecker et al., this will be further reduced to
some extent when compression of the companion by the intense
cosmic ray flux is accounted for. This is becuase of increased
cascading (rather than decay) of energetic charged pions in the
denser medium,

3.Neutrino-induced upward muons. To calculate the induced muon
signal at such high energies it is necessary to account for the
effect of the W-propagator in the charged-current neutrino cross
sections, as well as for the appropriate range-energy relation
for the muons. We have done this with two different sets of
‘nucleon structure func-
tions and find [7] the ' ' ' ' '
result shown in Fig.3, in- :

dependent of details of the
structure functions. P,
in Fig. 3 is the probabili-
ty that a muon neutrino
aimed at the detector pro-
duces a muon through the
detector (assuming
neutrino/antineutrino=1,2).
This probability is folded
with the neutrino spectrum
to obtain the signal.

L

50 (W 1 1

l 1
OIO 102 103 10t 103 To . BN 1e'4
E, (GeV)
FIG. 3

Averaged over a period the result is
19-3 events*{11.39/(Rm)2}m"2y1:'l

where L3g9 is the luminosity of the source in units of 1939
ergs/sec and Rig is its distance in units of 10 kpc. Varying the
density and thickness of target material in the region of the
source changes this only by factors of two or three.
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HIGH-ENERGY NEUTRINOS FROM A LUNAR OBSERVATORY

Maurice M, Shapiro*
Max Planck Institut flir Astrophysik
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The detection of "high-energy (HE) cosmic and solar-flare
neutrinos near the lunar surface would be feasible at energies
much lower:;hﬁp for a terrestrial observatory. At these lower
energies (.10 eV), the neutrino background is drastically
reduced below that generated by cosmic rays in the earth's
atmosphere, Pecause of the short mean free path (<1m) of the
progenitor pi and K mesons against nuclear interactions in
lunar rocks, the neutrino background would be quite low., At 1
GeV, less than 1% of the pions would decay; at 10 GeV, 0.1%.
Thus, if the neutrino flux to be observed is intense enough,
and its spectrum is steep enough, then the signal-to-noise
ratio is very favorable, The observation of HE neutrinos from
solar flares would be dramatically enhanced, especially at
lower energies, since the flare spectra are very steep,. -
Detection of these neutrinos on earth does not appear to be
feasible. A remarkable feature of solar flares as viewed in
HE neutrinos from a lunar base is that the entire surface of
the sun would be "visible", Diffuse sources of HE neutrinos,
such as the Galactic disc (especially from the Galactic
cquer), would be detectable at energies between, say, 10”7 and
10 eV, On earth, they are swamped by the overwhelming
atmospheric background.

1. Introduction. The advantages of a lunar observatory for neutrino
astronomy were discussed some years ago by F., Reines (1965). In the
present paper we suggest that the investigagion of neutrinos from
astrophysical sites at energies between 1 and 10° GeV can be carried out
better on the moon than on the earth, 1In the dense lunar materials,
competition between nuclear interactions of pions and their decay
suppresses the frequency of decay. In the tenuous upper atmosphere of
the earth, on the other hand, the decay of pions (and their muon
progeny) does generate neutrinos, 3Hence the flux of neutrinos near the
surface of the goon is about 10 -ff tha% on the earth at energies
between 1 and 10~ GeV, and about 10 at 10~ GeV. Only the background
due to prompt neutrinos from the decay of charmed particles in the
atmosphere is not suppressed,

At energies below 1 GeV, however, the path length of pions against
decay diminishes as the Lorentz factor approaches unity, and pion decay.

¥Current Address: 205 Yoakum Pkwy. #2-1720
Alexandria, VA 22304, USA
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is no longer suppressed, even on the moon, Furthermore, due to the
absence of magnetic shielding on the moon, the flux of low-energy cosmic
rays incident on the lunar surface is much higher than the average flux
at the top of the earth's atmosphere.. This further enhances the
low-energy neutrino intensity (E>1 GeV) on the moon. (The suppression
of neutrino background was quantitatively explored by Cherry and Lande
(1985).

Accordingly, a lunar base is probably an unsuitable site for
observing the low-energy neutrinos (~10 MeV) from stellar gravitational
collapse, Moreover, it %s not competitive for recording neutrinos at
very high energies (E>10” GeV); this can be done more readily8wi§h
Cerenkov light detectors in a large volume of sea water (some 10° m°)
near the bottom of the ocean. Such an array--DUMAND--z deep underwater
muon and neutrino detector, will be emplaced in the waters near Hawaii
in the near future (Peterson 1983).

2. Criteria for Candidate Neutrino Sources to be FExplored on the Moon.
Whgt types of neutrino sources are likely to be observable between 1 and
10° GeV? This is the energy interval for optimum detection by a
neutrino observatory under the lunar surface (say, about 100 m below).
The sources should emit neutrinos much more copiously above 1 GeV than
above 1 TeV, so as to permit the construction of a neutrino observatory
significantly smaller than DUMAND, An important constraint is imposed
by the interaction cross sect%?n of neutrinos, which increases linearly
with energy between 1 and 10° GeV. As a result, the observation of
lower-energy neutrinos becomes more difficult. This cross section is
given by

-38 E 2

(0.7 or 0.8) x 10 cm®,

Q
1]

vN
and

38 2

0.3 x 10 Eq cm

Oy =
wN

- for neutrinos and anti-neutrinos, respectively, Let the energy spectrum of
the neutrinos be

Then the event rate is proportional to

E
max

- Y .
/ O'(EO)KE\) dEv’

Es

i.e,, it is proportional to

~(a=-2) ~(a=2)
Eo - Emax
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Thus, one criter%?n for significant source strength in the energy interval

between 1 and 10~ GeV is a steep neutrino spectrum, with the exponent o
appreciably greater than 2,

3. Some Promising Candidate-Sources. Solar flares generate particles having
steep energy spectra, with « = 4 to 7 at proton energies above 1 GeV.
Erofeeva, Lyuggv, and Murzin (1983) explored the use of a deep underwater
detector of 10" tons for observing neutrinos from solar flares. They did not
investigate the neutrino b§ckground in their paper. We estimate that the
background rate is about 10” per day. If the neutrinos are emitted in about
20 minutes, as are the gamma rays from a flare, then the background rate is
down to 10 for the duration of the flare. If, moreover, an angulear
resolution of 1 steradian is obtained, then the background is down to ~1
event for the duration of the flare,

For observation of neutrinos from very large flares, such as,occur about
once per solar cycle, a terrestrial underwater observagory of 10" tons seems
adequate. However, for larger observatories, >10  tons, the neutrino
background on earth becomes prohibitive, Thus, for observing fine-time
structure or neutrino energy spectra of very large flares, or for recording
somewhat smaller flares, a lunar observatory of >10 tons provides an
opportunity to carry out studies of flares that are not possible on the
earth, Even flares on the q;mote side of the sun become observable, since
neutrinos with energies <10 eV can traverse the solar diameter. In fact,
for a given size of flare, neutrinos should reach the detector in greater
numbers from the far side than from flares on the near side. This is due to
the favorable rate of production of pions (hence of daughter neutrinos) that
move toward the observer, when the progenitor protons or other energetic
nuclei~-on the far side--are directed toward the solar surface,

Another, more diffuse source of neutrinos with a fairly steep energy
spectrum ¢ = 2.7, ig that from the central annulus of the Galactic disk, +60
in longitude and +5° in latitude about the Galactic center. Stecker, ShaEirg
and Silberberg (1979) explor%g the detectability of these neutrinos at 10
GeV witqoa DUMAND array of 10”7 tons (having an effective detection volume of
some 10 tons). The estimated pate of neutrino events to be expected was
130 per year, swamped by 1.8 x 10 background events per year. At 1 GeV, the
event rate is about 100 times higher, so that even in a smaller detector of
“10" tons, the event rate is about 10 per year, with the signal and
background counts being nearly equal in a lunar observatory.

In addition, there are many interesting discrete candidate~sources of
neutrinos: accreting neutron stars (including pulsars) in binary systems,
active galactic nuclei with accretion disks from which matter drifts into
ultra-massive black holes (Silberberg and Shapiro 1979), and the expanding
shells around young pulsars (Berezinsky 1976, Shapiro and Silberberg 1979).
Bowever, the energy spectra of neutrinos from these sources are as yet
unknown .

We present here the results of a sample calculation for SS433, which
appears to be one of the most promising candidate sources in our Galaxy, at a
distance of about 3 Kpc. This object is probably an accreting black hole in
a binery system; it has two relativiéﬁfc jets and other remarkable features.
Its estimated power output is 3 x 10 ergs/sec (Grindlay et al. 1984), but
values that are higher by an order of magnitude have a%&o been proposed
(Eichler 1980). If we assume that a power input of 3 x 10 ergs/sec yields
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protons of energy, >10 GeV, and that these protons suffer nuclear collisions,
a detector of 10 tons wowld permit the observation of about 30 neutrino
events per year. With 10' tons, several different sources of neutrinos
become detectable,

4, Conclusions. We conclude that a neutrino detector of 2106 tons on the
moon--i.e,, one considerably more compact than the proposed DUMAND
array--would open up a new window of neutrino astronomy, making possible the
study of neutrinos at 1 to 10° GeV.¥ The effort must probably await the
establishment of a substantial- lunar colony. Because of its large size, the
detector would probably have to be locally constructed (perhaps of glass
fabricated from lunar materials.)

5. Acknowledgments. One of the authors (MMS) expresses his appreciation to
Professors R. Kippenhahn and W. Hillebrandt for their hospitality at the Max
Planck Institut fUr Astrophysik in Garching. He thanks Professor F. Reines

for stimulating his interest in this problem.

_—
Even a smaller detector of 10” tons could detect a giant solar flare like

that of Feb, 23, 1956, The pulse is likely to be of such short duration (<20
min) that the atmospheric background would not degrade terrestrial
observation.
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ABSTRACT
Multipliecity,angular and energy distributiens
of secondary particles, preduced in the charged
current inelastic interactiens ef high energy
neutrinos with emulsien nuclei,were investigated.

1. Introductien,

In the charged current neutrine induced reactiens on nuclei,
a negative muen is emitted and a d-quark in a nuclear nucleen
abserbing a wh bosen, changes inte a u-quark er a c- gquark ,
This quark prepagates inside the nucleus either singly or
after immediate recombinatien inte a mesen, ferming a leading
particle system (LPS). The LPS may interact further with

a nucleon inside the target nucleus with an effective cress
sectien G:'. The value of q;” may depend on whether the LPS
'is a c-quark, u=-quark, charmed mesen eor nen~charmed mesen .
In each ef these cases, the value of‘{lhay be reflected in
grey track particle multiplicity distribution and its mean
value observed in the final state. The aim ef this paper is
to test whether there is a difference in 67 fer "charm" and
"nen-charm" events, Alse, the study of the general character-
istics ef neutrine - emulsien charged current interactiens .
These characteristics are cempared te the cerrespending enes
frem preten - emulsien ( P-Em ) cellisiens.
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2. Experiment,

‘The charged current interactiens ef neutrines with emulsioen
nuclei were picked up frem these observed in a hybrid emulsion
spectremeter which was used in the Fermilab experiment E-531
to study charm particle lifetimes /1/ and their preductien
cross sectiens /2/. The details of the performances of +the
apparatus and expesures were presented in /3/.

For the present study, the fellewing selectien
criteria have been applied : (i) the event must be at least
20 mm apart frem the stack edges. (ii) The event should
include identified negative muen. The 260 events were select-
ed, eut of them 192 events with th)1' These data were cemp-
ared with events in which charmed particles were preduced and
a negative muon was identified without applying the geometric-
al cut mentioned in the criterion (i).These twe sets are
compared to each other and te proton - emulsien data /4/.
3o Multiplicities of Seceondary Particles.,
The table presents the average multiplicities of s,h,g and b
particles emitted in "non-charm" and "charm" ¥Y-Em charged
current inelastic interactiens. These values are compared to
the correspending ones from P - Em cellisiens at 22.5 GeV/4/.

Average multipliciiy ~
. i .
L SPs? ' <nyd <ngd <ny Yy
Class of events without/ﬂ
+

"nen-charm" | 5.52+.15 [3,99+.30 | 1.35+.13 2.644.25

"charm" 4.60+.,26 { 3,60+,60 | 1,23+,22 2¢37+.37
* 3,60+,26

P - Em 5.613.01 8.60+.25 3.%8+,14 5022+4,29
at 22,5 GeV
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The table shows that {ng » fer "charm" events is less

than the cerresponding one for "nen charm" events by 0.85%+,30
Such a difference could be explained by the copious D® mesen
preductien and generally by the fact that charmed particles
are heavy ones which are usually preduced with a relatively
high mementum. The similarity ef (Nﬁ?,(ng).(rﬁ} observed in
the table,between "charm" and "nen-charm" events, indicates
that there is ne difference between a leading charmed or
nen-charmed particle. The table shews that for P~Em these
values are about 1,5 times the cerresponding enes frem the
Y -Em events, This ebservatien can be explained by the knewn
fact that hadrens tend te interact as seen as they enter the
hit nucleus and after the first cellision, there is still
a censiderable nuclear matter fer the leading particle te
prepagate threugh it, Neutrine can interact at any peint
inside the target nucleus, Thus, the degree of intranuclear
cascading in case of hadrens is mere than the neutrine ene,
The ratie of n_=0 events, in VY -Em interactions , was
calculated reughly frem simple censideratiens of the quark
theory and emulsion cempesitien, Neglecting the cascading
effects, the calculated value 0,4 agrees with the experimental
value 0.5+0.1 . This shows that the number of intranuclear
cascading is very small in this case., The study ef cerrelat-
ions between different multiplicities has shown that the
exci%ation energy of the residual nucleus is independent en
the number and nature of preduced particles (piens or charm
particles) i.e, these Preduced particles do net transfer any
significant energy to the target nucleus,
4, Angular and energy distributiens. .
It is a remarkable feature that grey track particles frem

"charm" and "nen-charm" events have the same angular dist-

ributien of the form ’:’t;oc ggosé?z expfo-ssto-ﬂ)c::s ej

which agrees with the &orrespending one in hadren - nucleus

collisions Nres dcos 03 ~ exp (0-96) Cos 6q

The forward peaked behaviour and the increase in
the value of F/B ratio with the increase in particle track
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range suppert the assumptien that grey track particles are
knock en receils, The energy distribution ef grey track
particles, assumed te be protens, frem "non-charm" events
has the foerm WN(CE)dE 2~ E"”"Sﬁ"-’”dg,
The measured ng- multiplicity is consistent with simple
quark ceunting and the number of intranuclear cascading in
the present interactiens is very small,so the theeretically
expected difference in the cress sectien ef a leading charm
or nen~-charm particle has net been observed, The angular
distributien of grey track particles has the form

. 5’%53'5; & exp(0-33%0.13) Cos g

tot
and their energy distributien is ef the form
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ABSTRACT

An analytic expression for the neutrino
charged current structure function F, (x,0Q?)
in deep inelastic scattering, consistent
with gquantum chromodynamics, is proposed.
The calculated results are in good agree-
ment with experiment.

1. Introduction. Recently, the CCFRR group[1] has measured
the neutrino charged current structure functions. The data
were obtained using the Fermilab narrow band beam and the
Laboratory E neutrino detector[2-4]. The structure function
Fz(x,Qz) extracted from the neutrino and antineutrino event
samples is plotted versus Q? in Fig.1.

A number of attempts have been made to fit the data for
lepton-nucleon deep inelastic scattering by using QCD. The
analyses are based on fitting of Altarelli-Parisi (A-P) equ-
ations. For a fixed Q?=Q2, the structure function F, is assu-
med to be of a particular form, so as to give x depéndence
consistent with experimental data at Q). The A-P equations
are then solved numerically to yield résults which are con-
sistent with experiment. The arbitrariness of Q* is, however,
restricted to sufficiently large values of Q2 £8r which per-
turbative calculations can be trusted. In this paper, an ana-
lytic expression for Fz(x,Q’), ¢onsistent with QCD, is propo-
sed.

2. Calculations and Discussion. According to QCD, the sing-
let structure function F, (x,Q?) and its momenta are related
to each other[5] by the &quation

FS(x,0%2)dx = GzAs[ln(Qz/Az)]_dg
2! s n

f;xn’2 (1)

The function F2(x,Q2) can not be expressed as a product of
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two functions, one depending upon x only and the other depend
ing upon Q? alone, because then the function of Q? alone as
evaluated by using left hand side of equation(1) would be inde-
pendent of n. This is not valid because right hand side of
equation(1) depends upon n. To incorporate this n dependence,
we assume that

ax

A(1-x)e

[In(Q?/4%)]

F2 (x,07%)
0.747

where a
For large value of Q?, this expression when substituted in
equation(1) gives results which are consistent with QCD.

A very good agreement with experimental data for Q2%>5
(Gev/c)? 1s obtained by using A=2, A=0.5GeV/c.

T T LA T T
1} ’ 'ﬂq Fig.1 shows experimental
data as well as theoretical pre-
dictions for F,(x,Q%?) plotted

 ——
X=045

-

1E —— against Q? at fixed values of x.
A The agreement is quite satisfac-
,E —— tory and confirms our assumption
o about the form of Fz(x,Qz).
‘E —ada ¥ 25 . .
F2 3. Conclusion. Quantum chromo-
1E i dynamics is now believed to be
X3S the promising theory of strong
E e T RN Ry i interactions. The perturbative
A calculations of cross sections
1E —a e L, X"55 i for deep inelastic scattering
' based on QCD are confirmed
1E \ X* 65 i experimentally. However, nume-
T ] rical integration has to be
mE~ T performed to obtain various
N 10 100 1000 results. We have proposed a
(Gev/c) 2 simple analytic expression for
Fig.1 The structure func- the structure function Fy (x,0%).
tion F, extracted from the This expression yields results
CCFRR éata versus Q? for which are consistent with experi-

fixed values of x. The solid ment.

curves represent the predic-
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ANGULAR DISTRIBUTION OF MUONS PRODUCED
BY COSMIC RAY NEUTRINOS IN ROCK
Boliev M.M., Butkevich A.V., Chudakov A.E.,
Leonov-Vendrovsky A.V., Mikheyev S.P., Zakidyshev V.N.
Institute for Nuclear Research the USSR Academy of Science,
60th October Anniversary pr., 7a, 117312, Moscow, USSR

At present, measurement of the upgoing muons flux, pro-
duced by cosmic ray neutrinos is aiming at:
i) search for neutrino oscillation,
ii) search for extraterrestrial neutrinos from local sources,
iii) search for any hypothetical neutral penetrating radiation
different from neutrinos.
In this paper we analyze experimental data of Baksan undergro-
und telescope on intensity of upward muons for three years of
living time, having in mind mainly neutrino oscillation.

'1.EXPERIMENTAL DATA. Baksan neutrino experimentll.,2] is in
operation from December 1978. To distinguish upward particles
from downward ones time-of-flight method is used. Fig.l shows
distribution of recorded muons as a function of c¢/v (v-measu-
"red velocity of particles and c-velocity of light). Value of
ratio ¢/v>0 correspond to downgoing muons and c/v<0O to upgoing
ones. It is seen that time resolution of Baksan underground
telescope allows to select upward muons with high reliability.

1 1 | B 1 1 T
0
]
. n
@
o A
10° [
N
g -
\ —
3
o
~ 10°% .
Z
<
107 7
1 1 | 1 i 1 i
-1 .0 0.0 1.0

c/v

Fig.l Separation of upgoing and downgoing muon trajectories.
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371 events with zenith angles ©>90° have been recorded.
However significant part of them, generaly near horizontal di-
rection, arised due to scattering at large angles of atmosphe-
ric muons in surrounding rock. Calculations show that inten—
sity of scattered muons rapidly decreases while zenith angle
increases and for €>110° is negligible. In zenith angle range
9009<@<1100 effect from scattering is very large only for half
of total azimuth angle 2JTand is negligible for another half.
Taking this into account, we selected 150 events as neutrino
rmons. In 139 events the trajectory of penetrating particle
was seen, which crossed >6OOg/cm2 of matter. In 10 events mu-
ons stopped inside telescope and there is one cascade without
penetrating particle (E  40GeV).

'2.RESULTS AND DISCUSSION. Fig.2 shows the ratio of obser-
ved intensity to calculated one versus zenith angle. It is se-
en that there is no discrepancy between observation and pre-—
diction for zenith angle range >130°, which is most sensitive
to neutrino oscillations. Solid curves 1 and 2 were calculated
for vacuum neutrino oscillationsl3d with maximal mixing of two
type of neutrinos (Sin22e=1) and for difference of sqraﬁe mas-
ses 1072 and 1073 ey2 correspondingly. Neutrino fluxl4l ana
accelerator data on neutrino cross section was used for calcu-
lation. Upper limit m2<2°:1073eV2 (90% c. l.) follows from com-
parison of observed rate of neutrino events with predicted one
for zenith angle 6>130°.
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1.81° 7]
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=
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* 170°

Fig.2 Angular distribution of neutrino induced events.
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However, neutrinos pass through a large dist?nﬁe of ter-
restrial matter before interactions. It was shownl5l that mat-
ter can modify vacuum oscillation significantly at distance of
the order of the size of the globe. The basis of this phenom-~
ena is that index of neutrino refraction in matter can produce
an important change of phase. There are two possibilities to
apply this idea: i) neutrinos are massive and vacuum oscilla-
tions exist; 1ii) neutrino are massless (vacuum oscillations
are impossible). ' i

First consider matter effect on vacuum oscillationsl61],
The matter modifies vacuum oscillations because of difference
in the amplitudes of elastic forvard scattering of Y and
which is due to charge current VYe-scattering on electrons. In
this case parameters of neutrino oscillations are:

) SinZ2e
Sin42@ == mmmm e m e (1)

LT oo e o e (2)
(1-2+Ly/Lo*Cos20+L3/L3)1/2
Here Ly=4ARE/An? is the oscilation length in vacuum and
Lo=l.77'107m[p is characteristic length for 2 srchange of phase
which depends on matter density (@) only. From (1) we see
that for maximal mixing (sin22e=1) of neutrinos in vacuum the
parameter Sin42e; is less than 1 for any values of the oscil-
lation length in vacuum. S$o0,in this case matter effect results
in suppression of vacuum oscillations. Dashed curves on Fig.2
were calculated for the same oscillation parameters as solid
curves but matter effect was taken in account. One can see
that impact of neutrino oscillations on the flux of neutrino
induced muons is significantly less in this case. Therefore
our limit on 4m? for V-V, oscillations changes to 2°1072ev2
Note that if oscillations ¥Y,;~ Vg occur and probability of
transitions is suppressed then previous limit on amZ2 holds.
Oscillations of massless neutrinos. In this case oscil-
lations can arise due to nondiagonal neutral current interac-
tions. In neutral current interactitions YM states can change
into Vg or V,. Probability to observe V,, after traversing dis-
tance x of constant density is given by
P=1-5in220+5in2(7¥-0.x/L)
where in case of V- Vz oscillation Sin22e=1,
L=l.77°1ﬁ7m/(gp+ge+gn)Sind: and for V-V
4'Sin%1(gp+ge+gn)1
Sin22@=mmmmm e
1+4-sin2o((gp+ge+gn)2
1.77+197m
and == ——————— dledt LI L LT TP T "
V1+4-5in2g (gp+getan)®
Sine is the contribution of nondiagonal neutral current in in-
teractions. In usual theories of neutral current.interactions
this parameter is zero. However it is impossible to exclude
Siny#0 because of invisibility of final states of neutrinos. In
standard model of electroweak interactions lgp+ge+gn|=0.5. Con-
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trary to the vacuum oscillations, this kind of oscillations do
not depend on energy of neutrinos. These oscillations, if they
occur, can change strongly angular dependence of cosmic ray
neutrinos traversing the Earth. On Fig.3 curves calculated for
Sind=0.1, 0.2 and 0.3 are shown. Comparison of observed angu-
lar distribution of neutrino events with calculated ones for
this type of oscillations permits to set upper limit on Sind®
as 0.2 (90%c.1l.)

PROBABILITY

1 l S |
130° 150° 170°
ZENITH ANGLE

1 1 H 1 1

Fig 3. The probabilities of remaining nuon neutrinos after
traversing the Earth.

©3.CONCLUSION. In this paper we assumed maximal mixing of
two types of neutrinos. Obviously, if mixing decreases effect
of neutrino oscillations decreases too. So there is no hope to
see oscillations with small mixing using cosmic ray neutrinos.
Moreover, matter effect reduces by an order of magnitude the
sensitivity of underground neutrino experiments to vacuum neu-
trino oscillations. However, this kind of experiments is, appa-
rently, a single possibility to search another type of oscil-
lation arising due to nondiagonal neutral current.
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UNDERGROUND MFASUREMENTS ON SECONDARY COSMIC RAYS.

Wilson, C.W., Fenton, A.G..', Fenton, K.B.
Physics Department, University of Tasmania, Australia.

INTRODUCTION. This report summarizes some recent measurements made
‘at the Poatina cosmic ray station (41.8 S 149.9 E, 347 m.w.e.) from
August 1983 July 1984. The cosmic ray primary particles responsible for.
events detected at the station have a median primary energy of 1.2 TeV.
The motivation for part of this work has come from the reported
detection of narrow angle anisotropies in the arrival direction of
cosmic rays (e.g. 1,2,3). ’

EQUIPMENT. A new particle
telescope composed of 2 metre 3
long, 10 cm diameter proportional
detectors was installed at the
Poatina station early in 1983."
The detectors are arranged in 1.0e
four layers, each layer contains
19 detectors situated side by

_' fooccccoeasoacocsedel

side to form a flat plane of ' 100000000000 ¢ 10000 ~v YYD
detectors. These layers of e DL LEr 1
detectors are arranged as two . "

upper and two lower sets with the : C e
detector axes at right angles for
the layers within each set. The
side elevation of the telescope

is shown in figure 1. Figure 1. Side elevation of the telescope.

When a coincidence is detected between the four layers, the status
of each detector is recorded by a small on-line computer. These events
are accumulated for a period of 20 minutes, and are then stored as a
record on magnetic recording tape. Additional information such as date,
time and total count rate are also stored as part of each record. The
telescope detects 2000 events per hour, and the quantity of data
generated per week is 2 megabytes. The magnetic recording tapes used
were good quality C90 audio tapes, and the recording principle was
pulse width modulation at a data rate of 6600 bits per second on two

tracks.

Due to the layout of the

detectors, the arrival direction,

the number of particles and the

lateral spread of particles for 4 \ \

each event can be estimated. The |; A X\"

angular sensitivity pattern of é A

the telescope is shown in figure AAAMEE S
0 20 )

2 along one half of one axis of 2T 40 e
the telescope. Figure 2. Angular response of the telescope.

»

o SENSITIVITY (r2)
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ANALYSIS. The events containing more than one particle are
andlysed for arrival direction, particle muliplicity and particle
spread by comparing the arrangement of triggered detectors in the upper
and lower sets of detectors. The analysis scheme assumes events contain
only high energy particles, and all particles in an event are
travelling parallel to each other. Due to the relatively low spatial
resolution for particle positions within the telescope, it is only
possible to decode events which have particles travelling close to
parallel with all particles passing through each layer of detectors.
Multiple particle events that cammot be sensibly analysed are classified
as complex, and by visual inspection appear to be mainly single particle
events with one additional detector involved ~ possibly due to to a
knock-on electron or random background coincidences. About 18% of the
the total number of events contain more than one particle, and 25% of
these events could be sensibly analysed.: - :

The remaining events were consistent with only one particle
traversing the telescope. The single particle events that were detected
in the central 9 x 9 direction bins of the telescope were accumulated
into local intensity maps - i.e. a map per 20 minute observation period
(the 20 minute observation time was chosen so the angular movement of
the telescope due to the Earth's rotation was similar to the 5 degree
angular resolution of the telescope). For each 20 minute observation
period, the count recorded for each of these 81 direction bins was
normalized against the total count for all the 81 bins and the long term
response of the telescope. This process removes wide angle variations
such as atmospheric effects, and any variation in detector efficiency.

Celestial intensity maps are generated by averaging the intensities
detected in telescope bins which have their central direction contained
within common regions of 6 degrees in right ascension and 6 degrees in
declination. These celestial maps are produced for each sidereal
rotation of the Earth, and can then be combined as required.

RESULTS. The relative rate
of detection of multiple particle N
events is shown in figure 3, and N
the spread of the particles in o °
multiple events is shown in
figure 4. Both rates have been
adjusted for the loss of
sensitivity caused by the finite
size of the telescope. There are
three contributions to figure 4:
Below 0.2 metres there is a
contribution from muons with an
associated knock-on particle,
below 0.8 metre separation there

12t
"3}

-4
4t o

RELATIVE DETECTION RATE

is a contribution apparently : T s s v s e e
arising from rock showers, and : :
outside this separation the MULTIPLICITY

events are assumed to result from
multiple muons f£rom atmospheric Figure 3. Relative cdetection rate versus
interactions. particle multiplicity.




The roughness of intensity
with respect to celestial
coordinates has been considered
by comparing the measured r.m.s.
deviation of intensity to that
expected from counting
statistics. This comparison as a
function of declination is shown
in figure 5 (the errors are 1
s.d.), and it can be seen that
apart from the -31 and -37 degree
declination bands, the variation
is explained completely by
Poisson error. The declination
band centred on -31 degrees
contains a large positive excess
at R.A. = 36 degrees, and this
feature may be responsible for
the excessive deviation in the
-31 and -37 declination bands. It
appears that this excess is due

to a narrow angle flux of 1.3 +/-

0.3 x 10-8 particles/cm2/sec.

DISCUSSION. The right
ascension of this excess (2.4 h)
coincides with the phase of a
previously detected sidereal
anisotropy (4). The previous
anisotropy was measured at
Poatina with wide angle
telescopes (semi~cubic geometry),
and the amplitude is consistent
with the anisotropy being
produced by the narrow angle
feature reported here.
Measurements made in the northern
hemisphere (e.g 5) have
established the existence of a
sidereal anisotropy with similar
amplitude and phase to the wide
angle measurements at Poatina,
but it is unlikely that the
narrow angle anisotropy at
declination -37 degrees would
have much effect on these
measurements. This suggests that
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Figure 4. Relative detection rate versus lateral

particle spread.
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Figure 5. Standard deviation of normalized intensity

for different ceclination bands.

the sidereal anisotropy detected at Poatina is a marrow angle
anisotropy, and may not have the same origin as northern hemisphere
measurements. The consistency with the previous measurements which were
reported for the period 1972 to 1974 suggests that the feature is stable

with time.
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REFERENCES. :
(1). Sekido, Y., Yoshida, S., Kamiya, Y., Phys. Rev. 113, p1108 (1959).
(2). Bukata, R.P., Standil, S., Can. J. Phys. 43, p883 (1965).
(3). Bazer-Bachi, A.R., Vedrenne, G., Sheldon, W.R., Benrook, J.R., 14th

ICRC (Munich) 12, p4151 (1975).

(4). Fenton, A.G., Fenton, K.B., 14th ICRC (Munich) 4, pl482 (1975).
(5). Yasue, S., Mori, S., Sagisaka, S., Ichinose, M., 18th ICRC
(Bangalore) 3, p387 (1983).



HE 5.4-4
179

MULTIPLE MUONS OF CONVENTIONAL AND EXOTIC ORIGIN IN
DUMAND

Peter K. F. Grieder
Physikalisches Institut
University of Bern
Switzerland

ABSTRACT

We present a first summary of results from a
theoretical analysis, based on hadron - muon cascade
calculations, that yield relative intensities of very
high energy multiple muons originating from wultra
high energy interactions initiated by primary protons
and iron nuclei in the atmosphere, under
consideration of normal as well as direct and exotic
production channels. Lateral density distributions
and target diagrams will be presented which show that
only very large detectors, such as DUMAND, will be
able to record multiple muons of conventional origin
reliably. This, however, is a prerequisit for any
primary mass determination based on multiple muon
data.

On the other hand, detection of multiple muons
originating from direct and particularly from exotic
processes are likely to carry large transverse
momenta. Such muons are partly intermixed with muons
of conventional ordigin but tend to spread out in
general to much larger distances from the axis of the
event, which excludes their detection and
identification with smaller installations.

Since all particles in our simulation calculations
carry genetic information, such as the generation
number of the interaction of their or, in the case of
muons, their parent's origin with respect to the
first interaction of the primary in the atmosphere,
the height of the location of the respective
interaction above sea level, and other relevant tags
that identify their origin, we are able to carry out
detailed studies on multiple muons and their likely
origin.
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Atmospheric Muons and Neutrinos, and the Neutrino-
Induced Muon Flux Underground.

A. Liland
N-9785 Veidnesklubben
Norway

ABSTRACT

The diffusion equation for neutrino-induced cosmic ray muons
underground has been solved. The neutrino-induced muon flux
and charge ratio underground have been calculated. The
calculated horizontal neutrino-induced muon flux in the
energy range 0.1 - 10000 GeV is in agreement with the
measured horizontal flux. The calculated vertical flux above
2 GeV is in agreement with the measured vertical flux. The
average charge ratio of neutrino-induced muons underground
was found to be u*/u” = 0.40.

1. Introduction

From the decay, of gharged mesons in the atmosphere

(T"»p" + v, K= u~ + v) the intensity of cosmic ray muons
at sea-level is obtained and compared with measured spectra
(1) . Then we consider neutrinos in stead of muons from the
same decays and obtain the neutrino intensity and these
neutrinos give neutrino-induced muons.

2. The neutrino Spectrum
We expect the neutrino spectrum to have the form
—(X+1

)y, -
VIE, ) = E) ,l(r;,,,e)
and approximate f(EV,G) by

e ¥
Gy#7anr + ¢ 6MKOEJK

Yl(Ev, 8) = C(Ey)

148
1 + EyCon & ﬁ:gge
(RVT B(0) 1 t vi Bu(8)
Ryp = 0.25 (Ey= Ry Er), R = 0.56 (Ey = R E,
Cx = 0.635 (Branching ratio for K-?/‘*V decay) GNngz 0.07

GNK % 0.009 (7). Brr(e ) is the average decay constant for

T4 at zenith angle & . B,(6&) is the average decay constant

for K's at zenith anglee . C(E,) is only a little

- energy dependent and is obtained by comparing VIE,, &) as

given above with the calculated neutrino intensities.
C(Ev)C¥ 3.57.

3. Neutrino-Induced Muons

The neutrino nucleon total cross section is given by
Oy =8y /076, emt | B 4w GeV 2

The neutrino intensity at depth h (g/cm®) is then
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- V(e Ay 17 _ &
V(;V,A,e)_V(tu,e)e N A

Ay is the interaction length for neutrinos. We introduce a
maximum energy, E , for the validity of the cross sections

given above and taRE VIE, ,}1 ) =0 for E in calcula-
tion of muons 1nduced by neutrinos. The allffurgign equation
fg)r muons is ,&-J\
(&, h.8) 'y
A—ﬁ——" \/(E'A 6) & j")“ L) &= d
E(E, L)

E = E(Eu,h) 1is muon energy at depth h. E/M is muon energy at
depth h = 0. We further have (1r)

20 =
: 3 _ 2 do-V  G*ME
a\’/"(w:ﬁ;(&’?b + U%) from ;i;: — V{Q-f(’l—d)zc}
- - 2 -0 2 olo-" GML-
?U/\-{(M)_ g"u__(”'*‘é.ls U )from 0[2 {Q +(1- ,:120}
_ ELELA) —_
U= £ . . with o= Q/[Q-r@)' & = 0,46
The energy loss of muons in standard rock was given by
- A4
..3‘% =a +4-E Ec;;f‘,t\) = e {x,- + /'} 2; &, | = cont;
X - _ Hh
'E/“: e {%le}‘% d.t;/,\: é ad &
. 1 .-—,(,,P,\
(
9’/“\) E/A,A,G) =S E/M L\ 9)(/”\ av w‘)oQu e
) e
44 o T X
. - {
Mo, Lo = E g\)(E’/q,j‘ ‘2 (“)% € A4
0 Bz E'=e'e, LY

e A, = py(Es ,&9)6
A 4 " '
/MV(E,JMB)—{S‘%(&/M,Q)E xvu ¢ @,( )d««e, hok) ob&'

o0&
&
max
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4 S SN E A
- L{%(&+LE/)~ L«(a+,6-5)3 E=E(&Eu ALY

A= Ll (ot o) = o o]

I : L)
Lh-L') = b, ezLE J =/L—%}w a+ L E

A 4 | € 4

——

~ ‘ -¥ 4 % v bty WOV~ S
/MVU:,A,Q) =J(YL(E’/M,6)E‘ = w 431}(“)&-* } e v
n

Ly apr -8

[}

, Y 1 ¥ . 1A AL
ptetior = | JergE A1 o]
. E £
E

= ! The solution of the diffusion
“uay Adu 4E equation for neutrino-induced

- e ontlE muons under ground is now

,//,J“)'

o+ A E

Deep underground we put E/.\ = E ax
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4. Discussion and Conclusion

The diffusion equation for neutrino-induced muons under-
ground has been solved analytically, and the muon intensity
is given in an integral form which we evaluate with a com-
puter. We then obtain the calculated vertical muon flux for
energies above 2 GeV: 2.02 10-13 sec~lem2sr-' in agreement
with the measured vertical flux above 2 GeV () which is
(1.92+0.44) 10”13 sec~'em™2sr™!. For the horizontal muon
flux in the energy range 0.1 GeV_~ 10000 _GeV we obtain the
calculated flux 4.62 10-13 sec”'cm™ sr™] in agreement with
the measyred horizontal flux which is (4.59+0.42) 10-13
sec~lem™“4sr (3) . We may conclude that there is no strong
diffuse extraterrestrial neutrino source. The average muon
charge ratio was found to be 0.40. The charge ratio varies
between 0.34 at low energies.and 0.47 at medium energies.
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ANALYSIS OF THE ELECTRON AND MUON COMPONENTS OF E.A.S,
AT OBSERVATION LEVEL 700 g.cm'—2 WITH A SCALE BREAKING
INTERACTION MODEL AND "GAMMAISATION" HYPOTHESIS,

J. Procureur
Laboratoire de Physique.Université de Bordeaux I
rue du Solarium .
33170 Gradignan (France)

J.N, Stamenov,P.V. Stavrev,S.Z, Ushev
Institute of nuclear research and nuclear energy
Bld. Lenin 72
1184 Sofia (Bulgaria)

ABSTRACT

Scale breaking model and "gammaisation" processes
for high energies give a correct description of the
longitudinal development of E.A.S. From the analysis
of phenomenological characteristics of E.A.S. at
Tien-Shan experiment,it follows that for energies near
1OGGeV the secondary particle multiplicity increases
with energy faster than is predicted by the accepted

scale breaking model,

1. Introduction We simulate the muon and electron components

of extensive air showers (E.A.S.) with fixed sizes in the region
10*-~10° at mountain altitude. In a'previous work the same authors
(1) used a scale breaking model (SBM) including parameters in
accordance with the results from the SPS collider and in good
agreement with KNO scaling model predictions.

The SBM gives a correct description of E.A.S. at Tien-Shan
level but is not able to reproduce the longitudinal development
of showers.

To obtain a correct position of the maximum of E.A.S. develop-
ment,we include,as was first proposed by S.I. Nikolski (2),the
"gammaisation" hypothesis i.e. a larger emission of v rays than
predicted by the traditional models.

It has been shown (3) that this model gives a correct descrip-
tion of the longitudinal development of E.A,S.

The aim of this work is to verify if the SBM including
gammaisation is compatible with the experimental muon component for
showers of fixed size.

2., Method Average values of the electronic and muonic sizes,Ng
and Ny,and lateral muonic densities gy(r) are simulated by a mixed

“simulation model including full Monte Carlo procedures for the
first interactions of hadrons and analytic approximations for

. deeper interactions in the atmosphere. '
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More precisely,the main characteristics are the following :

- p-air cross section increases with energy E , '

o = 269(1.+0.051in(E/100)) {(mb) for E > 100 GeV.
fluctugzlégs are determined by an exponential distribution.

-~ average charge multiplicity : <hs> = O.57+0.5841ns+0.127(1ns)2
fluctuations around <p§> satisfy to the KNO scaling.

The structure function Y{Z) is described by a gamma-k relation.

- average value of pi increases with energy:< pt>= 0.0151nE + 0.23
distribution is defined by f(pg)dpy = (pt/pg)exp(—pt/po)

- the empirical rule {ny) = <“s> is contradicted by results from
p-P collider where the estimation for (a)) = <ny>/< ng) is 1.4
for Vs = 540 GeV. (&)

Compilation of higher energy observations of cosmic rays jets
and gamma-ray families is made in ref (2). In this publication
the authors estimate that {a) could be near five for very high
energy collisions.

To take into account the "gammaisation'" hypothesis we use an
empirical parametrisation of the p-air interactions for E.A.S:
simulations : {a>= 1. + 141n(E/10°) for E > 105.GeV with the
condition of saturation {(a) ¥ 3. which seems very reasonnabie.

- results for sheowers with fix?d sizes are obtained by :

; ‘ d1I(E
x(8y) = f X (B2 (5,x,)-SLE)

the observabie X for showers with fixed primary energy E.

P(E,N,) is the probability for showers initiated by a given

primary with energy E to obtain the fixed size Nj

dE ,where X(E) is the value of

To obtain a correct comparison with the experimental data we
have taken into account the triggering conditions of the Tien-Shan
array and the algorithm systems for the statistical data treatment.

All distorsions and statistical errors are included in a special
algorithm which allows us to obtain from X{p ,observable obtained
from simulation using SBM,Xp the corresponding pseudo-experimental
characteristic (5).

3. Results e o
As shown in ref (2), 2
gammaisation is a serious Tmax{9.0m~ }
candidate to restore agreement 700
between phenomenological B
predictions and experiment. in
E.A.S. about the absorption
of showers. For exemple . 600
maximum's depth T as a
function of the primary ener-
gy E is shown fig 1 for pure
proton,pure iron primaries
and mixed composition (60% p
+ L0% fe) 2'
Dotted lines and full lines [
are respectively without and
with gammaisation. .
It can be noticed that the
relatively large proportion
of iron in the mixed composition

—4-a-tmixed comp.

6 107 Eé{lc;ev}

(10
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is a consequence of the small saturation value ( {(a) = 3.) of
the ratio {ny > /(ngd)

The comparison of the Tien-~-Shan dependence Np(Ne) with SBM

calculation results shows some serious discrepancies ( fig. 2 )
On thisg figure are drawn for fixed sizes No and mean zenith angle
6 = 22° ,the muon sizes Np for pure proton and iron primaries.
N T Dotted lines and full lines
/A 7 R are respectively dependences
without ({a)= 1.) and with
gammaisation,

As shown in ref, (1) the muon
‘size dependence N,, ~ Ng simula-
ted by the SBM model without
gammaisation is defined in the
size interval 10°-107 by the

parameter & = 0,67
' This value is different from
the experimental one : "

Qoxp = 0800 & 0.008 (6)

If we take into account the
gammaisation this situation is
worse for the largest values of
Nge

Indeed,the production of addit-
ional y increases with energy, so
imposes a flatter dependence of
N‘J(Ne) ioEo & = O¢61

It is possible to obtain results
in better accordance with experim-
tal ones with a mixed primary
composition.However the Np"Ne

|'05 ]ms No variation is never steep enough
N in comparison with the corres-
fig. 2 podant experimental results.

If we do not take into account the process of gammaisation
{dotted lines fige.3),in the size interval 10%4-106 and in the range
of distance 5~100 m,a good agreement is obtained for the lateral
distributions of muons (the origin of the experimental points is
given in ref. (1))

However, for large sizes and far from the axis of showers
(R ) 100m) ,simulated densities become slightly smaller than the
experimental ones. This gives,because the large number of muons
far from the axis,the underestimation of N (Ng) (see fig. 2)

As expected from results shown in fig, 2,with production of
additional y,the situation is the same for small showers and
becomes less favorable for large sizes (Neﬂ0106) (full lines on
fig. 3)

L, Discussion . A consequence of the gammaisation hypothesis for
high energies ( E >107 GeV.) is the decrease of the ratio N, /Ng

for showers initiated by primaries with fixed energy. This imply
for showers registered with fixed sizes a smoother variation of

Np(Ne) than is obtained with the standard SBM model.
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mixed primary composition. 2
However,because the agreement of P("‘}
the protonic showers for smallest )" E >5Gev
sizes (Ng ~ 10%) and the important s

decrease of the primary energy
spectra,the effect of heavy
primaries remains not large enough.

In any case,the N;-N, dependence
is never steep enough in comparison
with the correspondant experimental
results.

The agreement with experiment
can be obtained with help of a
stronger increase of multiplicity
<ns> with energy. This result is
confirmed by the results of other °
authors (7) with calculations
carried out under the assumption of
SBM where {ngd> a EC+25 ours,
coming from accelerators data is
equivalent to <ns> a E0.13

However we have to notice that
no experimental arguments from the
accelerator region allow one to
adopt such a strong dependence of
secondary multiplicity on the
énergy of interactions.

5. Conclusions L, 19 L .IOO.R{".‘}

We have analysed E.A, S. electron .fig 3 -
and muon components in the Tien-Shan °
experiment on the basis of the SBM model including the
"gammaisation' hypothesis. We have shown that with a correoct
description of the longitudinal development,a good agreement
between experimental and calculated results is ontained if we
use a mixed primary composition rich in proton and a stronger
variation of multiplicity of secondaries with energy than the
one given by accelerators results,
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ANOMALIES IN COSMIC RAYS: NEW PARTICLES ve CHARM?

G.L.BALAYAN, A.YU.KHODJAMIRIAN, A.G.OGANESSIAN

Yerevan Physics Institute, Markerian st.2
375036, Yerevan, Armenia, USSR

For a long time two anomalies are observed in cosmic
rays at energies E~ 100 TeV: 1) the generation of "long-
flying" cascades in the hadron calorimeter (the so-called
Tien-Shen effect) /1/; 2) the enhancement of direct muon
yield as compared with the accelerator energy region /2/.
The aim of this paper is to discuss the possibility that
both anomalies have common origin arising from production
end decays of the same particles. The main conclusions are
the following: 1) direct muons cannot be generated by any
new particles with mass exceeding 10420 GeV; 2) if both
effects are originated from the charmed hadrons, then the
needed charm hadroproduction cross section is unexpectedly
large as compared with the quark-gluon model predictions.

When energy grows from E~10 TeV to E ~ 100 TeV, an
increase of the hadron cascade mean penetration length is
observed. This phenomenon is interpreted by the authors of
Tien-Shan experiment /1/ as production (in the cosmic
shower interactions with the calorimeter nuclei) of un-
stable particles which carry a substantial part ({x>z0.25)
of the incident energy and simultaneously have small in-
elasticity (or small cross section of the interactions
with the calorimeter substance). When the incident energy
becomes ~ 100 TeV, the mean decay path of these particles

{~<Xx>Ect/m reaches the scale of the celorimeter ver-
tical size ({ ~ 1 m) so that the resulting hadron cescade
is observed as "long-flying". The mass range of these
particles is estimated /1/ as 2 GeV £ m < 450 GeV, their
lifetime being respectively in the interval 10~ '2sec < T <

10‘1Osec. The hadroproduction cross section of "long-
flying" particles is & ~ 345 mb/nucleon at E ~ 100 TeV.
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The direct muons produced in the primary pN-collisions
with definite energy E,. are characterized by the ratio of
their yield to the number of pions produced with the same
energy. We have obtained for this ratio R integrated over
the primary spectrum with power ¥ + 1 =2.65 the follow-
ing estimate

R(Eﬂ)gﬂ‘5<nﬂ(ﬁﬂ/<xﬂ>)>j‘ét’( X X (1)

Here the familiar parametrization of pion inclusive cross
section from /3/ was used and scaling for direct muons was
assumed (<nu>= é)JUtN Asit is the direct muon mean multi-
.pllcity,ciN/dx is the normelized spectrum over X = Eu/g ;
<Xy> is the value at whlch the integrand in eq. (1) reaches
its maximum). Due to the X factor the ratio R Dbecomes

a good analyzer of muons carrying e large part of the inci-
dent energy. Data from a few experiments /2/, although with
large uncertainties, indicate that in the region E, = 1+100
TeV R may reach an order of 10~ -3 value.

Suppose that starting from 104100 TeV some new X-par-
ticles (of hadronic origin) are produced, which simulta-
neously are'"long—flying" and have muonic decays. It turns
out that already available SPS collider ( JE‘ = 540 GeV,
i,e. E~150 TeV) date sample allows us to reject too heavy
X-particles generating large P, muons. To demonstrate this,
we have calculated the ratio

fa,  Jdee 9% (pf-xu..)
A“®%=Rw>SGW\mw<O? WGPy M (2)
(PP

which determines that part of direct muons from X-particles
to which the collider detectors are sensitive. In fact,
A(My)>10% at My > 10 GeV (20 GeV), if the muon creates in
Xty _yu*ju'(X*Jut\HHdu}u?H)deoays, where M, may be < %M.
The X-particle mean P, was chosen ~ 1 GeV/c (i.e. too low
for real heavy particles) to decrease artificially the share
of large P, muons., Nevertheless due to the large X-mess the
substantial part of muons are produced with Qﬁu > 5 GeV. At
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the same time, the value of A shows practically no
change when the longitudinal X-spectrum is varied in wide
limits (from do/dy ~ (1-x)/x to dé/dx ~x (- X) ). From
the UA1-data sample on the W-wuvV search /4/ we conclude
that &(PP>m(Puu > 5GeV)+---)~02ufat E ~ 150 TeV. By means
of coefficient (2) we immediately obtain the upper limit
for the cross section of hypothetical X-particles:

O(PN= X+ )B(x+»pu) =2 ub (3)
which holds for all variants of X-production and decays
mentioned above (we suppose that &(pN—X+)xS(pp—+ X+t )
which is justified at such energies). It is easy to verify
that the upper bound given by eq.(3) allows too few direct
muons from X-particles (R <<10"%), In addition, we think
that: 1) more detailed scenarios of X-decays (involving a
second muon and/or neutrino) will decrease the upper limit
of the allowed X-masses up to the b-flavored hadrons; 2) the
analogous consideration of jets from pure hadronic X-deceys
will allow also to reject too heavy X as "long-flying"
cascade source. At the same time it is evident that the
collider data obtained in the large P, region are not too
sensitive to the muons from charm decays produced predomi-
nant_‘;J'.y with p w = 1 GeV.

As it was noted earlier /1,5,6/, the charmed hadrons (A,
and J) ) are really good candidates for "long-flying" par-
ticles, Particularly important is that their expected in-
elasticity is small as comaper with light hadrons due to
the specific effect of c-quark leading inside A. or D
/6/. It is known also that the mean part of incident energy
<><>Acarried by charmed hadrons may be really large. In
particular, A. -baryons were detected at ISR (E ~ 2 TeV)
/7/ with spectrum

dé/dx ~ 3/ & Vi-x (4)
where & =< 0.3 mb, <X>~0.4. The whole effect of "long-

flying" cascades may be understood in terms of charm if
achieves ~ 3 mb at E ~ 100 TeV. Therefore, it is necess-
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ary to postulate a rapid growth of charm yield in the
fragmentation region (X > 0.1). We have chosen it as fol-
lows: '

&= 0,3mb 1+ Lo (L L0V ))° (5)

The muon spectrum from semileptonic decays of charm
(B(c—~pu) = 10%) produced according to egqs.(4),(5) was cal-
culated. This spectrum behaves like ({-Xu)®/Xu at X, >
>0.05 and gives R~1.3¢1072 at E, ~ 10 TeV.

Therefore, both effects: the "long-flying" cascades and
direct muons are simultaneously explained if we suppose
ebundant charm production in the -fragmentation region. Note
that this phenomenon is rather unexpected in quark-gluon
models of charm hadroproduction. Although the whole picture
of heavy quark hadroproduction is yet far from understand-
ing, it is clear that in the fragmentation region some non-
perturbative mechanisms are essential. The models describ-
ing this region predict /8-10/ too slow rise (~ 0n € ) of
the cross section fragmentation part so that at E~ 100 TeV
in eq.(4) & = 0.5 + 0.8 mb. '

We conclude that more detailed information about inclu-
give cross section of charmed hadroproduction at energies
~ 100 TeV would be of great interest from the viewpoint of
the quark-gluon physics. New data on the cosmic ray anoma-
lies at superhigh energies are therefore needed. Note that
the proposed ANI installation /11/ will have a unique pos-
gibility to detect both "long-flying" cascades and direct
muons.
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- RELATIONSHIP OF SEA LEVEL MUON CHARGE RATIO
T0 PRIMARY COMPOSIT!ON INCLUDING NUCLEAR
TARGET EFrECTS

A. Goned, M. Shalaby, A.M. Salem, and M. Roushdy

Physics Department, Faculty of Science,
Ain Shams University, Cairo, EGYPT

ABSTRACT

The discrepancy between the muon charge ratio
observed. at -low energies and that calculated
using pp data is removed by including nuclear .
target effects. Calculations at high energies
show that the primary iron spectrum is expected
to change Slgpe from 2-2.2 to 2.4-2.5 for ener-
gies » 4x10° GeV/nucleon if scaling features
continue to the highest energies,

l. Introduction

It is well known that there is a discrepancy between
the observed muon charge ratio at low energies (E.£ 100
GeV) and calculations based on p-p data (e.g. Thdiipson
and Whalley, 1977). At these energies, the nuclear
physics and primary composition are thought to be fairly.
well knowne. A common procedure is to normalize the
charge ratio at some energy (e.ge. Eb = 10 GeV).

In the present paper, it is shown that the inclusion
of nuclear target effects removes the above discrepancy.
Observations at high energies can then be used to derive
reliable ingormation on the primary mass composition up
to about 10”7 GeV/nucleon,

2. Calculations Neglecting Nuclear Target Effects

Detailed calculations of the muon spectrum and charge
ratio have been made assuming the continuance of scaling
features to the highest energies. Initially, nuclear
target effects were assumed to be negligible, and recent
pp data have been used in the calculations,

From a comparison between calculations and spectro-
graph measurements of the muon spectrum, the primary nuc-
leon spectrum has been derived in the ﬁorm I(E)dE = AE™7Y,
with A = 2,139 and 7= 2.7 (70 < E<S10™ GeV). At this
value of ¥, the fractional energy moments for proton and
neutron production in pp collisions were found to be Z p=
0.2622 and an = 0.0711 respectively, yielding an effeg—
tive isospin retaining probability'pgp = 0,7867. Our

analysis of pp data also gives aﬂ 225 and &y = 0.517

for the pion and Kaon positive excesses, repsectively,
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while for the primary proton excess, we take
(Erlykin et al, 1974).

o = 0074

In the charge ratio calculations, we take for 7T and
K production in neutron interactions :

Z + = 2

nct = Zpe?d 0 2

_ o o1 ' -
pk* = Zpgm = % (Tt 4 Zoge)

The results of calculations are shown in Fig, (1l). A%

ﬁP = 10 GeV, the calculated charge ratio is %u = 1.3489
Hich is about 5.5% higher than the observed ne., The dif-
ference is significant compared to the experimental error,

ll)l = ~~== PP Collisions Present work
P-Nucleus Collisions (A=14) I=2.7

u—{ ” h* 4 ayre et al (1973)

4 Baxendale et Bl (1975)
{ Morrsion & Elbert (1973)
(R1 ¢ Ashley et al (1975)
- Present cllcu}luons

i

1.0 A 1 L I
o' 10?

A
&
103 1
ljup (GeV) 0
e, i ) Muon Charee Rntlo nt Sca level with and without
Nuclear Target Effects (Scaling Wodel),

3. Calculations Including Nuclear Target Effects

The nuclear target effects have been included in the
charge ratio calculations using a Glauber-Type model
(Goned et al, 1985). For p-air we obtain Z = 0.1094,
Z, = 0.0347 end B, = 0.7591. We also takBP § = 0.2025

d %K:= 0.4653, which is 10% lower than the pp case,
The results obtained for the charge ratio are slso shown

in Fig. (1). The calculated value at 10 GeV is R =1.2794

which is in good agreement with the observed oné E%u
1.28). o

4, Primary Mass Composition

Using charge ratio calculations with nuclear target
effects, the neutron fraction in the primary beam (%)




194 HE 5,4-10

has been derived from the data as shown in Fig., (2). The
data below 100 GeV/nucleon correspond to direct measure-

ments (Olejniczak et al, 1977). The curves correspond to
the expected neutron fraction for different slopes 1{F of
the primary iron component.

It can be seen that below about 4x10- GeV/nucleon,
the charge ratio data are consistent with a slope % =
2.,0-2,2 compared to ¥ = 2.75 for protons and helium nuclei.
If scaling continues above these energies then one should
expect .an increase to ¥F = 2.4-2.5. .Other possibilities
include significant scale breaking or a gignificant inc-
rease in the values of ﬁrmand‘.SK>in p~nucleus collisiorns,

® Direct Measurements
© O D X Derived from Muon Charpe Ratio Data il’rrsonl 1_0
\
calculations wort *L(‘
0.4
1
T
- 5]
e !
o
% 0,3}
U
[
[ "
B
§ l % 2.6
- —
2 0.2 T - BF=2.5%
= x ' k3
- S RALY
0.\ | <
A
0 L . 1 s ; ] L 1 1 L L
0 10? 10’ 10t 0°
"7', [GETL Y ATUITEN FRTY AN
Fig, ( 2 ) The Neutron Fraction in the Primaty Ream
as a function of Primary Fnerpy, UF in the
differentinl exponent for the Fe proup spectrum,
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STUDY OF PHOTONUCLEAR MUON INTERACTIONS AT BAKSAN
UNDERGROUND SCINTILLATION TELESCOPE

Bakatanov V.N., Chudakov A.E., Dadykin V.L., Novosel'tsev
Yu.F., Novosel'tseva M.V.,Achkasov V.M.,Semenov A.M.,
Sten'kin Yu.V.

Institute for Nuclear Research, the USSR Academy of
Sciences, Moscow, USSR

ABSTRACT _
The method of mn-u-e decays recording has been used to
distinguish between purely electron-photon and hadronic
cascades, induced by high energy muons underground. At
energy ~ 1 Tev a ratio of the number of hadronic to
electromagnetic cascades was found equal 0.11+.03 in
agreement with expectation. But, at an energy ~4 Tev a
sharp increase of this ratio was indicated though not
statistically sound (0.52+.13).

1.Methods. The observation of high energy muon induced ca-
scades at Baksan Underground Scintillation Telescope is des-
cribed elswhere (1,2). Using m-u-e decay”s delayed signal
recording an attempt has been made to distinguish the frac-
tion of cascades induced by muons through inelastic u-A in-
teractions. The technique of w-e decays recording is desc-
ribed in ref.(3). For every scintillators layer the summa-
rized P.M.'s anode signal is put to 10-beam, 10 us oscillos=~
cope which is the main device to register u-e decays. The re-
cording efficiency & depends on the position of the decay lo-
cation relative to scintillator, also on the time window and
on energy threshold, the mean value being <&> =0.05. The
energy threshold for delayed pulses recording was 7 Mev or
about 300 photoelectrons from PM photocathode and it was high
enough to exclude afterpulses. To check this we used high po-
wer pulsed X-ray sources.
5. Results and discussion. During a 11640 h run, 1302 casca-
des with an energy more than 700 Gev have been recor-
ded and among them 556 cascades with mn-u-e decays. Unfortu-
nately, a presence of decays is not a strong evidence for the
cascade to be hadronic or not, because of nonzero probability
to produce pions in purely electromagnetic cascade through
photonuclear interactions of real photons. The mean number of
stopping charged pions in electromagnetic cascade of energy
Ec was calculated as:

E .
- ) IV (E -
7=l -Xo'f Orp (Ex) Myt () 'c/JE_,:&)',Q/tf”
E0

LA,
m* /_\0.1
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where A 1s the atomic weight of the target material,N,is
Avogadro's number,Xy is the radiation length (23 g/sm? in
our case), 6}ﬂ%is the differential total photoproduction cross
section taken from (4,5),mH£EX) is the yeild of stopping pi-
ons per one y-A interaction,onmH is the threshold energy -
for photoproduction which is about pion rest mass,dN(Ey)/dEa
is the 2ifferent£ﬂfphoton spectrum in the cascade with ener-~
gy E, (6). _

AT1 stopping I and only a fraction of I decaying in
flight (35% in our case) should be taken into account.The to-
tal number of stopping pions in electromagnetic cascade of
energy E, was found to be N #5.7-1073.E.

Assuming stopping pions disribution along the cascade axis
the same as for electrons,the mean number of -p-e decays re-
corded by the telescope has been calculated as a function of
cascade energy.The results are shown in table 1 in the first
two columns.

Assuming Poisson distribution for the number of H-u-e de-
cays in electromagnetic cascade criteria may be suggested to
separate electromagnetic and hadronic cascades for each energy
range.We chose asezcriterion such number of u-e decays Ny ,
that probability of n <ny ismorethan 99% for electromagnetic
cascade.This "separation-number" is shown in 3tR column of
table 1 asafunction of cascade energy.The total numbers of
recorded (N,.,) cascades and that selected by the criterion
as a %urely electromagnetic ones (Ngy,) are plotted in 4th
and 5% column.In the next columng there is a distribution
of selected events in comparison with Poisson distribution
(expected ﬁu—e are shown in the second column).An agreement
is good enough and thisisareason to belive that the criterion
is good.

Table 1

<<E&5 - Ou-ellu~e|2u~e|3u~ebu-el5u~e]6L-e
GeV 11 ot Mot Moo | Nop

318 [101 | 21 experim.
738 10.30] 3 | 490 M0 e T 15 Poisson

184 1 66 [ 11 HE
8o [0.36| 3 | 305 | 261 [t D
1070 |0.441 3 | 204 177 (120 | 48 9 e

114 1 50 [ 11 p

119 | 76 | 22 |11 e
1552 0.63| 4 | 265 | 228 popde-Si 4t B

5 6 517 1 1 0 Je

3880 |1.52] 6 | 38 % 550 8.3] 6.3[3.2 [1.2 [0.5 [ 0.2 P

The mean number of recorded u-e decays in cascades disting-
uished as hadronic is shown in Table 2 as a function of the
mean cascade energy‘<ﬁ . The expected values of'<b _ are
shown in the last line of the table. The results fPom ref.(7)
multiplied by our recording efficiency 6=0.05 have been used:

, 1at) =s.0. 83 4
<nu_e> (calculat,) =& 0.8E7
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Table 2
<E>in Gev 890 1060 1260 1790 4260
Kn-Xexper.)i10.2%.8 | 9.9X.7 | 12,311,353 | 15, 4%1.4 ) 28.7%4.8
<ny-(cal.) 6.8 7.7 8.8 11.4 21.9

There is some excess in experimental data as compared with
calculations.It should be emphasized that unlike to the case
of electromagnetic cascades the fluctuations of n,_. in had-
ronic cascades in a given energy interval are certalnly big-
ger,than Poissonian ones.But, there is nothing to make one
suspicious of separation procedure as being not reliable.

The ratio of separated hadronic cascades to the electro-
magnetic ones is shown '
in fig.1 as a function T
of cascade energy.The
expected ratio shown Nhad
by the solid line is -
calculated suggesting .51
muon energy spectrum
at our depth as 4

N 1~3.8
5%”(200*&‘) , B in Gev. -
and using U-A cross-sec-
tion for hadronic and

electromagnetic inter- - , { | I .
actions from (8). F{*k T '
In the energy range 4 H

Eq <2500 Gev the expe-
rimental data are in 0

agreement with expec- 4? 8 9 ‘103 2 3 4
tation if taken into account the Fig. 1 Ec (Gev)
.statistical and possib- :
le systematic errors.For higher energies EC:>2500 Gev there
is an indication of a sharp increase of the fraction of had-
ronic cascades.This probably can not be taken too seriously
as statistically it is only~26 effect.
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CALCULATION OF INTENSITY OF HIGH ENERGY MUON GROUPS
OBSERVED DEEP UNDERGROUND

Vavilov Yu.N.
Lebedev Physical Institute
Moscow 117333

USSR

Dedenko L.G.
Moscow State University, Physical Department
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ABSTRACT

The intensity of narrow muon groups obser-
ved in Kolar Gold Field (KGF) at the depth

of 3375 m.w.e. hags been celculated in terms
of quark-gluon strings model for high energy
hadron - air nuclei interactions by the me-
thod of direct modeling of nuclear cascade

in the air and muon propagation in the ground
for normal primary cosmic ray composition.

The calculated intensity has been found to be
~1071 times less than one observed experimen-

tally.
1. Introduction. The observation of narrow muon groups at
the depth of 3375 m.w.e. in KGF was reported in /1/. The ra-

dius of group was ~ 0.5 m for majority of muons and the num-
ber of muons in the group was » 8. In the work/z/ we have
made an attempt to calculate the intensity of these groups
in terms of simple model of hadron interactions. It was
shown that in principle the narrow high energy muon groups
(the thresold energy ~1.5 TeV) can appear as a result of
ordinary fluctuations. But quantitatively we must be care-
ful in this estimation. At first, the simple model of had-
ron interactions does not take into account all possible
fluctuations in these interactions. At the second, the Cou-
lomb scattering of muons in the ground also was't taken
into account. At last, it was considered that the group of
muons had’ passed through the apparatus if in the limits of
upper and lower plans of the apparafus there were the secti-
ons of the cylindre with radius 0.5 m and the exis, coinci-
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dent with the EAS axis. In the present work we utilized the
development'of’quark gluon strings model of interactions of
hadrons with nuclei of the air /5/. Fluctuations in hadrons
interactions, the muon scattering in the ground and their
deflection in the Earth magnetic field have been taken into
account algo. The direct modeling of muon trajectories per-
mits one to take into consideration the geometry factor of
the apparatus correctly.

2, Model of interact;gg end the celculation method. The
quark-gluon strings model describes the large number of ex-
perimental data about multipié production of hadrons in nuc-
leon-nucleon interactions /3’4/. In the presgent paper we
heve usged the development of this model in application to
hadron-air nucleus interactions, developed in /5 « The mean
lengths for nucleon, pion and kaons interactions were taken
in accordance with /5 « The inelagticity coefficient for
nucleong and incident pions and kaons were taken in accor-
dance with inclusive spectra, calculasted in /5/.

The ratio of kaon to total number of charged particle
wags 12%. The decays of pions and kaons were considered in
the wusual way. The transverse momenta distribution was ta-
ken in the form f£(p, )dp; ~ exp(-8X;) dp°, where B= 2.85;
7.15 and 6.9 for nucleons, pions and kaons correspondingly.
For nucleonts in the exponent & was teken instead of X, The
interactions of primary nucleus were taken into account in
accordance with superposition hypothesys. The secondary par-
ticles energy spectrum was taken in accordance with > « The
chemical composition and energy spectrum of primary cosmic
. radiation was taken as in /6/.

It was taken, that magnetic field of the Earth has
the meridian direction component #=0.4 G/7/.

The method of calculation consists of direct modeling
of all processes. At first for some thresholds of the
energy of the primery particles in accordance with the pri-
mary spectrum the real energy of primary particle was simula-
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ted and then its atomic weight according to accepted chemi-
cal composition was sampled. Then in the limit of 30° to
the vertical the zenith angle of primary particle and its
azimuth and coordinates in the upper plan of the array were
simulated. Then the points of interactions, the inelasticity-
coefficients, multiplicity and another parameters of all se-
condary particles were simulated. The acts of interaction of
the hadrons were simulated in such a way that the conserva-
tion laws of energy, electric charge and transverse momentum
and strangeness were conserved. The Coulomb scattering of
muon in the ground was consgidered in accordance with the
known Fermi formula which takes into account the correlati-
on of the angle and the deflection in the fixed plane. The
method of the calculation of the scattering was taken as
in /8/. The energy losses for bremstrachlung and photonucle-
ar interaction with ground nuclei were simulated with fluc-
tuations teken into account. Ionization losses andlbgbxfor
the ete” pair creation were taken as continuous. We take
into account not only Coulomb scattering of muon but also its
gcattering as a result of inelastic interactions with nuclei
in the ground. The cross sections of muon energy losses were

taken in accordance with /10'14/

3. The result of calculation and conclusions. The tresholds
of primary energy were cho@sen equal to 3.16°1015, 1016 eV
and so on. For each value of energy thresholds the simulated
number of events in accordance with the primary spectrum
were 500, 150, 70, 20 and 50 events correspondingly. The num-
ber of narrow muon groups, as it was determined above was
0,.0, 0, O, 2 for threshold energies 3.16¢10'>, 10'°,
3,16-1016, 1017, 3,160 .10 7ev correspondingly. Comparing these
data with the intensity of primary cosmic radiation and the
intensgity of groups/1/ it can be shown that the intensity of
the calculated groups is approximatelya~404 times less than
experimental one. 1 This conclusion implies the not trivi-
el appearance of the narrow multiple muon groups.
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COLLIMATED GROUPS OF PARTICLES AS POSSIBLE MANIFESTATION
OF HEAVY MESON PRODUCTION

Yu.A.Smorodin
P.N.Lebedev Physical Institute,
Academy of Sciences USSR, Moscow

ABSTRACT

The interpretation of miniclusters containing hadrons as
well as y-quanta by the cascade decays of heavy mesons,
in the first turn, of charmed D¥ -mesons is discussed.

1. Introduction.

Narrow groups of particles (NGP) - miniclusters - innovated by the Ja-
pan-Brazil collaboration /1/ have been intensively investigated in recent
years with big scale X-ray film chambers.

We omit here for brevity the papers on chirons, where NGP have been
considered as a new sort of produced particles, and confine ourselves to
those examining the characteristic features of miniclusters themselves.

Investigated in the paper /2/ among the hadrons in chamber hadron
blocks have been NGH. The paper /3/ considers NGG among the y-e part-
icles in G-block that failed to be accounted for without assuming avail-
ability of hadrons in the groups. The paper /4/ is concerned with dis-
tances from hadron to nearest cascades in family, indicating that hadrons
fall into the narrow groups together with ¥ -e particles.

The conventional interpretation of NGG is electron-photon cascade being
some cascade units of atmosphere above the chamber. Local nuclear inter-
actions in the chamber target /5/ seem to be a trivial source of NGH. How-
ever NGP registered in the G- and H-blocks containing both hadrons and

¥ -e particles apparently cannot be interpreted by the known interaction
processes that stimulate search for the new phenomena.

The purpose of the present paper is to show that the nontrivial NGP
seem to be interpreted by the generation and subsequent decay of heavy
mesons, in the first turn, by the charmed D*-mesons now sufficiently well
known /6/.

This possibility caused serious difficulties earlier due to the fact
that the theoretical estimation on the charm production even at superhigh
energies was small. Having suddenly revealed a high yield of D*- mesons
(up to 20%) in the jet particles, due to hard scattering of gluons, the
experiment carried out with the SPS collider made it clear that earlier
estimates disregarding some essential features (glueballs?) of the charm
production are much lower. It is possible to treat nontrivial NGP as the
manifestation of heavy mesons generation; high cross section of their pro-
duction has been indicated in cosmic rays earlier /8,9/.

NGP could appear due to the strong interactions in the last tens meters
of the atmosphere above a chamber. However the layer thickness less than
1/100 nuclear path is too small to explain the NGP flux, and the overhead
floor is too Tow (~ 1 m) to account for the dimensions of NGP by the in-
teractions in the floor substance.
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2. Main characteristic features revealed by experiments.

Let us summarize the main characteristic peculiarities of NGP as they
are established in the mutually consistent experiments.

1) The nature of NGP particles. As noted above, nontrivial NGP com-
prise ¥ -e particles and hadrons. .

The penetrating ability of miniclusters due to hadrons has beéen point-
ed to in all the papers on chirons, from /1/. The most convincing and es-
sential for estimates of NGP flux are the results of /3,4/.

In /3/, 30 y -families each including more than two hadrons, nece-
ssary to sew accurately together cascades in the G- and H-blocks, have
been selected among 54 ¥ -families with EE, —> 100 Tev. Out of 1700
cascades in the G-block 156 were chosen (at threshold 2 TeV) and 130 (at
threshold 4 TeV) penetrating into the H-block. One third of them had the
spot optical density in the H-block exceeding that in the G-block. The
simulations show that these very 3% of all Yy -e particles are the pene-
trating nontrivial NGG. Seven of 30 such events in the G-block manifest a
clearly revealed structure. Four events with 2-4 particles each in both
blocks are presented in /3/ as a typical example of NGP.

In /4/ for 15 y -families with EEE,‘7 100 TeV, containing at least
one hadron, distances Rm;y from a hadron to the nearest family cascade
have been determined. The distribution over Rp;, (Fig.2) shows that 1/3
of the hadrons has a narrow, within 1 mm, accompaniment, i.e. belongs to
an NGP.

2) Intensity of NGP flux. According to the data of /3,4/ the NGP flux
can be estimated as 3% of the ¥ -e multiplicity of the y -families and
as 1/3 of the hadron number, with respect to the rate of 7y -families
with =SEy > 100 TeV being 0.35 m® year~! (Pamir's data /10/). Using
the data of /10/ on the mean family multiplicities one can obtain the ge-
neral estimate consistent with the both results, i.e. there is on average
about 1 NGP in a family with ZEy > 100 TeV. This value seems to be
strongly fluctuate.

3) Multiplicity of hadrons and ¥ -e particles in NGP. Experiment
fails to give detailed information on the muTtipTicity of hadrons and
¥ -e particles and their correlation in NGP. Fig.l shows the data avail-
able: the multiplicity of y -e particles and hadrons in all NGH and NGG
/2/, only 1/3 of them being nontrivial, and the total multiplicity of mi-
niclusters observed in the two-layer chamber /1/. The distribution
sharply falls so that the contribution of n = 5 decreases to several per
cent. ‘

For NGG {n)= 2.2, for NGH ¢n) = 2.0, and the total registered multi-
plicity in miniclusters with n 3 2 seems to be about 4 * 2. Note that
these data can be treated as preliminary ones since the identification of
hadrons and estimation of their registration efficiency for the decay cas-
cades are very complicated.

4) Distribution over distances R. The summary of data on distances
between the particles in NGP is shown in Fig.2, i.e. the distributions
for NGH /2/ and those over Rmiy /4/. The former is distorted by the se-
lection of events with R < 0.5 mm, the latter maximizes at 0.2 mm and ex-
tends to'~ 1 mm, where turns to usual distribution for family particles.

5) ER distribution. Fig.3 represents data /1/ on {ER> of miniclus-
ters penetrating into lower chamber. The mean value is (CER)> = 2.0 + 2.2
TeV m. The estimate of ER for NGH /2/ is close to that. The experiments
don't show any differences in ER values for hadrons and ¥-e particles,
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and seem to estimate the Pg¢ value about 10 MeV/c.

It should be noted that sma]l sizes of miniclusters are emphasized by
the selection rules. The fam11y target diagrams in /1/ show that in a num-
ber of events a minicluster is surrounded by particles with R ~ 10 mm.

The partial separation of the narrow peak in Fig.2 shows that this is
really the case.

We think it premature to discuss the 1arge cross section of strong in-
teraction of miniclusters reported in /1/ since narrow beams of particles
are observed. In /2/ the authors noted a weak absorption of NGH in cham-
ber target, which is also natural for the beams.

3. Charmed and heavy mesons.

The experiment /7/ reveals the production of charmed mesons in excited
D¥ -state, which decay momentar11y into D and 17 -mesons and quanta. As-
suming the product1on of D¥~and D®-mesons to be symmetric one can obtain
from /8/ the main signatures of the decays and their probabilities:

1) 2h - 32% 2) ht2y - 42%

3) h+y - 28% .

These modes occur with small de- <
cay momenta, providing particle d N
transversal momenta = 10 MeV/c. a

The subsequent decays of D-me- 1 E
sons occur at ct value about T ‘3<: F§>

0.03 cm leading to paths ~10 m at 51
particle energies of tens TeV. The |
Tepton modes with signatures in-
cluding e*— andm*~ are about 20%.

Among a bulk of hadron decays
preducing K and T -mesons one can
single out the following signatures
with possibilities:
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1) 5n - 6% 2) 4h -10% 3) 3h - 11% 4) 2h - 3%
5) 3h+2y - 2% 6) 2h+2y - 11%  7) 2h+4y - 1%  8) htn¥ - 4%

The total decay momenta of these modes are hundreds MeV/c, but at a
great number of particles after decay their transverse momenta are usual-
ly equal to tens MeV/c. For energies per particle 10 TeV NGP with
R < 1 mm should be observed at paths ~ 100 m, the observation efficiency
being estimated as 1/5 ~ 1/2.

Considering the meson s;stematics one can infer difference between the
energies of the excited, IS, , and ground, IS, , states of mesons with
quark mass increase. Thus, we should expect that the heavy mesons would
generate NGP if value of their cross-section production is essential.

4. Discussion and results.

1) In the present half-qualitative analysis of the experimental data
on NGP characteristics, i.e. multiplicity data, spatial-R and momentum-P
distributions of NGP are consistent with the interpretation of NGP as
cascade decays of charmed mesons.

2) Experimental estimations of the rate of NGP registration, namely
about 1 observed NGP per ¥y -family with ZEy > 100 TeV gguclear-e1ectron
cascade initiated by primary proton at energ?és % 3 -10 eV in the at-
mosphere) at observation efficiency 1/2 - 1/5, don't contradict the extra-
polation of the latest SPS data on the superhigh energies and the data by
K.Niu /8/ in cosmic rays. .

3) Verification of the results seems to be possible when selecting and
processing systematically by scanning X-ray films of hadron chambers with
NGP. To compare experimental data with theory it is necessary to simulate
decay cascades including the real efficiency of the particle registration.

4) The search for decays of heavy mesons which do not lead to NGP pro-
duction, electron decays, etc. is also necessary.

The author expresses his gratitude to prof. Yu.L.Dokshitser and
V.A.Hoze for the stimulating discussion.
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MODULAR DETECTOR FOR DEEP UNDERWATER REGISTRATION
OF MUONS AND MUON GROUPS

A.Ll.Denisnov, L.I.Sarycheva, N.B.Sinyov, I.N.Vardsnyan,
A.A.Yershov

Institute of Nuclear Physics, Moscow State University,
Moscow II9899, USSR

Abstract. Registration and identification of muons and muon
groups penetrating into the ocean depth, can be performed
using a modular multilayer detector with high resolution
bidimensional readout - deep underwater calorimeter (project
NADIR) . Laboratory testing of a prototype sensor cell with
liquid scintillator in light-tight casing, testifies to the
practicability of the full-scale experiment within reason-—
able expences.

Introduction

The most popular conception of DUMAND, in its optical
version, is a spatial lattice with numerous PMTs in sites,
serving as immediate receptors of Cherenkov radiation, pro-
duced by high energy particles in the sea water. On the ex-
Perimental plane, any practical approach to such a design
makes one ponder upon many an implicit circumstances, €oSe
persumably unsteady operational conditions during a long-
running period.

The intricate combination of natural factors - as deep-
sea currents, plankton migrations, bioluminiscence, etc. -
would very likely result in sporadic variations of water
transparency, light background, and other substantial para-
meters. Besides, unsufficient rigidity of the whole immen-—
se construction does not exclude some accidental and in-
tractable changes in the preset sensor geometry or inter-
orientation. All these problematic issues should not be ig-
noged as a source of possible ambiguity in data interpre-
tation.

Modular Underwater Calorimeter

We have proposed /I/ a more compact appsratus, in which
the sensor cells have closed sensitive volume and hence
their parameters unaffected by the minute changes in outer
medium. In the structural respect, these cells are metal
tubes 30-50 cm in diameter and I5 m long, filled with 1li-
quid scintillator and viewed from both butt-ends by two >
groups of PMTs. The tubes are assembled in planes IS5xI5 m
fixed on rigid support frames; 6 such planes spaced 2m apart
one above another with alternating tube orientation, form a
calorimeter module, which contains I80-300 sensor cells with
independent analogue readout.

The operation of electronics -~ data acquisition, proces-—
sing and transient recording, autotrimming and system test-
ing - are monitored by a local computer, which is housed in
a sealed case close by the sensor arrsy and communicates
with the central control station on shore via a low-speed
cable line.
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The fiducial volume of such a module is 2.10% p% of wa-
ter, angular track resolution 30-50 mrad, energy resolution
for electromagnetic bremsstrahlung showers 5-6%. A full-
scale experiment should include some I00 modules, placed
firm side by side on the bottom at 3 km below the ocean sur-
face (project NADIR).

As a stand-alone experimental installation, it will al-
low investigatien of the features of high-energy muon flux
and associated characteristics of primary cosmic rays and
nuclear-cascade process in Earth's atmosphere. In particu-
lar, single muon spectrun can be measured up to I00 TeV,
while the data on muon groups must yleld informaetion about
the chemical composition of cosmic ray radiation at ener-
gies of primary nuclei ~ IO TeV/nucleon /2/.

Prototype Scintillation Sensor.

At this stage, we have built and tested in laboratory
a prototype sensor cell for the deep underwater calorimeter,
its architecture and functions being the same as those of
the practical one, except-for size.

Fig. I presents a sketch of the cell construction,

A light-tight casing (I) poured with liquid scintillator
(whitespirit) is manufactured of thin-wall alluminium tube

@ I5 cm, closed from butt-ends with plexiglass windows (2).
Blectronic equipment (3) is sealed in two identical allumi-~
nium containers (4) rated at high external pressure and at-
tachable to the flanges at the opposite ends of the tube.
When immersed in the water, the excess of the tube buoyan-
cy~originating from lower density of whitespiwit relative
to0 water — is expected to compensate the effective weight
of massive containers.

From each container, 3 PMTs (5) view the scintillator
through a conic 5 cm thick plexiglass illuminator (6) glued
into an alluminium hoop, which is adjusted to the container
%guth and equipped with rubber packing rings for hermetiza-

on.

A double-conductor waterproof cable (7) connects the
containers with each other, and with minicomputer "Electro-
nice~60" serving for an "executive controller" monitored
from a remote terminal. The intercommunication is carried
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out at a frequency 20 ke (IO4 bit/sec transmission rate).
The same cable is used to supply power voltage +I2 V feed-
ing the electronic equipment. :

Electronics

The basic elements of the front-end control/data acqui~
sition electronics are disgrammed in fig.2. It is subdivi-
ded in two twin modules, each occupying one of the two con~
tainers. ‘

The general purpose elements available in both modules
are: a power supply block (I) transforming +I2 V from the
supply main into stabilized +9 V, +5 V and ~I0 V DC; a mo-
dule controller (2); an interface (3) performing data and
command exchange between the modules and with the "“executi-
ve controller"; a first-level majority coincidence circuit
(4) firing on coincidences of at least 2 (any) of 3 PMTs;
and a LED driver (5) intended for calibration of FMTs on .
the opposite end of the sensor cell.

Three identical PMT channels include: high-voltage con-
verters for PMT feeding (6) with 8-bit output potential set-
ting by means of a computer-monitored DAC (7); I2-bit PMT
noise counters (8); pulse shapers (9)j and 7-bit log AICs
for pulse-height digirization (IO).

communication highway branch

0l P |t ch B3
7
5 2 12 5
J 4 3 13 {4 K]
PMT ' ’7-, - eMT}e{6...33
Pty 6.0 J19 i: | oMt J+{6...
[rur ]~ 6...10 |18 ! PMT Jee{ 6... 1
=
“ACTIVE ™ “PASSIVE"

Fig. 2.
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In addition, one of the modules contains a second-level
(intermodular) coincidence circuit (II), and a "mask regis-
ter" (I2) fitting an actual pattern of trigger bits to the
computer-defined trigger-enable mask. This module (named
"active'") initiates a regular intercommunication cycle, ad~-
dressing its counterpart (named "passive") and the "“execu~-
tive controller" on detecting of an "event" or routinely
once every IO sec on receipt of a timexr signal.

Laboratory Test Data

The emphasis of the laboratory testing programme was
focused on the following subjects:

Technological solutions conditioned by the specificity
of sensor cell operation deep in the sea water;

Realistic parameters and optimum operational rates;

Stability and reliability of electronic equipment; and

Actual money and labour consumption, in view of the pro-
spects for serisl production of like sensor cells for the
full-scale experiment.

The general conclusions are that rather not elsborate a
device, as that described in the preceeding sections, may be
running for a long period of time without logic malfunctions
and significant drift of parameters. Of particular importance
for this type of detector is the efficiency of light collec-—
tion onto PMT's photocathode from a relatively short and
distant particle track, since the optical contact between
the liquid scintillator and metal cistern eliminates total
internal reflection. The laboratory test data indicate that
due to high transparency of whitespirit (attenuation length
estimated to exceed IO m), the reliable registration can be
anticipated of a minimum ionizing particle traversing some-
where a I5m long sensor cell, with sufficient pulse~height
resolution, unless the inner surface of alluminium casing
is too much tarnished (reflection coefficient below 0.6) -~
a restriction that would hardly cause any technological
problen.

On the whole, judging from the experience obtained with
the prototype sensor cell, the full-scale experiment seems
to be realizable within reasonasble expences.
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RESULTS OF INVESTIGATION OF MUON FLUXES OF SUPERHIGH
' ENERGY COSMIC RAYS WITH X-RAY EMULSION CHAMBERS
Ivanenko I.P., Ivanova M.A., Kuzmichev L.A., Ilyina N.P.,
Mandritskaya K.V., Osipova E.A.,wRakoboéskaya I.Voo ‘
Ingtitute of Nuclear Physics, Moscow State University,
Moscow 119899, USSR

Zatsepin G.T., institute of Nuclear Investigation, Academy
- of 8ciences of the USSR, Moscow . . :

The paper presents the overall data of investigation of
the cosmic ray muon flux in the range of zenith angles
(0-90)° within the energy range (3.0-5 0) TeV. The exposure
of large X-ray emulsion chambers urderground was 1200 tonn.
yoar. . ) .

The data were processe’ using the method which has been
applied in the experiment "Pamir"™ and differred from the
earlier applied one. The obtained value of a slope power
index of the differential energy spectrum of the global
muon flux is =3.7 that corresponds to the slope of the pion
generation differential spectrum, Y¥;=2.75+.04.

The analysis of the muon zenith-sngular distribution
showed - that the contribution of rapid generation muons in
the total muon flux agree the best with the value .2% and
less with .7% at a 90% reliability level. .

1n Moscow State University a large array of 140 X-ray
emulsion chambers comprising the total of 250 tonn of lead
and 5000 m2 of X-ray film was esposed during 10 years from
1970. The goal of the exposure was to determine the energy
and zenith-angular distributions of high-energy cosmic rey
muons. The array was located at 5-6 meters underground,
the chamber plenes forming angles of 45° and 60° with the
horizon and providing & similar registration of the verti-
cal and horizontal fluxes. '

During the exposure the results on 400 chembers that
is equal to 1200 tonn-year were obtained. The total effi-
ciency of the array is 2.4:1017g.s.ster. ' o

The methodical aspects of the experiment and the result
of processing the data have been reported at several
International Cosmic Ray Conferences /1,2,3/. ‘ '

t the Conference in Paris/3/, we reported on the
spectra and zenith-angular distribution obtained using
a bulk of statistical material. '

A power index of the differentisl energy spectrum of
the global muon flux in the energy range (%ZBO§ TeV was
equal to 2.92+.07. The processes of rapid generation of
muons with energy (3-13§ TeV in the nuclear interaction
was estimated as (.1-.2)%. o :

Lately we investigated experimental fluctuations in
the electron~photon cascade development in a chamber and
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calibrated the methods of cascade energy determination/4/.
Errors in the energy determination were shown to be somewhat
larger than expected ones and the mass of /7 “~meson deter-
mined by a calibration installation at the Pamirs used in
earlier muon papers was shown to be underestimated. Compari-
gon of the methods applied when processing the Pamirs and
muon chambers, indicated that different approaches to allow=
ance for the diffuse light In photometering and somewhat dif-
ferent optical density curves may lead to a change in the
energy spectrum slopes by »¥ = .10-.15.

In connection with the above consideration, the total
bank of experimental data from the muon chambers was process-
ed using the procedure of going over from optical density to
energy accepted in the Pamir Collaboration. The bank was
simultaneously processed by the earlier method allowing more
correct regarding of experimental bais and installation ap-
paratus.*

The total of 7000 electron—-photon cascades with energy
higher than 2 TeV were detected. Thus, we measured the
energy spectrum of bremsstrahlung geamma-rays in the range of
zenith angles G°-90° and, proceeding from this spectrum and
regarding chamber efficiency, measurement fluctuations and
muon zenith-angular distribution, we found the vertical muon
flux spectrum in the energy range 3.0-50 TeV(In the last
interval from 32 to 50 TeV 9 muons and one muon with energy

~ 130 TeV were registered).

The slope power index of a differential spectrum of the
global flux of electron-~photon cascades proved to be 3.72¢
.04, Its value corrected for electromegnetic and experiment-
al fluctuations was ‘{EPC=3.61¢.04. The errors shown &re
statistical ones.

For the global flux of cosmic ray muons a power index
was found to be ¥ =3.7, and after going over to the vertical
it was obtained to be ¥ =3.75+.04. The latter value cor-
responds to the power index of the pion generation differen-
tiel spectrum, )y =2.75+.04.

After processing the data bank by the earlier used
method proved to be 2.86+.05 that is by a factor of .15

less_than the value in /3/.
FPig.1 shows the data of various papers on investigation

of the energy spectra of cosmic ray muons in various energy
renges. Our latest data are in good agreement with conclu-
sion made by the authors of "Mutron"/5/ and conclusions of
the authors of /6/(the underground array in Artemovsk).
Thus, at high energies the muon spectrum is steeper by
some 3.65-3.75, if steepening is observed at all, that may
be caused by a small variation of a power index of +the
primary nucleon spectrum or by & weak scaling violation

* -The-bank was processed by N.Ilyina using the Pamirs me-
thod, and by E.Osipova using the earlier used method
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in the fragmentation region(in the nucleon energy range
from 16 TeV to 200-~300 TeV).
The contribution of rapid generation muons into the
total muon flux was also analysed. Fig.2 presents the ratios
~ of the number of cascades
from the horizontal muon

aes et 268 flux(® >66°) to that
GRE Yiemsecetes rest) from the vertical flux
- (8 <66°) as a function of
2107, ¢ # Ll | muon energy. Analysed were
by oot I {1 it | all cascades with energy
e ER i, | f} { higher than 3.0 TeV(muon
o /5] energy ~4 TeV).
, i The solid curves show
Y the expected flux ratios
eourdata &t various velues of fast
muon fractions, R( R de~

3 5 1o 20 Epre notes the ratio of inclu=-
’ sive cross sections of
production of fast muons
to that of pions averaged
Pig.1. Intengities of the muon with respect to the pri-
vertical flux obtained in vari- mary cosmic ray spectrum),
ous papers. The #0lid line is the kaon content beil

for calculations of the muon flux assumed of 15%. The 2.
intensity from /10/. test performed to estimate
R show=d the best agree-~
 Who ment of experimental data
Nverso 13,5 27 Eyrev 8t R=.2%. R= .T% with a
20} 90% reliability. The
ot results obtained are
consistent with our
| 023 earlier conclusions /3/
15 and show R to be unsensi~
o5y tive to methodical cor-
rections of our experi-
hot ment. The data also agree
or - with contemporary theore-

tical estimates of cross
sections of charmed.
particle production.

We are grateful to
Sokolskaya N.V. for
Pig.2.The ratio of the pumber of enthusiastic discusaiopn
cascades from the vertical muon 8&nd for criticism.
flux versus cascade energy

3 10 20 Ey rev
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T. Sato, T. Suwada, T. Takahashi and H. Umeda
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ABSTRACT

Slow magnetic monopoles in cosmic rays have
been searched at sea level with the detector which
consists of seven layers of proportional counters
filled with a mixture of He + 20% CHy,. The
velocities and the energy losses of the incident
particles are measured. The upper limit of flux
for the monopoles in the velocity range of
1x10_3<B<4x10‘3 is 2.78x10712/cm?2 sr sec of 90%
confidence level.

1. INTRODUCTION

The prediction of the primordial production of super
massive magnetic monopoles (MC2w1016Gev) by Grand
Unification Theories (1), and of the subsequent acceleration
of these monopoles to the velocities of v=Bc with
BW1x10'3%1x10'2, have caused interest in experimental search
for slowly moving magnetic monopoles in the cosmic rays (2).
Many methods to detect the monopoles have been used, but all
experimental results except Cabrera (3) are negative.
First, we have searched the monopoles with five layers of
proportional counters filled with a mixture of 90% Ar + 10%
CHy, to measure velocity by time-of-flight method and track
positions for incident particles (4). The upper limits of
the flux for the monopoles in the velocity range of
1X10_3>B>4x10'3 at 90% confidence 1level is
1.5x10"12/cm2 sr sec, which is slightly higher than the
value reported in (4), because of the increase in running
time. Second, mixed gas of 80% He + 20% CHy is used for the
counters, since a CH, molecule is ionized through the
Penning effect by a He metastable state excited by the
monopole. More two layers of proportional counters are
added to measure energy losses and track position along the
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wire. Experimental results at second stage are described in
this paper.

2. EXPERIMENTAL APPARATUS
The apparatus consists of
seven layers of proportional
counters, the aperture of
2.24mzsr, 3m height as shown
in Fig. 1. Each of 2 and 6- - Layer
layer has an area of 51«/A
120cmx500cm, the others 7 ==
120cmx450cm. - Each layer
consists of 12 counters; each
of which is made. of a
rectangular alminium tube
with a cross section of
5cmx10cm. Two kinds of
counters are used; & T-
counter which has two anode
wires of 50pu¢ gold plated

. Ground 500
tungsten and a ground wire at 645 wire
the center of the tube, and a 6 - F///
Z-counter which has a 50pg¢ E I o e e ///
nichrom wire at the center. 335 7 450
1,3,4,5 and 7-layer which - x-""""" ,
consist of T-counters measure p— 120 . unit cm
the velocities by time-of-
flight method and position of Fig. 1 The apparatus

incident particles, but 2 and

6-layer which consist of Z-counters measure the energy
losses and the position along the wire using a charge
division method. A mixed gas of 80% He + 20% CH, which is
chosen on the basis of the measurements of the velocity and
stability for different ratio of mixture, flows through all
counters at a rate of 200cc/min. The high voltage is 2.3KV,
and the discriminator level for trigger signals is 7 times
of minimum ionization of cosmic rays.

Each signal from 1,3,4,5 and 7-layer, 24 signals in a
layer, a total of 120 goes through a amplifier/discriminator
on the counter, and delayed by 10pusec. Any signals from the
each layer are used to make trigger pulse using a sort of
succesive delayed coincidence method. The time between
trigger and delayed signal from each wire is measured by
20MHz clock, 8 bit scaler and 8 bit shift resister (TDC) for
all 120 wires. Each of 2 and 6-layer has 12 anode wires,
and the adjacent two wires are connected at one ends of the
both wires. Pulse heights from both ends of the wire with
length of 10m are measured with 11 bit analog to digital



converter (CAMAC ADC), the ratio and the sum of two heights
gives the position along the wire with the accuracy of about
20cm and the energy losses, respectively for a incident
particle. Data are taken by a on-line micro-computer and
recorded on floppy diskets.

The drift velocity of electrons in the gas used in this
experiment are about 100ns/mm which is very slow compared
with that of 90% Ar + 10% CH,, 20ns/mm. So this time jitter
of the pulses is at most 2.5us for drift space of 25mm. A
veto pulse, which prevent cosmic ray muons and reduce
trigger rate, is generated by the 4 fold coincidence among
1,3,5 and 7-layers with the time resolution of 2.5usec.
With this data taking system, "the velocity range to be
observed is between 3m/2.5usec;B=4x10-3 and

3m/10pysec;B=1x10"3 for the virtical incidence of the
particle to the apparatus.

3. ANALYSIS AND RESULTS

Each event has data on positions and, times from 120
wires of T-counters and on pulse heights from 24 wires of Z-
counters. The following requirements are applied to select
the monopole candidate. First, the total number of hit-wire
of T-counters in a event is less than 10. Second, the wires
hitted have to draw a straight line, and the least square
method is applied to positions of the anode wires fired to
measure the straightness. The resultant root mean square
deviation of the wire positions from the straight line; o(L)
is calculated. Third, the arrival times of the pulses from
the wires have a linear relation to the virtical position of
the player. The gradient of the straight line gives the
the velocity for the monopole candidates, the distribution
of D(L) and D(1/B8) for cosmic ray muons are obtained and

300
. cosmic muon

704 cosmic muon D(L)-distribution

601 D (1/8)-distribution

COUNTS

- -
»

g
S

05 10 15 (usec)
D(V/8)

Fig. 2 D(1/8) and D(L) distribution
for cosmic ray muons.
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shown in Fig. 2, where D2(L) and D2(1/B) is the sum of
squares of the deviations from the straight line for
position and time data respectively. From these results,
selection criteria for the monopole candidates are D(L)<4cm;
o(L)<2.31cm; and D(1/B)<lus; o0(1/8)<577ns, which gives
selection efficiency of 85%, After observation from
January 1, 1984 to May 28, 1985; the running time of
2.17x107sec, 95,000 events

are recorded, on which

selection criteria mentioned 103-
above are applied. Until
December 12, pulse heights V4
X7
are not measured, then . &/
monopoles are searched only 10?_ QS/
by the velocity. No track ol
has been found to have %J
velocity range of ' : NS 1 0
-3 -3 c A 1
1x1072¢<B<¢4x10 for the £ 3 T
running time of 1.82x107sec. = 10 [ v B2k
. N . . MMa2z21r M
Fig., 3 shows 1onlzatlon->\ 1 12123232111 1
. 2145122111 1
losseg as a function of the - 22BA4014732Y
velocities for monopole runs : B o vvpiavase L
after the selections are 1t 4 7acABCHAAR76B
carried out. The energy SRR
158BAAAAARALAG
loss calculated by Drell at ‘ 122332 12 11
el (5) is also shown. No 13383874325 2
track has been found to have . P ?'lﬂ
energy loss corresponding to -4 -3. -2 -1
the velocity. Combining two 10 10, 10 10
results, the upper limit of B _
the monopole flux in cosmic Fig. 3 The energy loss and
ray at sea level 1is B correlation for
2.78x10"12/cm?sr sec at 90% monopole candidates,
confidence 1level in the where the number
velocity range of increases as 1,2,..,9
1x1073¢g<4x1073, ,A,B,C,uue,Z.
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A search experiment for cosmic ray magnetic monopoles has been
performed by means of atomic induction mechanism by using He mixture gas
proportional counters of the calorimeter(130 m~sr) at the center of Akeno
AS array. In 3,482 hours operation no monopole_g@ndiggte Ef ogferved.
The upper 1limit of the monopole flux is_£.44x10 cm sec sr {(90%
C.L.) for the velocity faster than 7x10 c.

1. Introduction,

The magnetic monopole has been one of the most charming objects nct
only in experimental but also theoretical physics. There has been so
many monopole search experiments using many kinds of detectors. However,
mass of monopole which grand unification theory suggests is too heavy to
accelerate a monopole up to relativistic speed with the Galactic magnetic
field. 1In this case the monopole is expected to have a velocity about
10" "c(where ¢ is the light velocity) or less. For such slow monopoles,
the availability of usual detectors except super conducting coil is not
clear for monopole detection because the energy loss of such slow
monopole is expected to be extremely small in the matter. However, Drell
et al. suggested that the atomic induction mechanism in Helizm or
Hydrogen gas is effective for monopole detection down to 10 ‘¢ of
monopole velocity(l). In this paper we report a result of slow monopole
search experiment with He mixture gas proportional counters using the
above mechanism.

2. Apparatus and experiment.

For monopole search experiment, we
use the proportional counters of the
calorimeter at Akeno air shower
array(2). The proportional counters,
each unit size is 10cm x 10cm x 500cm,
are set in four layers among the
concrete shieldings and arranged to

lie in the same direction. For

| monopole search experiment, we changed

the proportional gas to He mixture

gas(He85% + CH,15%) and provided two

more layers of the same proportional

counters on the top of the

Fig.l Apparatus for monopole calorimeter. The rough sketch is
detection. shown in fig.l. Though the monopole




monopole velocity B

Fig.2 Aperture of the detector.
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excites only He-atoms by the atomic
induction mechanism, added inner methane
molecules produce free electrons in the

1 proportional counter when they collide
1 with the excited He-atoms through Penning

effect., With the process, we can observe
the signal of the monopole from the
proportional counter.

The experiment has been continued since
the beginning of Nov. in 1984.

The apparatus is triggered when any
counter in any trigger block unit, which
is composed of adjacent 10 proportional
counters in the same layer, produces a
signal larger than 10 times of minimum
ionization of single cosmic ray muons in
each layer of the counters. In order to
decrease shower events, the trigger pulse
is killed whenever more than 2 trigger
block units in any layers satisfy the
trigger condition('shower veto'). With
the threshold of 10 times of the minimum
ionization, monopoles with the velocity
faster than 4.1x10 ¢ are expected to be
detected by our He mixture proportional
counters from the comparison of electron
pairs produced by relativistic cosmic
ray muons with that by monopoles which is
estimated by the revised calculation of
Drell et al.(3) assuming 83% of Penning
effect(4).

The aperture of the apparatus for both
upward and downward monopoles, which
varies with monopole's velocity, is
calculated by Monte Carlo simulation
assuming the arrangement of the
apparatus, thﬁ trigger condition and the

trigger gate time(46ps), and found to be 130m sr for monopoles of the
velocity larger Egan 7x10  c¢. The detectable minimum velocity of the
monopole is 5x10 ¢ as shown in fig.2.

We record the pulse height of each proportional counter and the time
difference(resolution time is 0.5ps) between the signal from each trigger
block and the main trigger signal, with which we can estimate the
velocity of the monopole, in magnetic tapes by using the registration
system of Akeno air shower array. The time response of our proportional
counter is slow because of the drift velocity of electron in He gas(about
lps/cm). We measured the time response of our counter in the same
condition as that of the experiment by using pion beam{2 GeV) from the
KEK PS accelerator as a function of the impact parameter to the anode
wire. Using the data, a Monte Carlo simulation was made on the
availability of our apparatus for the determination of monopole velocity.

In our apparatus we can determine monopole velocity only projected to
the vertical plane perpendicular to the long axis of proportional
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counters. Therefore, the velocity thus determined is always less than
the true velocity. The simulation results are shown in fig.3 which
indicates that we can determine the velocity within the error of 50% for
the monopole passing through with the velocity less than 2x10~ c, but for
faster monopole, the systematic error is too big to determine the
velocity. Undeterminable region of the velocity for the apparatus was -
also checked experimentally by using the data triggered by relativistic
cosmic ray muons. Both data are consistent with each other.

3. Analysis and results.

Almost all the triggered events are accidental ones caused by radio
isotopes contained in the concrete or the wall of our counters or small
air shower events escaped from 'shower veto!.

First of all, we reduce these events by off line computer analysis by
checking that the 'on' counters make a straight line within the allowance
of 20cm displacement and the number of 'on' counters in any layer does
not exceed more than three.

Secondly the events survived the computer reduction are checked with
more severe criterion for making a straight line(10cm allowance) by
visual scan on graphic display and then are carefully studied for both
the energy loss along the line and the timing data. If the monopole
passes through the apparatus, the energy loss in each counter, which
depend on the velocity of the monopole, is almost same to the others
because the fluctuation of the energy loss by atomic induction mechanism
is considered to be small. On the other hand if the apparatus is
triggered by small showers or surrounding backgrounds, the signal from

each counter is expected to be different in the magnitude from the
others.

_ In fig.4 are shown the event
T T T v 1T T 1T T 7] survived the visual scan. The

Qo i velocity of each event is determined
Ef&%zf”/ by X2 -fitting using the timing data
- lwhich are sometimes lacking in one
/ Jor two counter layers because of
/ unresponse of timing circuit and
. "] is plotted the plausible lowest
) value even if theX*minimum can not
% be found. Accordingly we cannot

ﬁ rule out that all these events have
4

—
O
w
¥
\,
\,
\
\

faster velocity up to light velocity,
The vertical bar of each event in
the figure shows the one standard
deviation of energy losses in 6
- i layers of the counters. Except two
A RPN | events. these are considered to be
1073 1072 107! 1 produced by small cascades developed
velocity B (=v/c) " in the concrete from the signal
transition in successive counters.
Fig.4 Events survived to the final The exceptions in which the signals
analysis. of all layers are almost the same to
one another may be caused by
successive cascades by high energy muons. In any case their energy
losses are still too small comparing with the calculation by Drell et
al.. We can see that there is no monopole event in our data.
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4, Conclusion.

Up to now we have no monopole

10~ —r—————————ye—ee——— event in the observation time of
" ) Graom 3,482 hours. Since the aperture of
L induction Tarte . .
(all over) |, / ) our pgonopole detector is about
'__"§§;§§3F=====:_- "_"'_i 130m~sr, we have tEg uppgr llTlt ?
T Bartelt the flux 1.44 x10 cm sec ' sp
1G-2k : \ - Jd for monopoles faster than 7x10 ¢ in
PR Kai \\ ‘ Mastimo , | 90% confidence level. We show more
T L jnoy "= Y\ 7 7 . . .
g i Bonaral detailed flux upper bound in flg. 5
- . ld b,;>& Fa— as a function of monopole velocity
& - Our resutt. arwics 1 taking into account the
= -zl | 1 aperture(fig.2). In fig.5 we also
) , show the results of other
£ - }\\\ v | 1 experimental groups(5) for the
= . . comparison.
E - ! Krisnnaswamy-/ |  Recently, Ahlen et al.
s g ! investigated the availability of
107" I Alexeyev / . | these detection methods for monopole
L ! — Oake) detection(6). They conclude that
! ) scintillation detectors can not be
L | 4{ applied to monopoles slower than
- ! ' ' . | 6x10_ _c and Argon counters to
‘016-5' HQL4L ',ékf "0-2l 1104' 12x10— c. For other experiments in

‘monapole velacity B fig.5, we show the results only for
' the applicable velocity regions in
Fig.5 Upper limit of monopole flux. accordance with the discussion by
Ahlen et al., It is seen that our
uppgr bound shows the lowest value in the velocity region slower than
10" ¢ by counter experiment.
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RESUITS OF A SEARCH FOR MONOPOLES AND TACHYONS
IN HORIZONTAL COSMIC RAY FLUX

Ashitkov V.D., Kirina T.M,, Klimakov A.P.,
Kokoulin R.P., Petrukhin A A,

Moscow Physical Engineering Institute, Moscow 115409, USSR

Abstract.A search for monopoles and tachyons at ground
level has been carried out using an arrangement consis-
ting of an ionization calorimeter and two hodoscope de-
tectors, No clear evidence for these particles has been
obtained, The flux of monopoles with velocities B z107°
is found to be less than 5.1%10™" em>s'sr™(95% c. 1.).
The gpper limit on the tachyon flux density is set as
6*10% particle/cm?event,

1. Introduction. In spite of the fact that monopoles and ta-
chyons are absolutely different objects the search for these
particles has been conducted using the same experimental ar-
rengement. A detailed description of the detector used in
the experiment, the motivation and first results have been
published elsewhere [1-3]. The arrangement consisted of a
six-layer ionization calorimeter and two G.-M. counter hodo=-
scope detectors, and :

i) events in the calorimeter with approximately equal
ionization of more than 100 cascade particles obser
ved in all six layers have been selected as monopole
candidates;

ii) muon induced cascade showers in the calorimeter were
used as reference events to search for preceding
particles (tachyons) produced in high energy colli-
sions in the upper atmosphere.

*Present paper sums up results obtained during five ex-
perimental runs in 1980 - 1984, The total observation time
exceeded 2,2x109 hours so available statistics have been
doubled in comparison with the publications at the previous
conference [2,3].

2. Monopole. If the massive monopole would té%erse the ca-
Torimeter the ionization in all six layers would be approxi-
mately equal. In our experiment trigger signals were genera-
ted when ionization in any three layers of the calorimeter
exceeded a threshold level 80 cascade particles (c.p.) with-
in the time gate of 4ijs. The events with the measured
ionization 2 40 c¢.p. in all layers of the calorimeter and
with the angle between the particle trajectory and calorime-
ter axis less than 55° have been selected for the analysis.

The ratio of the maximum measured ionization to the
average one  was used as a quantitative criterion of equal
ionization: ,

&P, R =

6
Imax/quj/6) , where j is the layer number.
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In a real experi- J T T
ment even in the case
of equal ionization R ;
may appreciably devi- !
ate from the unit due 40 ! Fie.1
to measurement errors. | 1ig.
We estimate the upper |
limit of r.m.s. ioni- !
zation measurement er- '
ror as 20%., Assuming |
that errors followed '
to the log normal dis- ;g ||
tribution we calcula- I
ted the distribution |
of events as a functi~ i
on of R for the case ~ [i
of uniform ionization '
along calorimeter !
depth (dashed curve in |
Fig.1).

The observed dis- «
tribution for six-layer events with average ionization of
more than 100 c¢.p. (solid histogram in the figure) drastica-
11y differs from that for uniform ionization. We suppose
that all these events are cascade showers, To estimate the
background from the showers the Monte Carlo simulation of
six-layer events was performed (broken line)., A good agree-
ment of this calculation with experimental data gives the
evidence that all six-layer events represent a background.

The ionization from a single heavily ionizing particle
must be localized in one or two adjacent chambers in every
layer, This fact permits to cut the shower events due to
their wide transversal ionization distribution. The events
selected in accordance with this additional restriction are
presented by the shaded histogram in the figure., IFinally,
hodoscope information was used to reject shower events which
are often accompanied by plural fired counters in the exit
detector.

In the previous paper [2] we used R.r= 1.5 to separate
possible monopole events from shower ones. However, calcula-
‘tions showed that the optimal value of R.» is equal to 1.3
which corresponded to monopole selection efficiency >65%.

With the above criteria no monopole candidates were
found. Taking into account the geometric acceptance (1.3
m®sr), available operation time (8x107 s) and selection ef-
ficiency (0.65) we have estimated the upper limjt of mono-
pole flux from the top hemisphere as 5.14x10 Pen’s ' sr' (95%
c.1.). According to theoretical calculation for monopole
energy loss [4] the ionization range 2100 c.p. corresponds
to monopole velocities 821072 .

10 TrRee 20 30 M0 R
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3. Tachyon, The situation around the tachyon hunt is rather .
complicated, There are almost no theoretical predictions
concerning the interactions of these superluminal particles,
therefore it seems reasonable to use every possible means to
found tachyons. Our experiment is based on the assumption
that tachyons are very common particles: i) tachyons may be
produced in high energy collisions of primary nucleons in
the atmosphere or in the decays of any secondaries; ii) the
can arrive to and be detected on the Earth surface; and iii
the efficiency of their registration by G.-M. counters is
not equal to zero.

Tachyons may be identified as particles which arrive
the observation point earlier than other particles produced
in the same interaction. High energy cascade showers initi-
ated by muons in the ionization calorimeter were used as
triggers while potential tachyons were detected by hodoscope
only., The number of triggering muons was ~8x10% for the mi-
nimal cascade shower energy ~20 GeV. The effective energies
of muons and those of primary nucleons corresponding to this
threshold were ~100 GeV and ~1 TeV, respectively.

The time and arrival direction information from hodos-
cope detectors was recorded in the time interval T =26 ms
beforethe trigger, but the delaying events were also analy-
sed for the comparison. Only preceding and delaying partic-
les with trajectories parallel to those of triggering muons
have been selected, The observed events are presented by .
points in the (AT - cos @) diagram (Fig,2). There is no &pp=-
arent difference between the preceding (AT <0) and delaying
(AT > 0) particles.

The £ly-off time between the relativistic muon and pre-
ceding or delaying particle depends on the particle velocity
v and the distance from the primary nucleon interaction
altitude to the obsgservation point L, which in its turn de-
pends on the zenith angle © and the interaction depth i? ghe

2

atmosphere x: AT = (1/v - 1/¢)L(6,x).
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Since in our experiment the large zenith angles (©>60°) are
accessible, values of L were calculated for x = 12,6 g/cm?
depth along the particle trajectory. Assuming a 120 g/cm*nu-
cleon absorption length, this value corresponds to 10% atte-
nuation of primaries so 90% of tachyons would be produced at
such or shorter distances. The curves 1 and 2 in the figure
give the angular dependence of AT for preceding particles
with velocities wv=oo and = 2c¢ correspondingly. Since the-
re are no predictions about the definite tachyon velocity we
considered the case of arbitrary velocities, i.e. all events
under the curve 1, The observed number of these events was
39, The curves 3 and 4 are drdwn symmetrically for the com-
parison. The number of delaying particles under the curve 3
was 47. The expected value of the background was calculated
considering: i) area un-
T — T T der the curve 1, ii) an-
Potas) gular distribution of mu-
®mm{ ons, and iii) the botal
nunber of events in 26 ms

=]
\
o
T

€ interval, and was equal
2, @ mm to 37.0 + 1.7. The sumed
VT 1 coliectinig area of the

B Omm © mm hodoscope detectors cons-
2 tituted 3.0x10%cm®.Taking
28| present data - into account the hodos-

. mm cope efficiency (of about
a.,

0.8) the upper limit of
. the density of tachyons
™ ™ o s associated with high ene-
10 - w0 10 Er. ¢V prgy muons was estimated
Fig.3 as 6x107°? particle/cm?event.

The direct comparison of our results with other sear-
ches for tachyons is complicated since only few authors give
quantitative limits. Therefore we estimated upper limits of
tachyon densities using the published experimental data[S—Q]
as follows:

(3) < 3 Vo-AT-N'/ 8N,

where n is a background rate; S is the area of the tachyon
detector; N is the number of triggers; AT = 100 ms is the
preceding time interval for the vertical direction (¥ =00,
x = 12,6 g/cm®). Results of these calculations are presented
in Fig.3. Ciphers near the bars correspond to the reference
numbers,

Py
o,
-
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MONOPOLE, ASTROPHYSICS AND COSMIC RAY OBSERVATORY AT GRAN SASSO

The MACRO Collaboration"
Presented by J. Stone, Department of Physics
The University of Michigan, Ann Arbor, MI 48109

ABSTRACT

A new large area detector, MACRO, has been approved for installation
at the Gran Sasso Laboratory in Italy. The detector will be dedicated
to the study of naturally penetrating radiation deep underground. It is
designed with the general philosophy of covering the largest possible
area with a detector having both sufficient built-in redundancy and use
of complementary techniques to study very rare phenomena. The
detector capabilities will include Monopole investigations significantly
below the "Parker" bound; Astrophysics studies of very high energy
gamma ray and neutrino point sources; Cosmic Ray measurements of
single and multimuons; and the general observation of rare new forms
of matter in the cosmic rays.

L. Introduction. The Gran Sasso Laboratory, which is being constructed in Italy, is a unique
facility in the world allowing a new generation of very sophisticated underground
facilities. Unique features of the laboratory include impressively large halls with easy access and
basic facilities typically available only at accelerator laboratories. The MACRO detector,
described here, has recently been approved for installation at the laboratory.

MACRO is a large area detector optimized for the study of rare phenomena in the naturally
penetrating radiation. The detector size will have a planar surface of ~1400 m? with an accep-
tance for an isotropic particle flux ~12,000 m?sr.

The primary physics objective is to perform a definitive search for magnetic monopoles
using excitation-ionization methods. The response of excitation-ionization detectors to mono-
poles is now well understood and represents the most practical means for reaching the very large
areas required to address astrophysics limits. The importance to physics of the actual discovery
of monopoles is obvious. In addition, it is worth noting that MACRO will be the first detector
capable of setting a significant limit on the contribution of monopoles to the dark matter in the
Universe, in the event of a negative result.

Another major objective of MACRO is to search for astrophysical point-like sources
through the detection of muons induced by neutrino interactions. It is well established that
some peculiar cosmic objects produce powerful mechanisms of particle acceleration. It is
expected that some of these objects (e.g., Cygnus X-3, Vela X-1, LMC X-4, etc.), through secon-
dary processes, are prolific emitters of high energy neutrinos and MACRO is large enough and
has sufficient resolution to have the capability to open this observational window. In addition,
the neutrino astronomy capability of the detector will allow a sensitive search for gravitational
stellar collapse.

In a more general sense, the MACRO detector will perform systematic investigations of the
penetrating component of the cosmic radiation yielding quantitative distributions and studies of
possible anomalies in the cosmic rays. The abilities of the detector for accurate timing and direc-
tional measurements coupled with measurements of the dE/dx and B of particles crossing the
detector will open an observational window to a wide variety of possible exotic effects.

2. Detector Description. The MACRO detector has been designed to be installed.in Hall B of
the Gran Sasso Laboratory. The initial design is shown in Figure 1. Although some
modifications in the arrangement of modules are present under consideration, the final detector is

-
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expected to have similar acceptance to the design described here. The active dimensions of the
detector are 111.4 m along the hall; 12 m across, and 4.6 m high. The general mechanical design
of the detector provides a concrete floor at a height of 5.7 m from the original floor which could
be used for other experiments. The acceptance of this closed structure for an isotropic particle
flux (e.g., monopoles) is ~12,000 m3sr.

The main part of the detector is a horizontal structure consisting of two layers of liquid
scintillator counters, ten layers of plastic streamer tubes and a sandwich of plastic track-etch
detectors. These sensitive elements are distributed throughout a thick concrete structure as
shown in Figures 2 and 3. The liquid scintillator counter system consists of 25 cm thick liquid
scintillator counters providing accurate dE/dx and timing information, while the 10 layers of
streamer tubes will provide tracking and ionization information.

The scintillator counters (572 total) consist of PVC boxes (12 m x 50 cm X 25 cm). A
safe, stable, and highly transparent mineral oil based liquid scintillator fills the module, which
utilizes total reflecting optics by lining each box with low index of refraction (n = 1.35) FEP
TEFLON. A data acquisition system provides wide dynamic range pulse height information
from each phototube.

The plastic streamer tubes consist of single cells of 3 x 3 cm?, having a wire of diameter
60um. They are arranged in 8-tube units and have both x and 4 pickup for two dimensional
localization. The units are 12 m long and 25 cm wide, so that two units cover one scintillator
counter.

The combined detector will give a spatial accuracy in the streamer tubes of
Ax ~Ay ~ Az ~l cm .

The ten track points of through-going particles yield an angular accuracy

AB ~0.2° .
The scintillator counters in a single layer using phototubes at each end have spatial and timing
accuracy

Ax ~15cm and At~ 1ns ,

while the streamer tubes give

At ~ 50 ns .

The ionization loss for minimum ionizing particles crossing both scintillators is measured with an
accuracy

A(AE/Ax

(AE/Ax)

The ionization threshold for fully efficient detector triggering by the streamer tubes is
(AE/ Ax)min -~ 10_‘2 (AE/ Ax)min. ion. part. »

while for scintillators the corresponding threshold is ~10~! (AE/AX)min. ion. part..

~ 5% .

The threshold for an individual scintillator counter to detect electrons with good back-
ground rejection is

E, ~ 10 MeV .

The average minimum energy for muons to cross the whole detector is
E, ~3GeV .
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3. Conclusion. The MACRO detector to be installed in the Gran Sasso Laboratory is a mul-
tipurpose device with impressive capabilities for monopoles, astrophysics, and cosmic ray
investigations. The device is modular in construction with a proposed schedule of having the
first module (about 12% of the total detector) operational in 1986 and the full detector completed
in 1988.
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Fig. 1. Layout of the detector modules in Hall B of the Gran Sasso
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MONOPOLE SEARCH BELOW THE PARKER LIMIT WITH THE MACRO DETECTOR
AT GRAN SASSO

The MACRO ,Collaboration
Presented by G. Tarle , Department of Physics
The University of Michigan, Ann Arbor, MI 48109

ABSTRACT

The MACRO detector approved for the Gran Sasso Underground
Laboratory in Italy will be the first capable of performing a definitive
search for super-massive GUT monopoles at a level significantly below the
"Parker" flux limit of 10-15 cm-2sp™ s=1, Gut monopoles will move at very
Tow velocities (V ~ 10‘3c) relative to the Earth and a multifaceted
detection technique is required to assure their unambiguous
identification. Calculations of scintillator response to slow monopoles
and measurements of scintillation efficiency for low energy protons have
shown that bare monopoles and electrically charged monopoles moving at
velocities as low as 5x10-4c will produce detectable scintillation
signals. The time-of-flight between two thick (25cm) liquid
scintillation layers separated by 4.3m will be used in conjunction with
waveform digitization of signals of extended duration in each thick
scintillator to provide a redundant signature for slow penetrating
particles. Limited streamer tubes filled with He and n-pentane wiil
detect bare monopoles with velocities as low as 1x10-4¢ by exploiting
monopole induced level mixing and the Penning effect. A layer of solid
state nuclear track detectors located in the center of the detector will
be processed in the event that the active detectors record a monopole
candidate. With an acceptance of ~12000m2sr, MACRO will reach a
sensitivity to monopole fluxeg F < 10-16¢n=25r-1s-1 in a few years. For
a monopole mass of 1016 GeV/c“ this flux corresponds to 10% of the
“Parker" Timit. If no events are detected, monopoles would be ruled out
as contributing no more than 4% to the "missing" mass of the universe.

1. Introduction

The existence of supermassive (M>10166eV/c2) magnetic monopoles is a
natural consequence of Grand Unified Theories (GUTs) that are
characterized by a single coupling constant. Such monopoles should have
been copiously produced in a standard early universe and the failure to
detect them has created a problem for GUTs. New inflationary universes
have been proposed that alleviate this problem by delaying the symmetry
breaking phase transition to a later epoch. At the present time
cosmology offers little guidance in prediction of monopole fluxes.
Astrophysical constraints on monopole flux can be obtained from the
continued existence of the Galactic Magnetic Field (GMF) and the closure
density of the universe. The so-called "Parker" limit! (10-15cp=25p-1g-
is derived by demanding that monopoles do not extract energy from the GMF
at a rate faster than it can be replenished by a Galactic dynamo.
Mechanisms have been proposed that circumvent the Parker limit by
permitting monopoles to interact with the GMF in a resonant fashion. For
a nominal velocity of 10-3¢ Tnd a mass of 1016 Gev/c2 an isotropic flux
of monopoles of 10-}5cm=25r-1s-1 wou1d constitute 40% of the critical
density o, = 2X10"29g/cm3 needed to close the universe. It is both a
peculiar and intriguing coincidence that these two completely independent
astrophysical limits are so close to one another. It would indeed be
interesting to find monopoles at the Parker limit resonantly interacting
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with the GMF in some way that regulates its magnitude. Today an
"interesting" search for monopoles is one that goes well beyond the
Parker and closure limits with detection techniques that are convincing
regardless of whether the search is positive or negative..

2. Slow Monopole Detection

A variety of techniques have been applied to the detection of slow
monopoles. Superconducting detection and certain detection methods based
on ionization or excitation can be considered as direct in that they rely
solely on the electromagnetic interaction of monopoles. Although
superconducting detectors respond to monopoles of arbitrary velocity it
is difficult to build them large enough to perform an “interesting"
search. Any detector based on ionization and/or excitation will likely
have a minimum threshold velocity determined by kinematic limitations on
energy transfers to atomic electrons and the need to provide a minimum
excitation energy to the system. Ahlen and Tarle? have shown that
scintillators make ideal monopole detectors both because their velocity
threshold V -~ 5x10‘4c is well below the astrophysically important region
and because they can be fabricated in large areas at relatively low cost.
By scaling monopole-electron and proton-electron cross sections and by
using available data on scintillation by low energy recoil protons they
were able to calculate the response of scintillators to slow monopoles.
Empirical verification that electromagnetically interacting particles
moving as slowly as 9x10-%c can produce scintillation light has recently
been obtained by Ahlen et al®. By exposing scintillators to a neutron
beam at the Brookhaven High Flux Beam Reactor, low energy recoil protons
were produced within the volume of the scintillator and a response curve
(see figure 1) was obtained. Two dif-
ferent models of proton stopping power
were used to convert the measured light
output per unit energy, dL/dE, to light

2
[ scamaton ved or roons w e ~~]  output per unit length, dL/dx. The
z 1o ;AMmJNﬂeM°%:x;§$ml\\*// 1 measured points 1ie somewhat below the
9 Model  [prot0n / 1 predicted curve of Ahlen and Tarle but
2L : are within the quoted uncertainties of
E - % nese doto: the calculation. An interesting tech-
Sl o *Lindhord ) nique to extend the response of
U o Brondi- Reinheimer " ionization detectors to bare monopoles
ool i idua L, SIPPe powen 1 as slow as 1x10~%4¢ has been suggested by
104 103 oz o ' Drell et al“. This method takes

B ‘ advantage of monopole induced level
mixing in He atoms and employs the
Fig. 1. Light output of organic Penning effect to transfer this
scintillator for low velocity excitation to a gas of low ionization
particles (see text). potential.,

Several novel yet indirect techniques have been used to search
for monopoles with special properties at levels below the Parker limit.
For example Price et al® has searched for monopole-Al induced tracks in
ancient muscovite mica. This technique requires monopoles to pick up a
nucleus at least as heavy as Al in the Earth's crust prior to penetrating
the mica buried at an average depth of 5km. If monopoles are produced as
positive dyons or pick up protons in the early universe or the
interstellar medium as suggested by Bracci and Fiorentini® then Coulomb
repulsion would prevent the capture of Al nuclei and no tracks would be
formed in the mica. It has been argued7 that cross sections are large
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for monopole induced baryon nonconserving reactions (the so-called
Rubakov effect). If so, then it has been suggested that neutron stars
could be used as monopole detectors. From observational limits on
ultraviolet and x-ray backgrounds, very stringent flux limits have been
placed on GUT monopoles® (<10-22cm=2spr-1s-1), A less stringent limit
(10-14cm-2sr-15-1) has been placed? by looking directly for monopole
induced baryon decays with the IMB proton decay detector. Caution is
required when interpreting limits requiring the Rubakov effect. For
example, .it has not yet been established that baryon number is not
strictly conserved. The problem with indirect techniques is that if no
monopoles are found, a long list of experimentally unverifiable
assumptions must be satisfied before a negative observation can be
interpreted as a limit.

3. The MACRO Detector : :

The MACRO detector now approved for the Gran Sasso underground
laboratory in Italy (for a complete decription see ref. 10) will be the
first capable of extending a direct search for monopoles to flux levels
significantly below the Parker limit. The principal detection scheme for
monopoles (figure 2) will involve the use of two thick (d=25cm) liquid

scintiilator layers separated by a large
j | 1A distance (D ~ 4m). A slow monopole will
§__TOP SCINTILLATOR(» : produce a characteristic signal of
extended duration in each of the thick
layers. MWaveform digitizers will record
these signals and continuity of pulse
height and timing information will
provide redundancy for slow particle -
jdentification. In addition we will
require that the ratios of pulse
! durations in the two scintillators and
: time-of-flight between layers Aty:Ato:T
Fig. 2. Simplified monopole are in ‘the same ratio as the layer
detection scheme for MACRO. thicknesses and separation d:d:D. the
scintillation detectors will respond to
monopoles of arbitrary electric and magnetic charge and having any
velocity in excess of ~5x10~%c., In addition to the scintillation system
there will be 10 layers of limited streamer tubes filled with a 3:1
mixture of He and n-pentane and having a separate trigger. The Drell
mechanism will allow detection of bare monopoles down to a velocity of
1x10-4¢. For monopoleg With positive electric charge the Drell mechgnism
will not be operative’" and the threshold velocity will exceed 2x10-9¢ as
a result of kinematics. In the event a monopole candidate is observed by
either the scintillator or limited streamer tube system, two types of
solid state nuclear track detectors (Lexan and CR-39) located in the
center of the MACRO detector will be etched and scanned for tracks. The
CR-39 threshold for bare monopoles is ~5x10-3¢ a]thougg diamagnetic
effects may reduce this threshold!? to as low as 5x1079¢. The Lexan
detectors with a threshold of 0.3c will only be sensitive to events
having large signals in the electronic detectors. The MACRO detector is
in the form of a box 12m x 5m x 1llm with detectors covering all sides.
The total acceptance for monopoles will be ~12000m2s r corresponding to
four events/year at the Parker bound.

M

{BOTTOM SCINTILLATOR(>
d

T= rz-tﬂ

4. Conclusions
The current status of searches for GUT monopoles is shown in
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figure 3. Experiments involving indirect techniques or those for which
the response to monopoles is uncertain have been shown with dashed Tines.
The Baksan scintillation detector!3 is the only detector using direct
techniques that has approached the Parker bound. Because the effective
integration time of the Baksan trigger electronics is only 50ns, slow
particles will have a higher effective velocity threshold than the
excitation threshold of scintillators. According to the model of Ahlen
and Tarle the effective threshold for monopoles in the Baksan detector
is 1x10-3c. The new results of Ahlen et al? suggest that this threshold
should be even higher. The MACRO detector will have seven times the
acceptance of Baksan and will have an integrated trigger that will

1.0
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respond to monopoles having velocities
1 scinTiLLaToRs only slightly in excess of the excita-
kIDREU-]STREAMESSQUBES tion threshold for scintillators.
I EXAN After five years of operation the
104 10°2 MACRO detector will reach a sensitijv-
ity of better than 10-16¢p-25p-1¢-1
Fig. 3. Current status of GUT Figure 4 shows that at this level, the
monopole searches and expected sensitivity of MACRO to dark matter
sensitivity of MACRO. Escape composed of monopoles is a few percent
velocities for various astro- of p. for monopole mass and_yelocity

physical objects are indicated. having nominal values of 1016gey/c2
and V=10-3¢ respectively.
References
1. Turner, M.S., Parker, E.N. and Bogdan, Phys. Rev. 26D, 1296 (1982).

2. Anlen, S.P. and Tarle , G., Phys. Rev. 27D, 688 (1983),

3. Anhlen, S.P. et al, submitted to Phys. Rev. Lett. (1985).

4. Drell, S.D. et al., Phys. Rev. Lett. 50, 644 (1983).

5. Price, P.B. et al., Phys. Rev. Lett. 52, 1265 (1984).

6. Bracci, L. and Fiorentini,G., Phys. Lett. 143B, 357 (1984).
7. Rubakov, V., JETP Lett. 33, 644 (1981).

8. Kolb, E.W. et al., Phys. Rev. Lett. 49, 1373 (1982).

9. Errede, S. et al., Phys. Rev. Lett. 51, 245 (1983).

10. The MACRO Collaboration, HE6.1-4, these proceedings.
11. Kroll, N. et al., Monopole '83, ed. J.L. Stone (Plenum, NY, 1984),

pp. 295-315.

12, Price, P.B., CERN EP/84-28, submitted to Phys. Lett. (1984).
13. Chudakov, A.V., Proceedings of UP'85, St. Vincent. (1985).



234
HE - 6.1 - 6

LIMITS ON MONOPOLE FLUXES FROM KGF EXPERIMENT
M.R. Krishnaswamy, M.G.K. Menon, N.K. Mondal,
V.S5. Narasimham and B.V. Sreekantan

Tata Institute of Fundamental Research,
Bombay - 400 005, India

Y. Hayashi, N. Ito and S. Kawakami
Osaka City University, Osaka, Japan
S. Miyake

Institute for Cosmic Ray Research,
University of Tokyo, Tokyo, Japan

l.Introduction

The nucleon decay experiment at KGF at a depth of
2.3 Km is eminently suited for the search of GUT mono-
poles, whose velocities at the present epoch are
predicted to be around 1073c. At this depth the cosmic
ray background is at a level 2/day in the detector of
size 4m x 6m x 3,7m and one can look for monopoles
traversing the detector in all directions, using three
methods(1 i.e., i)dE/dx (ionisation), ii)time of flight
and iii)catalysis of nucleon decay. The detector is
composed of 34 layers of proportional counters arranged
in horizontal planes one above the other in an
orthogonal matrix. Each of the 1594 counters are
instrumented to measure ionisation in the gas (90% Argon
+ 10/ Methane) as well as the time of arrival of
particles.

2.Method and Results

- >

The ionisation deposited in each counter is
converted to an equivalent number of minimum ionising
muons (Neq), whose distribution is apprOXimately Gaussian
with 0=0.4/YNeq upto Neq=lOO particles. With a threshold

of 1/4 I the counters are sensitive for monopole

min’
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velécities > 5 x 10—4c(whereas the trigger needs a path
length > 45 cm corresponding to 7.5 x 10~ %¢). In this
method we look for uniform ionisation all along the
track, a hall mark of monopole signals. To make the
search sensitive, only tracks with lengths > 1.5m are
considered so that a minimum of 12 sampling points are
available for analysis. Moreover, we impose a restric-
tion Neq > 2.5 to avoid closely spaced muons as well as
the tail of resolution function of single muons. This
corresponds to a lower limit on velocity of 1.3 x 1073¢.

A total of 1900 events Qere recorded in a period of
952 days since March 1982. Since none of them have
survived the statistical tests on uniformity in
ionisation along the track, we set an upper limit on the
monopole flux as F < 2.3/(SQ)T=1.2 x 10~ %cm~2sectst~L
(90% C.L) for the velocity range 1.3 x 10~3¢ -- c.

R D e G e ee s e v it S U it S e o s B

The pulses in the proportional counters have a mean
rise time of O.6usec and consequently the timing
resolution achieved is~0.4usec. The arrival times are
measured in a window of O.5usec —-- Tusec for all tracks
with lengths > 1.5 m but without any restriction on
ionisation. These cuts correspond to a sensitive
velocity region of 7 x 10'4c~-4 X 10-3c providing a good
overlap with method(l). In a period of 623 days a total
of 1200 events were recorded with the timing data. No
event has shown the expected progressive delay and hence
we obtain the follbwing upper limit of

F < 1.7 x 100 %em2sec™tst™!  (90x c.L).

o s as e s s e s e e e e

The methods (i) and (ii) are crucially dependent on
the monopole ionisation as a function of velocity. If
the monopoles catalyse nucleon decay, one can extend this
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search to low velocities provided the cross section is
close to that of strong interactions. One would then
record either a chain of decays or isolated decay event
depending on the mean free path A.

(a) Chain decay In this detector a chain of decays
can be recorded only if the second decay event occurs
within 7usec of the first one and if the chain length
is in the range 0.4m - 4.5m. During a period of 3.6years
of operation of the detector, no event was recorded with
characteristic chain decay. Fig la shows the flux limit
as a function of the monopole velocity for 2
representative values of the cross section., For example,
with o = 10mb, the flux F < 1.8 x 10~ ¥em 2sec™tst™!

cm “sec”
for all B > 10-3, where B is the reduced velocity.

-
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If the monopole catalysis results in a momentum
imbalance of less than Fermi momentum in iron nucleus
it will be indistinguishable from the spontaneous
nucleon decay; for larger momentum transfers, it mimics
low energy y-collisions. Thus we consider all the low
energy ( 1 GeV) confined events as possible candidates
for catalysis and set upper limit as shown in Fig 1b
without background subtraction.

3. Conclusions

There is no evidence for a monopole signal in
the present experiment and the best limit is

F< 1.2 x 10 4en™?secst™! for p » 1073,
While this is 2 times higher than the Baxan limit, it
spans a larger range of velocities and is based on
large number of samplings (average number is 25) along
the track resulting in an unambiguous search for
monopoles. '
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AN EXPERIMENT TO DETECT GUT MONOPOLES

G. MacNeill and D.J. Fegan
Physics Department
University College
Dublin 4, Ireland

1.  INTRODUCTION

Recent advances in the development of Grand Unification Theories
have led to several interesting predictions. One of these states that
Grand Unification Monopoles (GUMs) exist as solutions in many non-
abelian gauge theories. Another consequence of Unification is the
possibility of baryon decay. In fact it has been postulated"? that
GUMs may catalyse proton decay in a reaction of the type

+
p + m—m + e + mesons

Although it is still unclear with what cross section this interaction
would proceed, it has been suggested that it would be comparable to
that of a strong interaction (o~10"2% cm?). If this is indeed so then
the detection of magnetic monopoles may be feasible by observing
successive proton decays. _ ’

Another experimental technique used to detect monopoles depends
on the possible ionization loss by GUMs in their passage through
ordinary matter. Although the processes involved in such interactions
are well understood for relativistic particles, the exact mechanism by
which GUMs of various velocities might lose energy is still uncertain.

For velocities in the range 107 < B < 107 (where B = v/c), energy
losses are mainly due to adiabatic excitation of the atoms, arising
from the interaction of atomic electrons with the monopoles magnetic
field. The monopole leaves the atoms in an excited state, an effect
known as the Drell3 effect. This may be detected by observation of the
de-excitation photons or by observing ionization caused by energy
transfer from excited atoms to complex molecules with small ionization
potentials.

The Drell mechanism is effective when the monopole-atom collision
energy exceeds the spacing of atomic levels. However, for smaller
values of B, energy loss is due to elastic monopole-atom collisions
arising from the 1long range magnetic charge - magnetic dipole
interaction. The energy is eventually dissipated into heat.

Detailed estimates of the stopping power and scintillation light
yield for the passage of a GUM through NE110 plastic scintillator have
been made by Ahlen et al.® They have shown that while there is an
effective velocity threshold for observable energy loss by a GUM in
this material of P~6 x 10™, for values of P> 7 x 10 a considerable
enhancement 1in energy loss is expected as compared to that of a
relativistic muon.

Based on these predictions of how a monopole would interact with
matter, a detection system has been constructed, in which monopole
catalysis of. baryon decay may be observed while simultaneously
monitoring ionization loss of slowly moving particles.
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OUTLINE OF EXPERIMENT

The main_component of the experimental system is a cylindrical
tank containing .88 tons of water. The passage of relativistic charged
particles through this tank will be marked by the production of
Cerenkov radiation. It has been suggested that a monopole passing
through a tank such as this would catalyse successive baryon decays,
thus giving a unique signature in a detector of this type, observable
through the ensuing decay products. The aim of the experiment
therefore is to monitor the water for a number of events which are
statistically unlikely to have arisen from the cosmic ray background.

The number of 'Rubakov' type decays that might occur during the
passage of a monopole through the water tank can be estimated using the
formula for the interaction length given by

243008
A %P (em)
where 0O, is the interaction- cross section of the order of unity for
strong interactions and p is the density of the medium in which the
interaction takes place.

The path length will be uncertain by several orders of magnitude
because of the considerable uncertainly ino, . However, for monopoles
with 107° < B< 107, X could be in the range between .4 mm and 40 m.
Thus for a detector such as ours, where the average track length is of
the order of 1 metre, the passage of GUMs, with values ofg,and B .
that combine to give values of A in excess of .25 m, is unlikely to be
registered.

In addition to this 'Rubakov' type experiment, one which detects
an ionization loss by a slowly moving particle has also been
incorporated into the system. Based on the assumption that a
detectable signal would be observed when a GUM encounters a
scintillation counter, six plastic scintillators have been placed
around the water detector in an attempt to register the passage,
through the water, of a slowly moving ionizing particle.

In .this set up an event would be deemed to have occurred when an
jonization loss 1is observed in any two of the six scintillators
accompanied by at least one interaction in the water tank.

The resolving time between successive scintillator pulses will
determine the range of B for which the experiment is sensitive. For
10° ¢ B < 10°  a resolving time of 1 ms should be suitable. By
excluding pulses occurring within a few micro seconds of one another,
events due to the cosmic ray background can be considerably reduced.

3.  DESCRIPTION OF EXPERIMENTAL SYSTEM

The water tank (diameter = .92 m, height = 1.35 m) is viewed from
above and below the water by 2 RCA 4525 photomultiplier tubes. The
signals from-these tubes are fed directly to individual Le Croy MVL100
amplifier-discriminators. Logic level outputs from these amplifiers
are fed to a pair of pre-set counters, which generate a master trigger
pulse when the number of applied output pulses exceeds a previously
stored value in either a 400 ns or a 2 ps interval. Having selected
pre-set -values of 3 events in 400 ns and 4 in 2 ps, the expected
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accidental rates from the cosmic ray background are 2.5 x 10™* d”' and
3.7 x 107 d-' respectively. .

The analog outputs from the MVL100s are fed to a Transient Data
Analyser (TDA), which samples and digitizes the waveform every 50 ns.
The resultant 8 bit words are stored in 4096 bytes of memory. Upon
receipt of a master trigger pulse, further sampling is disabled and the
contents of the memory are transferred to a VAX11/780 for subsequent
analysis.

The six plastic scintillators, surrounding the water, are each
viewed by 2 RCA 4518 photomultiplier tubes, which are then coupled to
six individual MVL100 amplifiers. These are followed by several Le
Croy modules, which are used for the purposes of level transformation
and coincidence forming. The resultant logic .levels are then applied
to some additional circuitry which generates a master trigger pulse if
signals from any two scintillators occur, separated in time by an
interval of between 10 ps and 1 ms.

At the same time a second TDA samples the analog outputs from the
water tank every 1 ps and stores the resultant & bit words in 1024
bytes of memory. This gives a total sweep time of 1.024 ms. When a
master trigger pulse is generated, the contents of the TDA memory are
‘frozen' and transferred to an on-line micro-computer, where they are
examined, 1in real time, to determine whether or not any observable
interactions occurred in the water detector. A positive conclusion to
this examination results in a further interrogation of some associated
latches in order to determine in which scintillators the interactions
occurred and the length of the interval that separated them in time.

Both this information and the contents of the TDA memory are
recorded and the system is then re-armed, ready for the next event. If
however no interactions were observed in the water tank then the system
is re-armed immediately, thereby reducing the dead time considerably,

4. RESULTS

The efficiency of the water tank detector in registering a
'Rubakov' type decay will vary with both the interaction length and the
GUM's velocity, expressed in terms of B. The efficiency decreases at
large values of B (> 10°?) because of the limited resolving time of the
detector (~50 ns). At lower values of B the time between interactions
is such that the criterion of 4 events in 2 us can no longer be
satisfied.
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The 'Rubakov' experiment has now been in operation for almost 2 years
with an estimated live time of 80%. During this time no candidate

events have been observed leading to an estimated upper 1imit on the
flux of

-1

7.82 x 100° m?2 47 sr

The ionization loss detection system has only recently come on
1ine and as yet no results are available from this experiment.
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SEARCH FOR SUPERMASSIVE MAGNETIC MONOPOLES USING MICA CRYSTALS

P.B. Price and M.H. Salamon
Physics Department, University of California, Berkeley, CA

. _Introduction. The survival of the Galactic magnetic field almost certainly
sots an astrophysical upper bound of ~10-15 ¢m=2 sr=! s~! on the flux of
monopoles. To improve significantly upon this Parker limit with direct, real-
time searches would require a detector area ~10% m2 and a collection time of

years. Several such searches are being contemplated. We have pursued a
novel alternative scheme using large mica crystals capable of recording and
storing tracks of stow monopoles over a time scale of ~10% years, '

2. Mica as a Detector of GUT Monopoles. At v > 10-2¢ heavy fons deposit

energy mainly by electonic excitation and tonization at a rate Ses some

fraction of this energy is converted into displaced atoms. If the linear
density of displaced atoms in a solid is sufficiently high, a track can be
revealed by chemical etching. At v < 10~2¢ the energy lost by ions goes
directly into displacing atoms. This "nuclear" component of energy loss, Sp,
has its peak value for ion velocities ~10-3¢c, the region of interest for GUT
monopole detection.

Muscovite mica, available in large, transparent, sheet-like crystals,
is the most thoroughly studied of all track-recording solids [1,2]. Etchable
tracks have been shown to be produced in mica which is irradiated with very
low-energy fons ( 5 x 10~% < v < 0.0025¢) having 8 < Z < 90 [2]. In this
regime, where Sg is negligible, the rate of etching along a particle track is
given by vy = 0.012(um/hr)-Sy(GeV ¢m2/g), for muscovite étched in 402 HF at

25°C. As Fig. 1 shows, in evaluating visibility of an etched track, one must
consider not only vy but also vy, the rate of etching perpendicular to the

cleavage surface in the absence of a track, and vy, the etch rate parallel to
the cleavage plane. For the above etching conditions, v, = 0,027 um/hr and
vy = 1.36 um/shr. In order for a penetrating particle at zenith angie 6 to

leave a track detectable after an etch time t, it is necessary that vTtcos © -
vyt > Herits where Herit, the minimum detectable depth of the etched track

under normal scanning conditions, has been determined by us, using Tolansky
multiple beam interferometry, to be ~0.1 um. For t = 48 hr (used by us) it
follows that Spcos © must exceed ~2.42 GeV cmz/g to produce a detectable
track. Sy for a slow, bare monopole is far too small to form a track [3].
However, many authors have concluded that monopoles will form bound
states with nuclei through magnetic dipole-magnetic monopole interactions
[see refs. in 4). An estimate of -Sp of such a composite system in mica is
given by evaluating Sy, for the nucleus, replacing its mass with the huge mass
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of the monopole, using an expression for Sp which has a sound theoretical

basis and has been well fit to experimental data [5]. One finds that for a
monopole bound to 27Al (the most abundant nucleus in the earth's crust with a
large nuclear moment), Sy, > 2.42 GeV cm2/g for velocities from 2 x 10~% to
0.002c. Thus, if monopoles capture nuclei in the earth's crust, they will
record tracks in mica located beneath the capture point. Estimates of
radiative capture cross sections [4] and of nuclear abundances in the crust
yield capture mean free paths of ~10 km. The mean burial depth over the
lifetime of mica crystals now in collections is ~3 km. Thus, a substantial
fraction of monopoles penetrating a mica detector would be detected.

3. Status of the Search. Price et al. [4] searched for monopole tracks in a
13.5 ¢cm? sample of mica with a fission-track-retention age of 4.5 x 108 yr.
To eliminate backgrounds due to the accidental alignment of spontaneous
fission tracks and other etchable defects, they demanded the linear
alignment of etch pits on four cleavage-surfaces separated by ~200 um,
about 20 times the range of a single fission track. The curve labeled “old
mica limit" in Fig. 2 shows the flux upper limit resulting from that search, in
which they found no quadruply aligned etch pits.

We report here the status of a new search which, when complete, will
have an area X time factor ~100 times greater than that of the previous mica
search. We collected micas from Museum d'Histoire Naturelle (Paris), the
British Museum (London), the Smithsonian, and the Stanford collection.
Application of four criteria eliminated all but three crystals with total area
~1200 c¢cm? (i) absence of any mechanical deformation; (ii) <100/cm?2
background tracks (due to spontaneous fission of random 238y atoms); (iii)
fission track retention age >3 x 108 yr; (iv) >3000 alpha recoil tracks from U
+ Th atoms per 238y fission track. The last criterion assures that, on the
assumption that its radiation damage distribution is similar to that of the
recoiling daughter of a U or Th «x-decay, any track of a monopole—-nucleus
bound state would survive for the full fission—-track retention age.

We laser—cut three crystals with track—retention ages of 0.9, 0.6, and
0.6 billion years into ~150 cm? squares, cleaved them into several ~100 um-
thick sheets, etched them for 48 hours in HF, reassembled a pair of sheets at
a time and scanned them in transmitted light at ~100 X with the microscope
focussed on the common surfaces. Each fission track that crossed the
common surface produced a pair of superimposed etch pits. In a total of 470
¢m? scanned to date, we found three cases that satisfied our criterion for
approximate quadruple alignment. Superimposing a third sheet in its correct
position on the two others (as in Fig. 1), we found that all three events failed
the requirement of sextuple coincidence.

Based on this null result we calculated the curve labeled "new mica
limit* on Fig. 2, taking into account the mean free capture paths of 27Al and
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S5Mn, the most abundance nuclides with large magnetic moments, and

assuming that monopoles are not bound to protons when they hit the earth.
The reduction of sensitivity at large velocities is due primarily to the

decrease in Sp. The cutoff velocity at 3 x 10~% is due to a threshold

associated with overcoming the diamagnetic repulsion of inner-shell
electrons [6].

4. Critique of the Mica Limit

a) Reduction of nucleus capture cross section? Arafune and Fukugita [6]
showed that the long-range force between a monopole and a nucleus due to
extra angular momentum carried by a monopole-electric charge system
would result in an enhanced or a reduced capture cross section, depending on
the sign of the anomalous magnetic moment of the nucleus. For the cases of
27A) and 35Mn, which have a positive anomalous moment, the cross section
would be enhanced, so that the limit of Fig. 2 would be even lower if this
effect were taken into account,

b) Monopole aiready bound to a proton. Bracci et al. [7] calculated the
fraction of monopoles bound to protons that they captured in the early
universe. For all reasonable values of the monopole-proton binding energy
(40 to 200 keV) and of the baryon to photon ratio (4 to 7 x 10-10), they

concluded that essentially all monopoles are now bound to protons, and
therefore, because of Coulomb repulsion, cannot become bound to an Al
nucleus. However, they overlooked a factor 2m in the exponent of their
expressions for formation and dissociation. When the correct expressions
are used, the fraction, f, of monopoles bound to protons drops to values in
the range f = 0.15 to 0.98, which raises the mica limit by the rather small
factor 1/f.

c) Catalysis of baryon decay. Rubakov [8] and Callan [9] argue that for
GUTs that predict proton decay, GUT monopoles strongly catalyze baryon
decay, making it likely that monopole-nucleus bound states would be short-
lived.  However, there is no proof yet that baryon-number violating
processes occur. Moreover, it has been argued that SU(S) GUT monopoles
might not catalyze baryon decay [10,11], that monopoles in some other GUTs
would not catalyze baryon decay [11,12], and that in some GUTs baryon
number violating proton decay does not occur. The mica result places a very
stringent limit on the flux of monopoles that do not strongly catalyze nucleon
decay. Direct searches sensitive to bare monopoles or to monopole-
catalyzed proton decays are an essential complement to the mica search,
even though they probably can never be as sensitive as the mica nor are they
as sensitive as indirect limits based on the assumption of catalyzed decays
inside neutron stars or white dwarfs [13]. The indirect limits may, however,
have loopholes.

Final results of the mica search, including data on etching and thermal
stability of very low-energy heavy-ion tracks, will be reported elsewhere.
This work was supported by NSF Grant PHY-8403710. We thank A.M. Clark
(British Museum) for supplying mica samples B.M. 1982, 274a, b, and c.
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THE HOMESTAKE SURFACE-UNDERGROUND SCINTILLATORS ~- DESCRIPTION

* * * * *
M.L. Cherry , S. Corbato , T. Daily , E.J. Fenyves+, D. Kieda , K. Lande ,
and C.K. Lee

Depts. of Physics and Astronomy, Univ. of Penna., Philadelphia, PA 19104
Dept. of Physics, Univ. of Texas, Dallas, TX 75080

Two new detectors are currently under construction at
the Homestake Gold Mine -- a 140-ton Large Area Scintilla-
tion Detector with an upper surface area of 130 mz, a geo-
metry factor (for an isotropic flux) of 1200 m? sr, and a
depth of 4200 m.w.e.; and a surface air shower array con-
sisting of 100 scintillator elements, each 3 mz, spanning
an area of approximately 0.8 km?. Underground, half of the
LASD is currently running and collecting muon data; on the
surface, the first section of the air shower array will
begin operation in the spring of 1985. We describe the
detectors and their capabilities.

I. Introduction

Underground, the Large Area Scintillation Detector will be used to
1) search for slow, massive magnetic monopoles with a combination of large
area, low dE/dx, low background, and electronic sensitivity to the entire
velocity range 10-“<B< 1; 2) study the zenith angle distribution of
neutrino-induced and penetrating muons; 3) search for neutrino bursts
from stellar collapse events in the Galaxy; and 4) serve as a prototype
for a solid, large volume scintillation detector used to search for
nucleon decay and®8 solar neutrinos. The combined surface-underground
telescope will be used to 5) measure the multiplicity and transverse
momentum distributions of high~energy cosmic ray muons; 6) study the
primary cosmic ray nuclear composition near 1013 eV; and 7) search for
cosmiec point sources of neutrinos, gamma rays, and high-energy cosmic
rays (for example, Cygnus X-3) with very good angular resolution (3-10
mrad with the combined surface and underground detectors). We describe
the design of the detectors here; in an accompanying paperl, we discuss
the initial performance of the LASD.

II. The Underground Large Area Scintillation Detector

The Large Area Scintillation Detector is located at a depth of 4850
ft. (4200 m.w.e.) in the Homestake Mine (Fig. 1). It consists of a hollow
8m x Bm X 1lém box composed of 200 30cm x 30cm x 8m liquid scintillation
detectors surrounding the existing 37¢1 solar neutrino tank of Davis et
al. 2. The detector is sufficiently large to mount a search for magnetic
monopoles at the Parker limit (10 '° cm 2 sec ! sr !) in 3 years. Each of
the 200 scintillator elements is a PVC box lined with teflon (for total
internal reflection) containing a low-cost mineral oil-based liquid scin-
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tillator developed to have excellent light
collection and transmission characteristics, .

a light attenuation length of approximately C?$x$k£$v
7 m, long-term stability, a high flash point, o
and low toxicity. In addition, since the
same scintillator oil is used in the sur-
face array, the oil maintains its clarity
down to very low temperatures. Each detec-
tor element is viewed by two 5~inch photo-~
multiplier tubes in coincidence, one at
each end. Fast muons passing through the

middle of one of the modules produce an’ SURFACE
average of 350 photoelectrons at each wagggyER

photomultiplier. A particle ionizing even - BB = S
at 0.0l times minimum would thus produce ‘
3-4 photoelectrons at each photomultip-
lier and still be visible. The low energy
threshold is therefore set not by the
scintillator light yield, but rather by
the background produced by the ambient
radicactivity (primarily MeV gamma rays)
from the rock walls. We have initially
set our thresholds at 1/10 minimum ioni-
zing, or 5 MeV.

The individual detector elements
have + 1.3 ns time resolution, spatial
resolution of + 15 cm, and a very low
muon background flux. Cosmic ray muons
and neutrino-induced muons will typically
produce two pairs of coincident photomul-
tiplier tube pulses, one pair as the muon
enters the detector and one delayed pair
as the muon leaves the detector. The delay
between the entering and exiting pulses
will be about 25 ns. We can recognize
multiple muons passing through a given
module by the large pulse height and the

()

mismatch between time differences and Fig. 1. Surface and
pulse height ratios. From the location underground Homestake
of the entering and exiting points, the detectors.

muon direction can be determined to + 3.

‘ For a monopole, we expect a pair of slow pulses with width 1 ns/g
as the monopole enters the detector and, after a delay of 25 ns/B , a
second pﬁir of slow_pulses as the monopole. leaves. For slow monopoles
with 107 X BX 1077, the delay time between the two entering and exiting
pulses will be 25-250 ys. Such long delays can only be correlated in a
very low background environment such as that available in a deep mine.
The monopole position in each box will be determined from the ratio of
pulse heights at each end of the box; the individual pulse heights are
then corrected for the position, and the monopole pulse height is deter-
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mined.

The electronics are designed to permit us to look at both fast
muons and slow monopoles. The muon circuitry is currently running on the
southern half of the detector. The range of interesting times is from
1 ns to 250 Ms. The system is therefore equipped with a fast clock (2.5
ns resolution) which covers the first 500 ns and a slow UTC clock (0.2
s resolution) to cover the time span thereafter. A l6-pulse (or event)
deep memory buffer is associated with each photomultiplier so that
multiple pulses for each event can be recorded.

The monopole circuitry is presently being built. It provides the
functions of a transient recorder for each photomultiplier, using fast
flash ADC's (7 bits, 20 MHz) associated with 2048-byte memories. Five
parallel ADC-memory channels are associatéd with each tube, displaced
in time by 10 ns each. When a trigger is seen, the memories are read out
for every phototube which fires, giving a record of pulse heights in
intervals of 10 ns over a duration of up to 100 us for a single wall.
Individual walls of the detector are triggered ihdependently, so that
the total length of the event can be 300 us, sufficiently long to see
slow monopoles (B > 107 ) or low-energy neutrons. A fast (10 ns) muon
pulse can then be Eiearly distinguished from a slowly rising (1/ 8 ns)
monopole pulse; in addition, we measure the flight time across the
room, and the individual pulse heights.

The mechanical work on the underground detector is essentially
finished. The southern half of the detector has been filled with liquid
and turned on. Since Jan. 1985, we have collected 2 x 10 * muon events
which are currently being analyzed. We are now installing the north-
side electronics and filling the remaining detector modules with oil.
The detector is expected to be fully operational (including the monopole
electronics) in the fall of 1985.

III. The Surface-Underground Teleécope -- Composition
and Point Sources of Cosmic Rays

The surface array will consist of approximately 100 scintillation
detect%Fs, spaced by 15 - 200 m and deployed over an area of about
0.8 km over the underground chamber. The individual detector elements
consist of reinforced concrete boxes 4 ft x 8 ft x 2 ft high with 3"
thick side walls, covered on top by a 24 gauge galvanized tin cover
plate. The inside of the box is lined with styrofoam insulation and an
aluminum light reflector. The active detector is 4" of liquid scintilla-
tor, designed to have a high flash point and to remain clear at low
temperatures. The scintillator is viewed by two 5" photomultiplier tubes
operating in coincidence. Twenty-seven detector elements are presently
in position and ready to begin operation.

The telescope can operate either in a "prompt" mode in which only
the surface elements fire, or in a "delayed" mode in which a trigger
pulse from the underground detector arrives approximately 14 s after
the surface array signals. The 14U s delay is the result of the 5 us
muon flight time from the surface to the underground detector plus the
9 us signal propagation time along the cable connecting the underground
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detector and the surface array.

The location of the shower core will be calculated from the
locations, pulse heights, and arrival times seen by those detectors
firing in the shower. We expect to locate shower cores to within 4 m in
the central section of the array and 10 - 20 m in the outer part. Under-
ground, the liquid scintillator elements make it possible to resolve
tracks separated by 1 ft; however, the final underground position uncer-
tainty of 2.5 m is determined primarily by scattering in the rock. The
angular resolution of the combined surface-underground telescope is then
3 - 10 mrad. The expected surface~underground coincidence rate will be a
few hundred per year.

By combining the large air shower array on the surface with the
underground detector, we can measure the cosmic ray composition between
10** and 10%® ev. Measuring the total electron number N_on the surface
(i.e., the total energy/nucleus) and the multiplicity of high energy
(Ey % 2.7 TeV) muons underground (i.e., the energy/nucleon) permits
discrimination between primary species in a way that depends essentially
on energetics. In order to reach our depth, muons must have roughly 2.7
TeV at the surface of the earth. Such muons can be produced by proton
primaries with energies in excess of 1013 ev or, for example, by iron
primaries with energies above a few times 10* ev. A proton generally
gives rise to a single high energy muon while an iron, consisting of a
superposition of 56 separate nucleons, has a large probability of multiple
muon production, particularly above 10 *% ev. Our data will thus consist
of muon multiplicity and separatioqi underground, and shower size at the
surface. For small showers (E é 10 eV) we expect to observe singl§ muons
primarily from cosmic ray protons, while for large showers (E >101 ev)
we expect a mix of single and multiple muons from protons and heavy
(nominally iron) primaries. )

The combined surface-underground detectors can also be used as a
high angular resolution telescope to look for intense point sources of
cosmic gamma rays or neutrinosl.

Funding for the Homestake scintillator experiments is provided by
the U.S. Department of Energy. The assistance and generous cooperation
of the Homestake Mining Company are deeply appreciated. We are especially
indebted to A. Gilles and J. Dunn. In addition, we appreciate the advice,
assistance, and participation of T. Ashworth, K. Brown, B. Cleveland,

R. Davis, I. Davidson, J. Lloyd-Evans, R. Reid, E. Marshall,
R. Steinberg, and A. Watson.
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UPPER LIMIT ON MAGNETIC MONOPOLE FLUX
FROM BAKSAN EXPERIMENT
Alexeyev E.N., Boliev M.M., Chudakov A.E., Mikheyev S.P.
Institute for Nuclear Research the USSR Academy of Science,
60th October Anniversary pr., 7a, 117312, Moscow, USSR

No indication of slowly moving penetrating particles
in cosmic radiation unerground was found during two
years observation. Particle velocity and pulse shape
are main criteria for search. Probability of the imi-
tation of slow particles gﬂ<0.l) by atmospheric muons
is negligible. Our upper limit on superheavy magnetic
monopole flux is now 1.86°+10"15cm™2sr=1lg=1 (90% c.1.)
for velocity range 2010‘4fp<o.1.

Resent years activity in the search for magnetic monopo-
le has been increasingL in spite of negative results of all
performed experiments. However,limit on monopole flux achieved
so far is still larger than bound set from astrophyfica} con-
sideretion. At present Baksan underground telescope 2-4 , hav-
ing the largest acéeptance for monopole (1850 m2sr), accumula-
tes data for more than two years live time. In this paper we
represent new limit on flux of superheavy magnetic monopoles
set from Baksan experiment.

1 .EXPERIMENTAL DETAILS. Following characteristic features of
Baksan telescope make it most suitable detector for nonopole
searches: i) big size (léemxlémXllm); ii) 3200 scintillators
arranged in 8 layers separeted by concrete absorber; iii) ti-
ming registers to measure particles velocity; iv) recording
of pulse shape for each layer.
In order to select slowly moving particles special trig-
(a) ger is used. Its logic can be
understood from time diagram
presented in Fig.l. Signal (a)
arises when only one from six
external layers is hitted. This
(b) signal opens time gate (b) of
50us duration with 50ns delay
for delayed signal from any two
internal layers(c). Initial sig-
nal triggers the memory for
(C) 1.5us to record co-ordinates of
r] hitted scintillators(d). Delayed

coincidence signal triggers mne-
- | mory again now for 50us and also
I triggers oscilloscope to record
! (d) pulse shape. The delays of the
signals from all layers relati-
ve to initial one are measured
b up to 50us. All the signal thre-
Fig.l Time diagram of sholds for trigger logic, detec-
trigger logic. tor co-ordinates and timing cor-

L ..--..--L_._...--b
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respond to 0.25 of amplitude of minimal ionizing particle. The
trigger rate is 237 per day.

2.RESULTS AND DISCUSSION. Two types of events are select-
ed by the trigger. The first is when there are signals from
two scintillator layers one external and one internal and se-
cond is when there are signals from more than two layers. The
rate of events of the first type 82.6/day is due to chance co-~
incidences with a single internal pulse, secondaries from muon
interactions outside of telescope and stopping ruons. In the
last case muons are stopped in absorber between scintillator
layers so that decay electrons produce a signal in internal
layer. Second type of events is due to chance hit of fast muon
in time gate 50ps (152.1/day) and nuons with time of flight
between external and internal layers bigger than 50ns(2.3/day)

Two criterions are chosen to select candidates for fur-
ther analysis of time of flight, amplitudes and pulse shape.
In order to exclude firs type of events we required signals
from at least three layers. Second type of events was excluded
by requirement of time intervals no less than O.lus between
successive layers. During live time 18,546 hours analazed so
far no candidates has been recorded.

The trigger and criterions of selection make acceptance
dependent on velocity. The calculations show that for velocity
range 2°+10"4<@<0.1 acceptance is nearly constant 185unlsr. So
we can set upper limit on monogolelflux as:

sSK

1.86+10" 15~ s~

O

CdE/dx)/CdE/dxImin

1 1 1 I I 1 1 1

-8 -2

10 VELOCITY 10

Fig. Ionization losses of monopole as function of velocity;
curves 1-[3], 2-051, 3-[e], 4-[7] ‘
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liowever, there is problem of ionization losses of energy by
slowly moving nonopoles. NMumber of estimates and calculations
has been nade. Theg_are shown on Fig.2. Curve 1 is estimate of
ionization lossesl3] made from ionization power of slowly mov-
ing protons taking into account peculiarities of interactions
of moving magnetic charge with electrons. Curve 2 was calcula-
ted for magnetic nonopoles in a degenerated Fermi gast>2J, cur-
ve 3 is calculation of l%g?t enitted of organic scintillator
with the cnergy gap 5 evi®l], 1p calculation of curve 4 it has
been taken into consideration possible excitation of atoms due
to shift of atomic levels by magnetic field of monopoles 71,
These calculations are made for atoms of helium and it is not
clear if therc is contribution of this effect to excitation of
scintillator. It is seen from Fig.2 that for $>1073 there is
no problem in sensitivity of usual ionization detectors to nag-
netic nonopoles. For velocity range 10-3-10~4 the possibili-
ties of such kind of detectors are quite uncertain and for
ﬂ<l()‘4 there is no hope to detect monopoles using ionization
technique. Besides amplitude of nmonopole signal can be reduced
due to stretch of pulse if time of traversing through detector
is biyger than integrating time of the circuit. Really this
effect results in increase of threshold. On Fig.2 dashed curve
shows dependence of real threshold of recording of slowly mov-
ing particle on velocity for Baksan telescope. So, ionization
poweraof monopoles limit velocity range of our experiment to
~l072,

However we can use hypothesisl81 on catalysis of proton
decay by monopoles to set limit on nmonopole flux for‘ﬂ<lo‘3.
For proton decay taking place inside the concrete absorber or
scintillator the mean detection efficiency is 0.56. If the ca-
talysis cross section is 50mb then the efficiency of Baksan te-
lescope to record monopoles trough catalysis process is more
than 0.9.

Therefore, our linit is nodel independed for monopole ve-
locity B$>1073 and is valid for/3>2-10"4 if catalysis cross
section is >50nb.
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RESULTS FROM THE UCSD MAGNETIC MONOPOLE SEARCH

Masek, G.E., Knapp, L.M., Miller, E.
Stronski, J.P., Vernon, W. and White, J.T.

Department of Physics, B-019
University of California, San Diego
La Jolla, CA 92093 USA

1. Introduction. The energy loss mechanism for slowly moving magnetic
monopoles in helium calculated by DKMPRY provides a means of extending
the search for such particles by ionization techniques to velocities
down to ~3x10%m/sec (B = 10’4). Other gases (e.g. CH, or CO,) mixed
with helium will be ionized with high efficiency2 by collisions with
excited helium atoms, thus allowing the use of large proportional
chamber systems for the detection of the monopoles. The first reported
results utilizing this mechanism was the experiment of Kajino et al.
using a detector with an area-solid angle product (A-AQ) of 24,7 mlsr.
They set a limit on the flux of monopoles of <7.2x107"cm™ st~lsec™! at
a 90% confidence level for B > 3x1077. Here we report on the results of
a He:CH, proportional tube array designed to extend the velocity limit
down to B ~ 1074, and push the flux limits closer to theoretical bounds.
The detector which has been operating at the University of California,
San Diego (UCSD) since last summer, is a prototype for a larger array
currently under construction at UCSD. The data presented here is from
200 days of live time with the prototype detector.

To attain limits on the flux approachigg current thegretical
bounds, detectors with A:AQ the order of 1000 m“sr to 10000 n?sr are
needed. Given fiscal constraints and the desire to achieve large A.AQ,
the basic design philosophy for the UCSD detector is to require only the
simplest criteria for monopole detection. Thus the detector employs an
array of proportional chamber tubes arranged to observe only a projected
track and a projected velocity window. In addition, the array is oper-
ated at sea level with no earth overburden, and uses electronic rejec-
tion to eliminate the fast muon cosmic ray background. If indeed any
signal were observed with this minimum criteria, this would be ample
justification for construction of a more expensive, sophisticated
detector,

2, Detector Description. The layout of the prototype detector shown in
figure 1, consist of 225 individual aluminum proportional tubes, each
approximately 2.5 ecm x 2.5 cm in cross section, and each v 7.2 m. in
length. They are strung with .002" diameter gold plated tungston wire,
and arranged in an array of six layers as shown in the figure. The gas
mixture used was 157 CHy, and 85% He. An ionizing particle passing
through the array leaves an electronic signature of which tubes were
traversed and the relative time of transit for each tube.

A simplified "“flow diagram of the electronics trigger and data
acquisition system i1s shown in figure 2. Outputs from each of the 225
channels is first amplified (gain ~ 300, integrating time, ~.5 us) and
then individual comparators select a minimum <ignal threshold. These
signals are then split, half forming sums of all signals in individual
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planes to be used in the trigger elec-
N tronics, and the other half feeding
i T/ directly to memory modules for data
ﬁ/ 4;%{:m‘Wkacquisition. In the memory modules,

By 4L
2Am

7/

/ the separate channels are recorded on
/ 1025 x 8 RAMS (AMD AM9128-70) whose
addresses are continuously cycled at
10 Mhz, The information stored:.in the
RAMS is read out when an appropriate
signal from the trigger electronics
is received.

EXTRUSION SECTION END VIEW

[
CO00000)

}f im
225 JOTAL GELLS

In the trigger electronics

) shown in figure 2, the logic imposes
Fig. 1 - Magnetic Monopole Detector .
Layout. the following criteria on an event to
be read out:

i, All six planes must have
recorded a hit within 35 us (the max-~
imum sensitive time for th2 detector

NS E=E5 corresponding to a B = 10”7 particle

| , i | traversing with an aximuth of A 80°).

SN =2 waraes ii. If any three planes have
5 i hits within .7 us, the event is

rejected. This is the main criteria
for rejecting cosmic ray muons, and
also sets the minimum transit time
(1.4 us) accepted in the trigger.
(As mentioned above, final analysis
cuts set a limit of 1.5 us on accep-
ted events, just outside the 1.4 us
trigger limit.)

i1ii., In addition, events are
rejected unless times from the two
planes in each of the three pairs
(1-2,3-4,5-6) are within 5 us, and
the time of the middle pair must come after either of the outer pairs.,
These are broad conditions that must hold for a real track within the
velocity window.

Fig. 2 - Simplified flow diagram of
Electronics.

3. Detector Operation and Results. The energy loss vs B for slow momo-
poles in helium is calculated in reference 1. The ionization threshold
for the detector determives the lower limit on the B8 which can be detec-
ted. 1In the array described here, the ionization threshold (determined
by the high voltage operating point and discriminator threshold) was
Tehres/Io = 1/3 giving B, = 1.1x107%.

min

As described above, the data is first stored in the memory
modules, and when the appropriate conditions are met in the hardware
trigger electronics, the data is.read out through a Cromenco micropro-
cessor to a VAX 750 computer for off-line analysis. In addition, the
microprocessor also permits a software trigger condition to be imposed.
We require that in each of the three pairs of. planes (1-2,3-4,5-6), there
be at least one set of adjacent hits (called a cluster) in the two planes
making up the pairs. The trigger conditions and subsequent rates are
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summarized in Table 1. Thus, of the initial
rate of 520 Hz of cosmic ray muons traversing

TABLE 1

Rates at Various Stages in the the detector, only the order of one per hour are

Data uisition ane alyais

s fcauieition end Mnlyste recorded by the VAX computer.

Stage Rate Rate
{Normalized to CR)

Cosic Ray Rate | 520/esc. 1 In the off-line analysis, summary files
Mardvace Teigger  14.4/hx rme®  of the data are made by imposing rather broad
(see text) ,  cuts on the data to select out monopole candi-
Software Trigger 1.35/tx 7.2x107
fn beprocseucs dates. These cuts are:
£fline Ana 8 . o1 -8 2
e e ey Y Lo i. Track candidates are selected by

requiring a projected linear fit to clusters in
each of the three pairs of planes.

ii. For selected track candidates, the mean time of each of the
three clusters making up a track, must be increasing or decreasing from
top to bottom in the array. This selects the correct time sequence for
slowly moving particles passing down” through the array or up through the
array.

iii. At least one of the hits associated with a track candidate
has to be identified with the original hardware trigger timing sequence.

iv. The time difference between the outer planes must be greater
than 1.5 us.

v. A track is rejected if 3 planes have hit times within .7 us.

Additionally, for the track candidate, two Chi-Squared relations
are calculated. A linear fit to the mean projected position (XMEANi) of

each cluster, gives a fit position (XFITi) then XSQ =i_z_l(XMEANi—XFITi)2

Also a linear fit to the mean times of hits vs distance along the track
on each of the 81x planes (TMEAN ) gives a fit time (TFIT ), then TXSQ =
6

& l(TMEAN TFIT ) (The units of the two quantities are cm2 and .1
usecz, respectlvely). The effect of the cuts described above on the
rates is also given in Table 1, thus

RUN 03 EVT 164 only an effective rate of 1/2 event
o ® per day survives for further con-
o o sideration. The final step in the

analysis consists of making an event
display of each event in the summary
file, and individually scanning
these events. A typical event dis-
5 play is shown in figure 4. 1In the
top, the projected view of the end
of the array is shown, along with an
indication as to which cells were
hit in the event. For each hit, the
time of the hit (in units of .1 us)
oy and the duration of the pulse (also
o —_ in units of .1 us) are given beside
SLOPE=  -0.7 TXSQ/B-  a.8 each cell hit. The solid line gives
- Event the fit to the track clusters and
Fig. 3 - Event Display. . the XSQ is displayed in the upper
shown 19 a u-e even: (see ctexc). left., 1In the lower left corner of
the display is a plot ot time vs
distance along the track. The solid

TINE
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line here gives the fit to the six mean times,
1000 | wop wiwme | and the TXSQ is displayed beneath the plots.
o[ | The scanning of the 98 surviving monopole candi-
° °| dates on the summary files gave no events which

prpueriien could be interpreted as a slowly moving particle
mwwiws | in the time window between 1.5 us and 35 us.
3 . The numbers scanned can .be substantially

- L - reduced by employing the Chi-squared cuts.
%3Q (om) Figure 4 gives a scatter plot of XSQ vs TXSQ for
o i all of the data in the summary files. Imposing
iife gv;n:_}:Q ‘;lsle}‘igsi‘:riza’t‘ﬁ:"cuts of XSQ < 1.5, and TXSQ < 84 accepts 99% of
plot for Monte Carlo Monopole the Monte Carlo monopole events and leaves only
events. . 4 events for further consideration. Of interest
is the characteristics of the summary candidates,
The majority of these events can be interpreted
as cosmic ray muons that stop in the walls of

TXSQ (-1usec?)
i
i
R
§

Ni=REN
1]

1070 —— T T T T T T 1
- " et ; y ; 1 the detector, and subsequently decay into an
ol Geem totineldl electron that then passes through the remaining
o[ e\ e vosima ] planes of the array (a p-e event). A measure
§yml \A/ N/ «amw , -| 0f the energy deposition of a particle passing
ﬁ (s wone_Xpartan S Boatl 7 through a cell is given by the width of the
ol _ -| pulse, which is also recorded with each event.
Z L A ismesomy /1 For these u-e events the pulse width near the
1o~} - end of the muon range should increase, This is
i e | clearly observed with these events, and the fre-
ot Py a1 quence and magnitude agree with what would be

VELOCITY 8 expected for stopping muons. Thus these events
afford a very nice check on the overall perfor-
Fig. 5 - Compilation of flux Mmance of the system. Moreover, the pulse width
limits on magne:ic monopole vs (height) information can be used as an addi-
B at 90% confidence level, tional requirement on the monopole candidate,
Taken from ref, 3, but includ~- . . .
ing this work. although in fact it was not necessary for reject-
ing the candidates in this data sample.

4. Conclusion. The A-AQ for this prototype apparatus is 54.6 mzsr for
particles with B = 1.1x10~4 within the time window acceptance 1.5 us to
'35 us. For a live time of 200 days, this gives an upper limit on thi
monopole flux (at the 90% confidence level) of 2.4x107Zcm”™ Zgr=lgec

As discussed above, the detector was optimized for the lowest detectable
velocities, and the effective A:AQ decreases with increasing velocity.
The limits set for this experiment from B = 1.1x10™% to g = 10~3

shown in figure 5 along with recent limits from other ionization experi-
ments.
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SEARCH FOR PROTON DECAY IN
THE FREJUS EXPERIMENT

AACHEN!, ORSAY?, PALAISEAUS, SACLAY", WUPPERTAL®, Collaboration

ABSTRACT

We will report, in this paper, the present status
of the Frejus experiment and the preliminary re-
sults obtained in the search for nucleon decay.

1. Frejus laboratory and detector. A modular, fine grain tracking calori-
meter has been installed in the Frejus laboratory in the period extending
from October 1983 to May 1985. The 3300 m3 underground laboratory, located
in the center of the Frejus tunnel in the Alps is covered in the vertical
direction by 1600 m of rocks (4400 m w.e). The average number of atmosphe-
ric muons in the lab. is 4. 2/m . day. Fig. 1 shows a sketch of the Frejus
laboratory with the detector.

The 912 ton detec-
tor is made of 114 modu-
les, each one including
eight flash chamber and
one Gelger vertical
planes of (6 X 6) m
dimensions. The flash
chamber (and Geiger)
planes are alternatively
crossed to provide a 90°
stereo reconstruction.

2

Figure 1 : General picture of the Frejus
laboratory
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Lhey are separated by 3 mm iron plates as illustred in Fig. 2.

Figure 2

The 934.000 (5 X 5) mm® section poly-
piopylene flash tubes are filled with a
neon-helium gas mixture in which a plasma
is produced when an electrical field of
8 KV/cm is applied. The plasma detected at
the end of each tube by a capacitive read-
out method allows the localization of a
charged particle in the detector with an
accuracy of the order of 2 mm.

The 40.000 (15 x 15) mm? section,
aluminium Geiger tubes filled with an
argon-ethanol gas mixture provide the trig-
ger of the flash chambers when a charged
particle is produced inside or crosses the
detector. They also give a spatial and
time information on the event.

Structure of the
Frejus detector

2. Status of the experiment. The detector performances are summarized in

Table 1. The space resolution, the amount of background and the separation

efficiency per cell : flash 80 %, Geiger 85 %
background per cell per trigger flash 8.107°,

Geiger 5.107"%
2 mm )
electron o(E)/E=12 % VE
muon o(p) = 10 MeV/c at 500 MeV/c
particle identification e- y(m) separation : less than

10 % above 200 MeV/c

efficiency

space resolution :
energy resolution :

+
T e decays : v 60 %

between

Table 1

showering and non showering particles may be illustrated in Fig. 3

o , ®
. . | ’
®e ° [
E‘c s H K
i J .
mee $° ' 2
. ] °
° & ' W . L]
.l
3
Figure 3 : Contained event : . L.,

@ electron-like track ]
® mnmuon-like track e
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when two contained events with electron (a) and muon (b) are displaid. The
trigger logic consists on the coincidence (within 300 ns resolution time)
between five Geiger tubes belonging to five adjacent planes with a maximum
contribution of three tubes per plane. In these conditions the trigger rate
amount to about 40 per hour, half of them being random coincidences due to
radiocactivity while the other half is essentially due to atmospheric muons.

Although the complete detector (912 tons) is in operation since
June 1985, data have been taken during the installation since March 1984
when its total mass amounted to 240 tons.

3. Data analysis and preliminary results on contained events. The on-line

scanning of the events and the monitoring of the detector is assured by a

physicist controlling the experiments outside the underground laboratory.

Off-line analysis consisting of a systematic check of the on-line scanning
and the measurement of the important events, has recently started.

only events originating at more than 50 cm of the external faces of
the detector are considered as produced in the detector. Strict containment
conditions are equally defined to assure that the charged particles stop in
the detector. The preliminary results presented thereafter are based on a
sensitivity of 194 TON (FID).YEARS. Table 2 summarizes the raw data obtained

Raw data : on line scanning
~ single muons 71 400
- stopping muons 520

- muon bundle 2 010
- exotic 470
- events inside 30

the detector

Data reduction of events inside the detector
from the 30 scanned events

13 have their vertex outside fiducial volume
is a vertical crossing muon

are vertical downward stopping muons

is an upward stopping muon

are contained vertex events

with tracks fully contained

with tracks partly contained

—
DWW WeERE N

Table 2

after the on~line scanning and the final number of events produced in the
detector fully or partly contained. The nature of the (eventual) charged
lepton found in each event is defined and its zenithal angle determined ;
this is presented in Fig. 4a. Assuming first that all these events are
atmospheric neutrino interactions, one deduces after trigger efficiency
correction a number of 90 * 30 and neutrino interactions for kiloton-year,

R AV] s :
. interactions
and a ratlo(_? = 0.7 * 0.4. These numbers agree within the

AV .
U interactions

statistical error with the previous results found in other large under-~
ground detectors and with the Monte Carlo predictions.
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For each event the visible energy has been evaluated. The distribu-
tion of this quantity as a function of the number of prong of the events
is shown in Fig. 4b, for the fully and partly contained events. From this
figure we consider that the only candidates for nucleon decay into charged
lepton are the fully contained events with at least 2 prongs and a visible
energy less than 2 Gev. Fo_r> the two events fullfilling these conditions
the asymmetry parameter IZP[/E has been determined and is shown in Fig: 4c.
These events are clearly incompatible with a nucleon decay for which the
asymmetry parameter should be close to zero.

Therefore no candidate for the nucleon decay into charged lepton is
found in this first sample of events. This leads after correction for tricly—
ger efficiency to a lower limit for the partial lifetime T >4.,10°

+
years with 90 % C.L. N->2=+X

STATISTICS 1 e
TRACKS FULLY CONTAINED 3 [l 5 Hl |1
TRACKS PARTLY CONTAINED |4 [_] 0 0

Vertical  4Charget

§ CONTAINED+UNCONTAINED TRACKS
= 55
=2 Lrgid
= 5 5 & 6o ®
2 4 -
S 3| ]
o % i ﬂﬂ D‘m- ;
1 2 3 2 5 K >5
Evis(GeV)
! FULLY CONTAINED TRACKS
[ [ ] Evis < 2GeV
~w . > 2 prongs
i@ 05 ®©
w
Nucleon decay
regllon .

1 2
Evis (GeV)

Figure 4 : % angular distribution
topology versus visible energy
© asymmetry versus visible energy
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RESULTS ON NUCLEON LIFE-TIME FROM THE KOLAR GOLD
FIELD EXPERIMENT

*
M.R. Krishnaswany, M.G.K. Menon, N.K. Mondal ,
V.S. Narasimham and B.V. Sreekantan

Tata Institute of Fundamental Research,
Bombay - 400 005, India

Y. Hayashi, N. Ito and S. Kawakami
Osaka City University, Osaka, Japan

Institute for Cosmic Ray Research,
University of Tokyo, Tokyo, Japan

1. Introduction

The KGF nucleon decay experiment has been in
operation since October 1980 with a 140 ton calorimetric
detector at a depth of 2.3 Km underground. The detector
comprises 34 layers of proportional counters arranged
in an orthogonal geometry with 12 mm thick iron plates
in between successive layers. The,proportional counters
are made up of square ( 10 x 10 cm“ ) iron plates of wall
thickness 2.3 mm. Each of the 1600 counters is instru-
mented to provide data on (i) ionisation, dE/dx and
(ii) arrival time.

«- The visible energy of a particle is determined to
an accuracy of ~20X from the ionisation and range of its
track. The end point ionisation of a stopping track
.provides the direction of motion as well as the nature of
the particle ( p/=, k, p). Decay of put is recorded with
an overall éffi&iency of only 20Z in view of the thick-
ness of 13 g/cm between successive layers.

2, Method and analysis

The great depth of the installation has resulted in
suppression of the intensity of cosmic ray muons and
their associated background to about 2 events/day. The
neutrino background, at energies < 2 GeV is less (~70%)
compared to the other detectors operating around the
world in view of the location of the detector at ~ 3°N
(Geomagnetic).

About 2600 events were recorded in a live time of

* now at Argonne National Laboratory, US A
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3.6 years and 96% of them are due to atmospheric muons
and are easily identified as such. From the remainder,
only 40 events have a vertex inside the detector and are
mostly due to the cosmic ray y-collisions. For nucleon
decay search, we consider only 19 events whose tracks .
are fully confined to the detector volume, from this
sample of 40 events.  The energy distribution of these
events is shown in Fig 1 and compared with the predic-
tions (solid curve) on the y-induced events. It is
clear that there is no clustering of events around the
nucleon mass, implying that an event by event analysis
is necessary to isolate decay signals, if any. These
19 events could be broadly classified as (i) single-
prong (9) and (ii) multi-prong events (10) in which a
large fraction are y-induced. '

FULLY CONFINED EVENTS
AT KGF

ESTIMATED

N V- INTERACTIONS
5 \. % DECAY CANDIDATES
S

~.

. # EVENTS
L . T R T,
i

~

N

*®

!
0.4 0.6 0.8 1.0 1.2 1.4 1.6 .8

VIS. ENERGY + MASS (GeV)

°
r

Fig 1: Energy spectrum of confined events. The solid
curve is predicted for y-induced events . The
4 candidate events are shown in the appro-
priate energy bins. .

v Four confined, multi-prong events were identified
as plausible examples of nucleon decay on the basis of
the total energy, momentum balance and track configura-
tions.

(i) Event 587 is composed of showers of electro-
magnetic nature with total energy 980+200 MeV and
momentum imbalance < 250 MeV/c¢ and is interpreted as
p-->e* + 10, The background from Y-interactions is
estimated as < 0.5 events at 90x C.L.
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(ii) Event 867 appears at first glance as a single

track with a kink around the middle of its range of
167 g/cm“ with an angle of 40°, A closer examination
based on the end point ionisation indicateg that it is a
good candidate for p--> J k¥ with k*-=>ut Ju . The total
energy of the kaon is ~700 MeV and of the decay muon
~270 MeV. It could have been produced in a N.C inter-
action of neutrinos with a very low probability. A con-
ggrvative estimate of y-background is 0.2 events at

KX C.L.

(1ii) Event 877 has 3 clear tracks in a back-back
configuration. A down moving track with large angle
scatter is interpreted as a muon of energy 340 MeV.

The two upmoving particles with a large opening angle
have effective mass consistent with that of kg, if they
are interpreted as pions. Thus the overall interpreta-
tion of the event is p-->u*kg with k@-->a*n~; the total
energy being 900 + 150 MeV. In this event the end point
fonisation of 2 tracks. ( p and % ) clearly establishes
their opposing directions of motion, a necessary condi-
tion for proton decay. The y-background for this event
is < 0.2 events at 90x C.L. - .

(iv) Event 1766 is a semi-isotropic event with a
total visible kinetic energy of 650 MeV and is unusual
of a y-interaction. The event comprises a shower and
well seperated penetrating tracksapparently in the -
opposite hemisphere. It could be interpreted as n=-=>yn ,
e"P” or p--> e*kO but the data are insufficient to pin
down the preferred decay scheme.

A majority of the single prong events are due to
low energy muons produced in elastic 1u, Tu collisions.
However, Event 2099 has kinetic energy 340 MeV and if
interpreted as due to a pion, the total energy of 480450
MeV is consistent with that to be expected in the decay
p--> ¥ + . This event is used to set a limit on the
life time,T, of the proton decaying through this
specific mode.

3. Results and discussion

The 4 multi track candidate events discussed above
form a special category and cannot be simply dismissed
as Y-interactions as can be seen from the estimated
backgrounds. From the presently available fluxes and
cross—~section of cosmic ray neutrinos we expect to
record only 15+3 confined events from this source with
half of them of multi-prong nature. Among them, exents
having back-back topology with opening angle > 140° are
estimated to be < 10¥ i.e., less than 0.8 events during
the entire operation of the detector. Energy cuts around



the nucleon mass will reduce this to about 0.3 events or
less. We thus consider our data as compatible with
nucleon decay even though the statistical significance
needs to be improved.

For life time estimate, we consider only the
fiducial weight of 60 -~ 70 tons in the interior of the
detector. The partial lifetimes, T /BR as well as 90x
C.L. limits for several decay modes are listed in
Table 1. In this calculation we include the detector
efficiency as well the probability of hadron absorption
inside the iron nucleus.

Proton Years : 6.05 x 1031

Neutron Years : 6.98 x‘103l

Decay_mode Events _T/BR(Years)  90% C.L

1. p-->e*n® 1 3 x103% 7.7 x 10%°

2. p==>u"k? 1 2.1 x 1030 5.4 x 10%°
'_._'M;"' -

3. p--> 7 k¥ 1 3.8 x 1051 9.8 x 10%©

4., p-=> 3 n¥ 1 4.2 x 1031 1.1 x 103

5. n-=> 3 n° 13 1.1 x 103 2.9 x 10%°
+ 0

6. n-—> e 12 3.5 x 105} 8.9 x 1030

a; corresponds to the same event no. 1766
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Abstract

Phase-2 of KGF proton decay experiment using 4000 proportional
counters will start operating from middle of 1985, The detection system
in addition to measuring the time information to an accuracy of 200 n see
also records ionization in the hit counters. It also monitors different
characteristics of the counters like pulse height spectrum, pulse width
spectrum and counting rate. 1In this paper we discuss this data
acquisition system.

The detector comes under the category of fine-grain calorimeters, in
which measurements are made on the ionization of charged particles as
they traverse through the detector. This has a total of 375 tons of iron
distributed uniformly over an area of 6m X 6m and height 6ém. The
detector comprises 60 layers of horizontally arranged iron plates (6mm
thick) and proportional counters (of cross section 10cm X 10cm and 6m
long). The alternate layers of proportional counters are arranged in an
orthogonal pattern in order to get both the X and the Y coordinates of
the tracks. The main detector is surrounded by a veto shield of
proportional counters. This shield is located very close to the rock
wall and comsist of two layers of proportional counters with 2.54cm of
iron in between. In addition to increasing the fiducial mass of the
detector, this shield will be very useful to look for other interesting
events like Kolar events.

The front end electronics consist of individual amplifier-
discriminator chain for data read out and analog multiplexers for
monitoring the pulse height. Analog pulses from individual counters are
shaped to have uniform decay time constant using a R-C network and are
fed to an amplifier of gain 80. The amplified pulses are then passed on
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to a discriminator and also to an analog multiplexer., The width of the
discriminator output is related logarithmically to the input pulse height
and iIs a measure of ionization in the proportional counter,

The discriminator output pulses are then carried to a data
acquisition card (DAC) using flat ribbon cable. There are a total of 60
DAC each one accepting discriminator signals from one complete layer (60
channel). 1In DAC, the width pulses are provided to the following
circuits,

(1) A CMOS static RAM for temporary storage of the width information.
These RAMs are being operated as a circular buffer and always
contain the history of a channel of the previous 200microsec.

(2) A monoshot to generate fast pulses for trigger,

(3) A priority encoder and a digital‘multiplexer for monitoring the
width pulses.,

The fast trigger pulses from individual monoshot are passed on to a
set of preprogrammed EPROMs, These EPROMs accept fast trigger pulses
from individual channels as their address inputs and produce a set of
outputs whenever a layer trigger logic is satisfied. At present three
different trigger outputs are available from each layer (i.e. each
DAC). These are layer l-fold (an OR of all the channels in a layer), a
layer 2-fold (a 2-fold coincidence among 6 adjacent channels in a layer)
and a layer 3-fold (need coincidence of 3 or more adjacent channels),
Using these layer trigger pulses a final trigger will be generated in a
central trigger processor.

Read out of the stored width data is being done in parallel using
eight Z-80 based microprocessors. FEach of these microprocessors
supervises data acquisition from 8 layers. After receiving a trigger
interrupt from the trigger processor, the microprocessors will allow the
DACs to continue writing data for a further 187.5 usec before switching
the RAMs to read mode. Since the cycle time of the RAMs is 200 psec, by
this technique 12.5 usec of pretrigger history will also be available in
addition to 187.5 usec of post trigger history of a channel, Once the
readout cycle begins, the microprocessors will transfer the stored width
data from the individual RAMs to a central buffer memory. A host
computer will finally transfer these data to a mass storage device in a
proper format,
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We report here on the progress in construction of the Soudan 2
nucleon decay detector which is being built at the Soudan iron mine in
Minnesota. We also report the expected event rate and characteristics
of low energy neutrino events, muon events, multiple muon events, and
other cosmic ray phenomena which we might be sensitive to.

l. Description of the Detector.

The detector is an iron calorimeter with high density (2 g/cm3)
which emphasizes dE/dx measurement and excellent tracking. It consists
of 256 identical modules with a total mass of 1.1 kilotons (Fig. 1.)
Each module consists of formed steel sheets in a honeycomb pattern, with
0.5 meter drift cells read out by 2.5 m by 1.0 m proportional wires and
cathode strips (Fig. 2.). Each drift cell is 14 mm in diameter and
layers are separated by 1.6 mm of iron. A gas mixture of 85% Argon with
15% CO, will be used, and a drift field of 200 V/em, which will give a
drift velocity of 0.92 cm per microsecond., For each wire and cathode
strip, the pulse height will be recorded in each of 256 time bins which
are 200 ns long. Vertical and horizontal positions of hits will be
determined by matching anode and cathode pulse heights, Positions along
the electron drift direction will be measured in 2 mm bins using timing
information., Sampling every 0.2 radiation lengths coupled with
ionization information will give good event reconstruction of ten
including particle identification, The direction from stopping tracks
will be.determined by the rise in pulse height at the end of a track.
This will greatly aid in vertex identification, which is important in
distinguishing proton decay events from neutrino interactions.
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The modularity of the detector will allow calibration in a neutrino
beam. We believe previous proton decay experiments indicate that this
will be an important ingredient in separating proton decay candidates
from neutrino induced backgrounds, as well,

To reduce the number of electronics channels required, the cathodes
and anodes will be separately multiplexed by a factor of 8. Associating
a module with a given hit will require demultiplexing of both anode and
cathode signals, but for the simple topologies of events expected (small
volume clusters of hits and tracks alomng straight lines) this will not be
difficult,

The experiment will be located at a depth of 2200 m of water
equivalent. This will shield the detector from the hadromic and
electromagnetic component of cosmic ray showers, and from muons with an
initial momentum of less than 700 Gev. Triggers will be caused by high
energy muons, neutrino events, and radioactivity in the mine. A muon
rate of 0.3 Hz is expected. Some of the muons may interact outside of
the detector and give hadrons and electrons which enter the detector.
Therefore a two-layer shield is being constructed around the entire
detector, made out of 23 ft long aluminum proportional wire planes.

2, Trigger.

The trigger will consist of some multiplicity of hits in a local
region, probably around 4 out of 16 wires. We will have the ability to
finely tune the trigger in each area of the detector, which will minimize
effects of radioactivity from the cavity walls while maximizin
acceptance to more difficult proton decay modes, such as p + K’ v.

3. Current Progress.,

The first 5-ton module has been constructed and is being tested with
cosmic rays. By the time of the meeting, several more will have been
built and tested, so that considerable experience will have been gained
on the construction and performance of the modules. The testing program
will reconstruct large numbers of straight-through cosmic ray muons. We
will use spatial reconstructions of the tracks to identify the individual
tubes struck by each cosmic ray. We will evaluate the performance of
each tube in a module to obtain statistics on efficiency, attenuation,
pulse-height resolution, and position resolution. Such an analysis has
already been performed on data from a l-ton prototype of the detector and
shows excellent performance, with position resolution along the drift
direction limited by the flash ADC clock. A sample of stopping muon data
demonstrates the direction-tagging ability of the detector. We expect to
begin installing modules in the mine in November 1985 and complete
installation of all 256 modules in December of 1987,
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4, Cosmic Ray Capabilities,

The excellent tracking capabilities will enable this detector to do
certain studies of cosmic ray physics as a byproduct to searching for
nucleon decay. In particular it is desirable to try to confirm the time
correlations of multiple muon events seen in the Soudan 1 detector, as
well as single muons which may be coming from Cygnus X-3 and other
astrophysical sources 4, For single muon events, the Soudan 2 detector
will have 15 times the acceptance that the Soudan 1 detector had. The
multimuon acceptance should increase by more than this, the actual rate
depending on the lateral spread of the muons when they reach the level of
the detector, It will certainly be possible to look for Cygnus X-3 and
other possible astrophysical cosmic ray sources as well., It is also
possible that the multimuon event distributions will give some
information about the elemental composition of cosmic rays in the 1014 ey
energy range.

Neutrino events are expected at a rate of about 100 per year, It is
possible to calculate the v /ve ratio, charged current to nmeutral current
ratio, and flux as a function of energy and angle that are expected from
cosmic ray neutrinos produced in the earth's atmosphere., Neutrino
oscillations could change the v /ve ratio as a function of angle. Any
new weakly interacting neutral particle might manifest itself as an
excess in the apparent neutral current to charged current ratio., Any
astrophysical sources of neutrinos, such as high energy particles
produced in solar flares, would give neutrinos associated with a
particular direction in the sky.

The detector would be sensitive to a monopole flux of 1.0 x 10-14
em™2s=lgr=l 4p one year, The memory time for each event is 50 usec, so
it will be possible to see monopoles (if they ionize) with a velocity
down te~ 2 x 1074 ¢,

5. Conclusion,

A 1.1 kiloton tracking calorimeter is being constructed for use in
the Soudan mine in Minnesota., As well as a tool in the search for
nucleon decay, it will be possible to study cosmic ray muons and
neutrinos and look for other cosmic ray phenomena,

1. J. Bartelt et al., submitted to Phys. Rev, D.
2. M. Marshak et al., Phys, Rev. Lett. 54, 2079 (1985).
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Fig. 1. Soudan 2 Nucleon Decay Detector
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Abstract

In NUSEX experiment, duiring 2.8 years of operation, 31 fully contained
events have been collected; 3 among them are nucleon decay candidates,
while the others have been attributed to v interactions. Limits on nucleon
lifetime and determinations of v interaction rates are presented.

The Detector,
NUSEX detector is a digital tracking calorimeter, planned to study the

stability of nucieon.

It has been running since June 1%, 1982 in a cave aside the Mont Blanc
Tunnel, covered by a minimum overburden of = S000 hg cm™ S. R, with a
live time of 2.5 years, that is about 86% of solar operation time.

The detector is a sandwich of 136 iron plates fcm x 3.5 x 3.5m2
interieaved by layers of plastic streamer tubes of the resistive cathode
type.

Each plane of tubes is formed by an array of 320 tubes, 3.5m long and 1
cm? cross-section, aligned with the tunne) axis.

Tubes are made of extruded PVC; a high resistivity varnish covers the
cathode walls; anodes are 8100 um wires, and tubes are operated at 3.9 kV
with an Ar-CO,-Penthane (1+2+1) gas mixture.

Position of each hit in the detector is recorded through two sets of Al
strips (each set has a 1 cm pitch),mounted externally to the tubes, which
are respectively parallel (320 strips) and orthogonal (288 strips) to the

wires.
Total mass is 150 tons; a detailed description of the detector will be

shortly published").
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Data are collected via CAMAC serial readout by a PDP 11/60 computer on
magnetic tape.

Minimum trigger patterns are: either 4 contiguous planes hit or 3+2
contiguous planes hit or 2+2+2 contiguous planes hit, plus any
combination of higher piane multiplicity.

Data set for each event consists of the coordinates of each tube fired
together with time of firing relative to trigger start, recorded by 100 ns
TDC' s.

Time information allows identification of p decays (u stopping inside the
detector) in 17% of the cases. .

A trigger to detect magnetic monopoles has also been implemented and is
described in (.

Data concerning nucleon decay and atmospheric neutrinos.

An extimate of rate and topologies of v interactions in our detector has
been obtained through an exposure of a test module to a up(z'ip) beam in

CERN, designed to simulate atmospheric v spectra in the energy region
around 1 Gev(¥,

Data thus collected have been used to compute backgrounds to nucleon
. decay that will be quoted further, considering also the presence of v, sin

atmospheric v flux.

Data from NUSEX experiment have been selected according to the
foollowing characteristics: '
1-. Vertex of the event must be inside the volume of the detector;
2-. Tracks coming from vertex must stop inside volume of the detector;
3-. No incoming visible track pointing to the vertex is required.

We guarantee thus to collect only events due to v interactions in the
detector, and possibly due to nucleon decay.

31 events satisfy the above quoted features; they are uniformly
distributed in the detector volume and cannot be ascribed to neutron
interactions (¢, < 10 cm2 57! sr°'); the first 10 among them have already

been discussed in detail elsewhere -3

Neutrino rates.

Trigger requirements put an effective threshold both for u and e at 250
MeV total energy. At this energy trigger efficiency is 40% and rapidly falls
below that value.

Supposing that all 31 events are v interactions, we can identify 21 events



273 HE 6.2-6

as vy interactions, 9 as v, interactions, while 1 is ambiguous ( v,- v,).

Correcting for detection efficiency (trigger x containment eff iciency)
event by event, we get the total v interaction rate in our detector, above
the threshold of E ..\ = 200 MeV: '

R,= 152 # 20 v/(Kton x yr)
and the ratfo of v, and v, Interactions:

R(ua/uu) =028 ¢+ 0.091 002
where the first term In the error Is due to statistics and the second to v,
v, ambiguity. A plot of visible energy distribution of data uncorrected for
detection efficiency is reported in fig. 1.

Fig. 1. Visible energy
distribution of events, not
corrected for detection

- 54 efficiencies.

E Shaded areas are v, events.

° White areas are v, events.

S 1 v, event of 3.7 GeV is out of
c scale.

¥

10 20

Eyisible (Gev)
Nucleon stability.

At present we have 3 events that can be considered nucleon decay
candidates. -
Event n. 1, that has been widely discussed elsewhere(?, s a proton decay
candidate, fitting well the hypothesis:
| p-->pt+ KO
|

= utn
WithE =102 0206eV,P =044+ 02 GeV/c, p" =038 ¢+ 0.15 GeV/c, M,m =
055 ¢+ 0.08 GeV/c?, p, = 0.3 + 0.1 GeV/c. Errors on total energy and

momentum are mainly due to candidate p track going almost paraliel to
iron plates. Other decay modes also f itted? are pP-->v+K*andp--> 3.
Background computed from test run is 2 events in 403 v interactions

(corresponding to =35 years of data taking with NUSEX), leading to the
expected background rate:

B=0.1¢+007
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Second candidate is event n. 22, which is a » 2 back to back showers
event, best fit is given by a 3 showers hypothesis with:
E, =370+ 110 MeV e,2=160° ; E, =550 ¢ 140 MeV 6,5 = 140°

Ey = 140 + 80 MeV 6., = 50° ; Eygy = 1060 £ 200 MeV; P = 250 MeV

consistent witha p --> e* + 1° decay mode. Expected background from
analysis of um events in v test run and electrons of 1.5 GeV from e beam
test simulating the topology of our event gives a rate:
B=0.251:0.07

Event n. 30 is a candidate for n --> p*n~ decay; kinematical fit is very
good, both for total energy (.85 GeV) and for missing momentum (.35
GeV/c). However in this channel from our test we expect 0.6 background
events.

Among other channels we have events compatible with nucleon decay only
in p-->v+ n*; 7 events have been collected, but the expected background
from quasi- elastlc v, is 6. Limit reported in Table 1 has been computed by

background subtraction.
Table 1

Decay mode N. of candidates Background Lifetime/branching ratio
(yrx1037) 90% C. L.

p-—>e*w® <1 0.25 > 0.6
n-->e*tw 0 >0.8
N-->e W > 1.0
p-ouwu® o >0.7
n-->ptu 1 0.6 >0.3
N-->p w >0.8
p-—>8nm* <7 6 >0.2
n-->9u0 0 > 1.1
p-—>0K* 0 >0.8
n-->8KO 0 >0.9
p-—>p*kK0 0.1 >0.7
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ABSTRACT

We present the results of an experimental search for energetic particles
which arrive at sea level delayed with respect to the shower front, with an
order of magnitude greater exposure than previous experiments. The experiment
was sensitive to showers from cosmic rays between 105 and 107 GeV per nucleus.
No evidence for the existence of heavy long 1ived particles in air showers was
found. We set an upper limit to t?e flux of these particles at the 90% confi-
dence level of 1.4 x 10-12 ¢pZsp-Tg-1

1. Introduction. The experimental search for heavy long 1ived particles such
as heavy leptons, heavy quark matter, super-symmetric particles and magnetic
monopoles is of great current interest. The cosmic ray beam may provide parti-
cles with sufficiently high energy to produce such objects by their interactions
in the atmosphere. It is also possible that the cosmic ray beam may contain
heavy stable particles of very large mass (3_103 GeV) as a minor component.
Heavy cosmic rays, such as these would have escaped detection in searches for
ultra heavy nuclei if they had a small net charge.

Several cosmic ray experiments have been carried out to search for such
particles. The technique used is to detect energetic hadrons delayed with
respect to the fast electrons (B = 1) in the air shower.l=3 In the delayed
particle experiments a search is made for the presence of a substantial signal
in scintillation counters placed inside a calorimeter which is delayed with
respect to the shower front by a time interval in the range 20 ns <t < 200 ns.
We have carried out a new experiment at sea level to search for delayed large

calorimeter signals with a total exposure factor ~20 times greater than
previous experiments.

2. Experimental Technique and Data Sample. (A) The arrangement: A set of

12 unshielded counters was used to sample shower particies and determine the
times of arrival of the shower front. Eight of the shower counters were of
0.36 m2 each and had a thickness of 7 cms of liquid scintillant. The counters
are labelled S through Sg in figure 1 which shows a plan view of the experi-
mental layout.®»® The remaining four counters, labelled A1 through A; were
placed directly over four calorimeters which sampled the hadrons in the shower.
These counters were 0.64 m2 in area and had 1.25 cm thickness of NE(102) scin-
tillators. The apparatus was located in College Park, MD, at sea level.
Counters were placed in the calorimeter at several depths to sample hadronic
cascades. The longitudinal depth in radiation lengths of the counters for the
two configurations is given in Table 1. We note three features of the design:
(1) The top absorber consisting of 2" of Pb and 6" of Fe has sufficient number
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of radiation lengths to ab-
sorb the electromagnetic
component of the air shower
o @ % ) so that the B counters will
not be triggered by the
shower front. (2) The ab-
sorber in the first layer
extends 25.4 cm beyond the
B and C counters in all lat-
eral directions so that EM
W component from side showers
won't trigger them and (3)
that each detector layer is
divided into four quadrants
in order to allow a measure-
ment of the lateral spread
of the hadronic cascades.
(B) The trigger: The exper-

3

Figuré 1: Experimental layout

Table 1 M 4
iment was triggered when two
Calorimeter Profiles conditions were satisfied:
Depth(in radaition lengths) (]) The sum of the signa1s
Counter Material Size Ln(]:;]a}c;rnme;\e,rs from the B and C counters.in
; ————— ;;'ﬁ; “““ ;5:‘;';;:‘;';;;: ----- 6 ------ 5 -------- at least one of the ca'[om-
meters exceeded 70 equivalent
T Ne 102 24" x 24" x 1/27 - 17.7 particle levels and (2) there
B Ne 114 28" x 28" x 1/2* 17.7 7 17.7 was a signa] iﬂdtwo ﬁ COU?-
. . . ters in "coincidence" with
o Ne 114 24" x 24" x 1/2 19.9 17.9 the B + C pu'lse. In O\"dEl" to
E Ne 114 22" x 44" x 1/2"7 37.2 35.1 study de]ayed hadr‘ons near
D Liquid 24" x 24" x 1/2" 37.2 35.1 cores of air showers further
Scintillator off line cuts were made.

These required that the aver-
age signal in the A counters corresponded to eight particles or a density of
13.6 pt'ls/m2 and a signal in B + C counters of one calorimeter was greater than
75 particles, At least two A's were required to have this density. (C) The
data: In 9266 hours, 179,102 events triggered the array. Of these events,
29,182 passed the off line cuts. For each event we calculated the time dif-
ference between the arrival times of B and/or C counters from that of the A
counter immediately above the calorimeter associated with the-B and/or C
counter. Most of the hadrons arrive in time with the shower. Two percent
of the events have at least one counter delayed by greater than 20 ns. The
majority of these events have S < 20 equivalent particles.

The 72 large signal, large delay (called LSLD) events can be divided into
three classes: (1) Single Counter Delays (SCD): large signal in a single coun-
ter with Tittle or no energy deposited in neighboring counters separated by as
little as Tgm/cm?. (2) Single Quadrant Delays (SQD): large signal in one B or
C counter with delay, with other B or C counters also delayed in the same
quadrant. (3) Multiple Quadrant Delays (MQD): a large signal delayed counter
and at Teast one counter in another quadrant delayed. Among these events, the
most promising candidates for the presence of an energetic delayed hadron are
those where some penetration by the cascade is evident. There were 27 events
of this type.



277 HE 6.2-7

3. Simulation of the Experiment and Analysis. In order to determine the sig-
nificance of these 27 events (whether they might indicate the presence of an
unusual particle as discussed in the introduction), a four dimensional Monte-
Carlo simulation of the atmospheric cascades was carried out. These calcula-
tions used a particle production model which was based upon Fermilab, CERN.ISR
and SPS-PP collider data, an increasing cross section for hadron-air inelastic
processes and a superposition model for primary nuclei other than protons.

The program records the energy, position and arrival time for those hadrons
which cross the detector altitude. Each 70 is decayed into 2ys and the electro-
magnetic cascade of each y-ray is calculated in approximation B and its contri-
bution to shower density at the Tocation of each hadron is obtained using a
modified Nishumara-Kamata-Greisen lateral distribution.®

In simulating the actual trigger, the response of the calorimeter counters
to hadrons, muons and electrons incident upon the calorimeter was simulated.

To determine response at low energies we exposed a prototype calorimeter
to Tow energy (1 to 10 GeV/c = and p) hadron beams at the AGS test beam in
order to study fluctuations in cascade development. We were able to measure
fluctuations in the gbserved pulse height in the calorimeter counters at dif-
ferent depths to 104 to 10-5 level.? At higher energies we used data obtained
at Fermilab® in a calorimeter with counters at depths similar to our B and C
counters. A detailed Monte-Carlo simulation of hadronic cascades was done
using the Oak Ridge code of T. Gabriel® to understand the observed fluctua-
tions and to provide "Monte Carlo data" to use in our simulations at energies
where no actual experimental data was available.

These measurements and calculations show that low energy hadrons which
can arrive delayed, occasionally give a much Targer than average energy deposit
in the detector counters giving rise to abnormally large signals. Our cali-
bration and subsequent calculations showed that 7 percent of 3.5 GeV hadrons
give a signal greater than 20 equivalent particles while 0.2 percent give a
signal greater than 50 equivalent particles,’»®

The Monte Carlo program was run on a set of incoming primaries of dif-
ferent nuclear species and picked according to energy spectra (typically
E-2.6) based upon different models.l?0 ’

4. Discussion and Conclusions. We have carried out simulations for the dis-
tribution of pulse heights for delayed events generated by proton and iron
primaries, The predicted distributions are shown in figure 2. We note that
the distribution shape is essentially the same for the two species. Therefore
the flux Vimit derived below is independent of the nature of the primary.

PULSE HEIGHT OF DELAYS

I g

o ErF P= Protons
E‘ -L? F=lron
2 Figure 2: Predicted and
§'° 3 e measured (solid 1ine) sig-
¥ L—_1 t nal distributions for de-
g | ; '}\ I layed events
% 1072k F
8 | 14 1
g |

Tod ITE TS NNV SR FES R SRS PO NS |

COUNTER PULSE HEIGHT (EQUIV. PTLS.)
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We have compared the data with the signals predicted for a composition
obtained from a rigidity confinement model of cosmic ray propagation.l?,1¢
The observed distribution can be accounted for both qualitatively and quan-
titively without the need for the presence of either new particles or processes.
In Table 2 is shown the relative fraction of large signal events in each of
the three categories. Good agreement is seen,
We calculate the
upper Timit to the flux
rable 2 of "Massive Long Lived"
particles, ¢, from the
observation in Section

Comparison of Observed and Simulated Delayed Events

Fraction( %)

fven: 1 QD or NQD type vere
single Counter 56+ 9 41: 9 seen to penetrate into
Sinal a the D counters giving

- Tsop)© Quadrant 242 6 31 8 a pulse height larger

than one particle (see

Multiple C t 0+ S +
(Mcp)© ¢ Counter 20 %+ 8 Table 2). From our

Monte Carlo we can es-
timate that 54 percent
of all signals generated
by 20 GeV incident had-
~ rons should give > 2
particle signal in D if they generate 20 particle signal in B + C. Therefore
since none were observed we estimate at the 90 percent confidence level that
we have a flux of Tess than 2.3/0.54 particles in 9266_hours with an area
solid angle factor of 9.4 m2sr, ¢ < 1.4 x 10~12cm=25p-1s-1,

We remark that the Targe signal delayed events seen in a recent experiment
reported by a Japanese groupll and all other previous experiments can be ex-
plained in terms of fluctuations in cascades from low energy delayed hadrons in
air showers, .

This work was supported in part by a grant from the National Science Foun-
dation. The support of the Computer Science Center of the University of MD and
of the Tata Inst. of Fundamental Research is gragefully acknowledged.
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DELAYED PARTICLES IN EAS AT AKENO
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ABSTRACT

Using two 2.25 m” fast scintillation detectors, delayed
perticles in EAS have,beén observed at Akeno Observatory.
These are set under 1 m concrete and 2,5 cm lead plates
respectively, About 2550 EAS are snalyzed, The lateral
distribution of delayed paerticles for the EAS size >lO7 is
flatter than thet for“<107. The lateral density of delayed
particles is elmost constent for the size range 2.2x105"~*
107 and increases rapidly above 107.

These facts mey suggest change of nuclesr interaction at
107 and substantially the existence of heavy particles with
long life,

Above 1012 ev delayed particles in EAS were observed
near to the core, by using two 1 m2 fast scintillation
detectors telescoped.(l)(a)

These results are as follows,

Lateral distribution of delayed particles becomes flat for
various EAS size renges and lateral density for the size
<107 is almost constant, while it increases rapidly )107.(3)
Relation between the frequency and the delay time for the
EAS size >105 may be approximated by an exponential func-
tion, From these facts nuclear interaction for the EAS
size lO5 and 107 seems to change and two kinds of heavy
particles with long life are claimed, The possibility of a
massive particle has also been reported by measuring the
arrival time distribution of elactron.(4)
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From the end of 1983, two'2.25 m® fast scintillation
detectors are set at Akeno Observatory and in August, 1984
two more fast detectors( 1 mz, 2.25 m2, respectively ) are
set, These are enclosed in a black housing and constructed
Hemamatsu P,N, R=-1250 fast photomultiplier; rise time and
size of them are 3.4 ns( 2000V ) and 127 mm diameter,
Output from them is connected with 100 MHz stragescope using
a coaxial cable ( 11D-4AF ), The recorder consists of 35 mm
automatic camera., These are set under 1 m concrete.and
2.5 cm lead respectively,
The experimental apparatus is shown in Fig., 1,
About 2500 EAS of the present experiment have been analyzed,
The lateral distribution of delayed particles with a delay
time larger than 20 ns and burst sizes more than 10 parti-
cles is shown for the EAS size range 105—~ 2x108, in Fig, 2,
Relation between lateral density at some distance range
( 10-20 m ) from the core axis and EAS size is shown in
Fig. 3. Lateral density seems to be constant for the EAS
size range 2.2x105f~'107 and this is also seen in the other
distance range from the core axis,
If the observed delayed particles are fluctuations of ordi=-
nary hadrons in EAS, their lateral density should increasge
with EAS size, Nevertheless it is almost constant for the
EAS size range 2.2x105f~'107 and increases rapidly above 107.
From this, in 107 ~ 107 and above 107 nuclear interaction
seems to change and two kinds of heavy particles with long
life seem to contribute for every new linteraction,
An exsmple is shown in Fig, 4 for which two detectors have
two same delay signals in EAS with size 1O8 at a distance
of 42 m from the core axis.
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Fig, 1 Two 2,25 n® fast
scintillation detectors
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Fig, 2 Lateral distribution of delayed particles with a
delay time larger than 20 ns and burst sizes more than 10
particles,

(a) 10°< Ne< 2,2x107,  (b) 2.2x10”°< Ne & 4,8%10°,

(¢) 14.8x107< Ne< 10°,  (d) 10°¢ Ne< 2,2x10°,

(e) 2.2x10°¢ Ne< 107, () 107< Ne< 4.8x107,

(g) 14.8x10°< Ne< 2x108
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Fig. 3 Relation between EAS size and lateral density at
10-20 m from the core axis

Fig, 4

An examlej;two fast detectors
have two same delay signals

in EAS with size 10° at o
distance of 42 m from the core
axis,

1) 2) 3) L) 5)

5 6
4ol R

- 1) No delay signal of fast
detector,

2) Delayed signal with the
time of 62 ns from signal 1)
with the burst size of 43 particles, 3) Delayed signal with
107ns from 1) with 16 particles. 4) No delay signal of ano-
ther fast detector, 5) Delayed signal with 62 ns from signal
L) with 12-16 particles, 6) Delayed signsl with 109 ns from
signal 4) with 4 particles.
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ABSTRACT.

Energetic delayed hadrons in air showers with electron sizes in the
range 1060 to 109:0 have been studied by observing the delayed bursts
produced in the shield of nine 4m? scintillation detectors in the
Chacaltaya air-shower array. The frequency of such delayed bursts is
presented as a function of electron size, core distance and secy.

l. Introduction

The Bolivian Air Shower Joint Experiment (BASJE) group carried out a
series of measurements of the arrival time distributions both of muons in
air showers with primary energies above 10!7eV and of atmospheric Cerenkov
light from air showers with primary energies from 5x10 eV to 2x1017eV in
the Chacaltaya air-shower array (550gcm—2 atmospheric depth, 5200m above
sea level). On the basis of these measurements, we concluded that the lon-
gitudinal developments both of muons and of electrons at the early stages
are consistent with those expected from very high multiplicity models of
particle interactions(1)(2), This conclusion is supported by measurements
of the arrival time distributions of muons and of atmospheric Cerenkov
light in the Akeno air-shower array (930gcm=2 atmospheric depth, 900m
above sea level) by the Tokyo Institute of Technology groug using the
almost same apparatus as used in the Chacaltaya array

Furthermore, high-energy delayed hadrons in air showers have been
studied in the Chacaltaya array to examine whether the character of the mul-
tiple production of nucleons and anti-nucleons in high-energy interac-
tions is also consistent with this conclusion, and to obtain an informa-
tion on unknown heavy particles which may be produced in high-energy
interactions. These delayed hadrons were observed as delayed bursts pro-
duced in the shield of nine 4m? scintillation detectors in the Chacaltaya
array.

In this report frequencies and delay time spectra of these delayed
bursts are presented for air showers with electron sizes in the range
1050 o 109°0,

*Present addres: Department of Physics, Meisei University,
Hodokubo 337, Hino-shi, Tokyo 191, Japan
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2. Experimental

The observation started in May 1982. The shield of detector is com-
posed of 23lgem™2 of galena (PbS ore), 132gem™2 of concrete and 23gcm—2
of lead. The signal from a 5in fast photomultiplier (Philips XP2040) in
each detector was fed to an adding circuit., This combined signal was
stored in a 100MHz storage oscilloscope (Tektronix 466) by local trigger
signal generated when at least 7.0 particles passed through an unshielded
0.83m2 detector just above the central 4m2 shielded detector (this trig-
ger level was changed to 3.0 particles from October 1982) and at least
3.5 particles passed through five shielded detectors out of nine. When
this local trigger signal coincided with a master signal from the array,
which observed an air shower with electron size above 106'0, the stored
signal was photographed. The time response of the whole system was 4.5ns
in rise time between 10% and 907% of the signal and 12ns in full width at
half maximum (FWHM) .

3. Analysis

About 12,400 showers with electron sizes (Ng) above 1080 and secd
(6: zenith angle) from 1.0 to 1.8 were observed until October 1983.

The delayed burst produced by a high energy hadron was plcked up
primarily when the burst was recognized as a separate delayed peak in the ,
signal. Moreover, in order to avoid a contamination of apparent delayed
signals due to fluctuation in the arrival times of muons, following cri-
teria were requested for further screening:

(1) The burst size (nb) is larger than 15 particles.
(2) The value of FWHM of the delayed signal is shorter than 20nms.

Since the number of particles was measured simultaneously using a
16in photomultiplier (DuMont K1328) in each 4m? scintillation detectors,
the signal was accepted as the delayed burst finally when the number of
particles contained in the separate delayed peak was equal to the number
of particles of burst recognized from the pattern of the numbers of par-
ticles measured in nine detectors within the uncertainty. The delay time
of the burst was measured from the particle front in the photograph.

The distribution of sizes of bursts produced by hadrons with ener-
%165 E (GeV) were already calculated for the BASJE shielded detector (5)

6), And the average ny, is given by E/1. 0GeV.

The delayed bursts were classified by N,, secf and core distance (R)
into bins whose ranges were 0.5 in 1gNg, 0.2 in secH and 50m in R, res-
pectively.

4., Results »

Since the frequency of bursts is almost independent of sec®6 from 1.0
to 1.8, the results are presented by combining all of data in each bins
of secH., Figure 1 shows an example of delay time spectra of the bursts.
The frequency decreases monotonously with delay time. In figure 2 the
frequencies of delayed bursts are presented against electron sizes in
three bins of core distances. As is seen in the figure, the frequency in-
creases monotonously with electron size except for bursts with n larger
than 15 in air showers with N, larger than 108 in figure 2(a) and 2(b),
where the first peak in the signal arising from muons is high and the
tail obscured the delayed peak arising from the burst. The frequencies
shown in the figure were compared with those estimated from the calcula-
tions on delayed nucleons and anti-nucleons made by Grieder(7) with a
rising cross section of hadrons and an increasing multiplicity of nucle-
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ons and anti-nucleons, In the present estimation, the fluctuation in sizes
of bursts from hadrons with a given energy was taken into account by re-
ferring to the calculation made by Rappaport(5), The frequencies of de-
layed bursts observed in the present experiment are higher than those
estimated at electron sizes larger than 107, and the dependence on Ne is
steeper than that estimated., At present, the dependence<3fmultiplicity of
nucleons and anti-nucleons on energy is being examined to explain the
frequencies of observed delayed bursts,

Figure 3 shows a diplot of the burst sizes and the delay times of all
delayed bursts in the present observation. Seven delayed bursts with ny
larger than fifty particles and the delay times longer than 50ns were
found. Whether these bursts with large sizes and delay times are reason-
ably explained as arising from nucleons and anti-nucleons is an important
problem and is being carefully examined.
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Abstract

Alr showers containing delayed sub-~showers which
may be produced by a long-~lived massive particle
have been investigated by using twelve detectors,
Ten events have been selected out as the candidates,
However, a definite conclusion cannot be got at the
present time, ‘

1. Introduction

In our previous experiment, some effort to seek long-lived massive-
particles which may be produced in extensive air showers (EAS) was at-
tempted (1) (2). Double-peaked coincidence pulses from plural detectors
set at separate places in EAS array were investigated to observe these
particles. This method is based on the following idea, If a long-lived
massive particle is produced by a high-energy interaction in the upper
atmosphere and it decays to some particles after long flight, the second-
ary products from them will arrive at ground as delayed sub-showers
relative to main EAS particles. Four events were reported as candidates
for the massive particles, and furthermore, three events were added by
an observation after that time, This observation, however, was carried
out by using a few detectors, and accordingly the information on the size
of delayed sub-showers could not be obtained. A new .extended experiment
has been carried out by using twelve detectors in the Akeno EAS array to
get more information. Some preliminary results are reported in this
paper.

2, Experimental

Twelve scintillation counters for measuring the arrival-time distri-
bution of EAS particles were set in the Akeno array (S2 station). The
arrangement of detectors is shown in Fig., 1, 1In the figure, D1 and D2
detectors were piled up inserting iron sheets with total thickness of
10 cm between them, The signals from detectors AlVA3 were transmitted
to a storage oscilloscopé (100 MHz, Iwatsu TS-8123) through co-axial
cables with different length, respectively, and accordingly three sig-
nals were displayed on the same sweep of the oscilloscope, Detectors
B1vB3 and C1\C3 were also operated by the same system, Signals displayed
on each oscilloscope were send to a micro-computer (NEC PC-9801)
through A/D converters and the pulse profiles were stored in a floppy
disk. The pulses from detectors D1WD3 were displayed on a normal storage
oscilloscope (100 MHz, Tektronix 466), and recorded by an autocamera,
Each oscilloscope was triggered by the coincidence pulses from the
three detectors shown in the figure, and events accompanied by air shower
master pulses from the Akeno array were recorded.
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However, 32 of these events show the
second pulses with the same time
delay (the time interval between
first peak and the second peak),
considering the difference of the
time response of each detector

(4 ns). Further, only ten of these
events show the double pulses from
adjacent three detectors arranged

in a regular triangular form. An
example of these showers is given

in Fig. 2. 1In most of these cases,
delayed pulses do not distribute
over these triangular areas. We
have selected out these ten events

as candidates containing the delayed
sub-showers, and investigated various
characters of these showers : shower
age, incident angle and muon size

et al, These showers show normal
character in various points,

the

the second p
times and pa

HE 6, 2-10

Results

Pulses of 6300 showers were
analyzed in detail, The core
distances of 95% of analyzed
showers are less than 75 m.
these showers, we found about
70 events whose pulses from
three or more detectors showed
double peaks and one or more of
these delayed second pulses con-
tained at least five particles.
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Fig. 2 An example of
.candidates containing
delayed sub-showers

The EAS size is 3.0x106

and the core distance

of the sub-shower is

35 m. The closed squares

show the detectors with
ulses and the figuers are the delay
rticle numbers of the second pulses,
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When the number of incident particles to a detector is small, spu-
rious double pulses are produced due to the statistical fluctuation of
the arrival~time distribution of main EAS particles, Using the average
arrival-time distribution (HE 4, 7-2)(3) and the density distribution
obtained by our experiment for various core distances, this effect was

investigated by Monte Carlo simulation,
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Fig., 3 1Integral number
spectrum of double-
peaked pulses

An example of the results is
given in Fig. 3, 1In the figure,
observed integral numbers of
double~peaked pulses, curve (a),
are shown as a function of the
time delay, and curve (b) is a
result of the simulation., As
seen in the figure, the observed
numbers are much more than the
calculated value, The origin
of the difference is not clear,
Any useful calculation about the
fluctuation of the arrival-time
distribution of electromagnetic
shower particles or nuclear
cascade particles is not obtained
at the present time.

The spreads of detectable de=-
layed particles are of the order
of 5 m from the present experiment
» and then we could not get the
detailed information about the
structure of delayed sub-shower
from our arrangement of detectors.
A preliminary observation has
been carried out by the compact
arrangement which consists of 9
detectors within a regular tri-
angle of 10 m sides., We have
found three events which contain

five or more pulses showing double
peaked structure with the same

time delay. Finally, to arrive at the conclusion about the long—~lived
massive particle, a more elaborate experiment is necessary.,
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It has been recently proposed (Witten, 1984) that dark matter in the
Universe might consist of nuggets of quarks which could populate the
"nuclear desert" between nucleons and neutron star matter. Witten
further suggested that the "Centauro" events which could be the

signature of particles with atomic mass A~100 and energy E~1015eV
(Bjorken and McLetran, 1979) might also be related to debris produced
in the encounter of two neutron stars. In this paper, we examine a
further consequence of Witten's proposal and show that the production
of relativistic quark nuggets is accompanied by a substantial flux of
potentially observable high energy neutrinos.

Witten (1984) noted that quark matter can exist in the form of
droplets of finite size, '"quark nuggets", and be more stable than
nuclear matter, or at least metastable. If the hypothesis that quark
matter is more stable than nuclear matter is correct, then the end-
point of the evolution of a massive star will consist of core
collapse following exhaustion of nuclear fuel and formation of a
~1 Mo quark star. When quark stars are disrupted by collisions or
by tidal interactions, as would happen in the vicinity of a massive
black hole, one might expect to find prolific production of quark
nuggets. Even if the quark phase is only metastable then passage of a
shock through a neutron star involved in a collision should also
trigger formation of quark nuggets.

A plausible astrophysical scenario for the production of quark
nuggets may readily be constructed. Strong evidence exists that there

is a black hole of ~ 3 106 Me at the center of our galaxy devouring
matter at a rapid rate (Lo et al., 1985). This black hole most likely
formed, as did other supermassive black holes in the nuclei of active
galaxies and in quasars, by stellar collisions in dense galactic
cores. Studies of the evolution of such cores suggest that dynamical

relaxation occurs within a few 10° years to form exceedingly compact
nuclei of stars surrounded by more diffuse halos. Within. these
nuclei, stars collide with one another. Collisions between ordinary
stars will trigger the formation of neutron stars and one ends up
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with a compact central cluster of neutron stars. This cluster
continues to evolve dynamically until the neutron stars collide and
the debris aggregate to form a central black hole. This process is
greatly accelerated by gravitational radiation towards the final
stages (Shapiro and Teukolsky, 1985),

Once the massive black hole forms, neutron stars in eccentric orbits
will occasionaly plunge within the Roche 1limit and be tidally
disrupted. Occasional collisions will also occur, guaranteeing a
continuing supply of fuel for the central black hole.

All of this falls within the more or less conventional scenarios for
the evolution of a massive or supermassive black hole in the nucleus
of a galaxy. According to computations of neutron star collisions
(Gilden and Shapiro, 1984) approximately 30% of the neutron star mass
may be heated and disrupted. In the case of collisions between two
quark stars, we anticipate that the typical fragment size will have

baryon number A = 102-10% or larger. We shall proceed on the
hypothesis that the baryon number of surviving quark nuggets 1is of
this order. In the case of tidal disruption, we expect a similar
outcome.

We note first that the binding energy of quark matter is ~100 MeV
per unit baryon number. Hence a shock in excess of this energy should
suffice to cause disruption. This is precisely the energy that one
would expect for shocks induced within a few gravitational radii of
the central black hole. Post-shock heating will cause the temperature
to exceed 100 MeV, and there will be prolific emission of vv pairs.

We expect that the neutrino emission will amount to EV~1053 erg
per quark star disruptiom and that the spectrum of neutrino produced
will peak near 100 MeV.

Now let us consider the fate of the quark nuggets, we shall assume
that quark stars have many properties in common with pulsars, in
particular a magnetic field Bjo= B/1012 g ~ 1, radius Rg (in 106 cm
units)~1 and a rotation period p (in sec)~1. Newly formed quark
stars should have millisecond periods but quark stars that survive

for more than a few 10° years before disruption will have a longer
period.

We shall use the model of Goldreich and Julian (1969) to estimate the
electrostatic acceleration of quark nuggets as they are disrupted
from the rapidly spinning magnetic quark stars. In this simple model
which assumes that the magnetic dipole moment is aligned with the
rotation axis, charged particles escape along magnetic field lines
that extend outside the light cylinder where they are electrosta-

tically accelerated up to energies of 3 1012 z R52 812/02 eV. The

typical charge of a quark nugget is Z»5 al/3 (Farhi and Jaffe,
1984) and we infer that the typical energy to which quark nuggets can

be accelerated is € = 105 Aiég p"2 GeV .
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How many of these relativistic nuggets would one éxpect ? Let us
assume that we can tap the entire rotation energy ER~1047 p"2 erg

of the quark stars. Then we expect that N~10"2 A1%63 relativistic

quark nuggets of energy e will be produced per quark star
disruption. Note that this only amounts to a small fraction of-

(~10‘ll) of the quark star mass. Hence the acceleration process
should be complete and the rotational energy reservoir depleted long
before final disruption of the quark star occurs. A similar estimate
could also apply to acceleration of Fe nuclei if they could survive
neutron star disruption.

If the putative 3 108 Me black hole at the galactic center formed

over . the past 10° years, it must have grown on the average by 1 Me
per 300 years. Let us suppose that it grew by quark star swallowing,
involving either collisions or tidal disruption. The Larmor radius of
a quark nugget exceeds that of a proton of the same enerqy by a

factor 0.2 A2/3~5 Afég. Hence its Larmor radius will not exceed

a few pc and we infer that relativistic quark nuggets will be well
coupled to the galactic magnetic field. Hence they will accumulate
throughout the cosmic ray confinement region usually taken to be the
galactic halo, over a typical containment time of ~10 years.
Assuming N nuggets per solar mass captured are emitted and retained

in the galaxy for ~108 years we estimate l%he mean flux of
relativistic quark nuggets of energy € to be ~10-" (N/10%°) cm-

sec=! . We also predict a flux of 100 MeV neutrinos amounting to

~10 cm"2 sec‘l.

The observed anomalous high energy cosmic rays events (Jones, 1984)
correspond to a flux of ~10- om=2 &1 at an energy per event of

~10°%  Gev which agrees rather well with our estimates. Our
calculated 100 MeV neutrino flux is also close to the cosmic flux of

energetic neutrinos (>100 MeV)~11 cm‘2 S'l obtained from the 17

events/kiloton/year reported by the Kamiokande experimenters (Totusa,
1984) to be in excess of the atmospheric background events.
Conservatively, we should regard this experiment as setting an upper
limit on the background flux of 100 MeV neutrinos. Therefore the
black hole in the center of our galaxy may generate both the Centauro
events, interpreted as relativistic quark nuggets, and the high
energy neutrino background flux that is consistent with current
observations in proton-decay detectors. =
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Search for Anomalons Using Plastic Nuclear Track Detectors

W.Heinrich, H.Drechsel, C.Brechtmann, J.Dreute
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ABSTRACT

We exposed a stack of CR39 track detectors containing Ag foils
to a 1.7 GeV/nucleon °°Fe-beam and investigated the anomalous
mean free path effect. Neither the whole set of 7517 nor a
subset of 2542 interacting fragments produced probably in the Ag
target show an effect. By combining the data of this and an
earlier experiment we can also . exclude an effect for 3219
interacting fragments produced in AZ=1 collisions.

INTRODUCTION _

The situation of mean-free-path (mfp) measurements for relativistic
projectile fragments (PF's) under different experimental conditions is
still not clear. The results of emulsion experiments /1-3,11/ showing an
anomalously large interaction cross section of PF's within the first few
centimeters from their point of emission are contradicted by some other
experiments using different techniques like Cherenkov detectors /4,57,
plastic nuclear track detectors /6,7/ or even by experiments wusing
nuclear emulsions /8-10/. There are some indications that the effect is
preferentially observed for fragments produced in collisions with heavy
target nuclei and for fragments produced in extremely peripheral
collisions:

In nuclear emulsion a large number of collisions occurs with silver
target nuclei whereas the experiments using Cherenkov or plastic nuclear
track detectors provide targets not heavier than oxygen., If anomalons
would be produced only in collisions with heavy targets this would
explain all the negative results in these experiments.

Furthermore some observations are supporting the idea, that anomalons
are .'produced in extremely peripheral collisions. The most striking hint
comes-‘from a bubble chamber experiment /12/, where collision products of
a 3.7 GeV/nucleon '2C beam were analyzed. No anomalous behavior was
observed for all types of analyzed interaction products except !'2C
projectiles that had undergone a collision, but did not loose charge. If
we follow the hypothesis, that anomalons are produced preferably in
peripheral interactions, all experiments having a low sensitivity in
detecting these interactions should see a reduced or no effect of
anomalous mfp's. Experiments of this type are our first plastic track
detector experiment /6/ and the nuclear emulsion experiment of the BCJJL
collaboration /9/. :

THE EXPERIMENTAI. METHOD

We performed a new experiment which meets the requirements of both
heavy target and high efficiency for the detection of AZ=1 interactions.
For this purpose 200um thick silver foils were stacked between the CR39
foils (C,,H,30,) of 600um thickness. A stack of each 150 silver and
plastic foils with a size of 10cm * 8cm was exposed at the Bevalac to a
1.7 GeV/nucleon Fe beam with 10° particles per cm2?. The beam nuclei were
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slowed down in the stack to 0.8 GeV/nucleon. Due to the high sensitivity
of the detector material tracks of fragments with charges Z27 were
recorded.

After etching of the detectors the tracks of all particles were
measured using our automatic measuring system /13/. After a calibration
the particle charges were determined from the measured areas of the
tracks. The reconstruction of particle trajectories through the stack
was performed in a similar way as described earlier /7,1L4/. By measuring
the particle tracks on both sides of the detectors it was in principle
Dossible to separate the interactions that took place in the plastic
from those that occured in the silver foils. In the following analysis
only tracks with a length >4mm containing at least 10 etch cones are
included.

RESULTS :

The interaction mean free paths A, (x) were determined for intervals of
distance x .from the point . of efiission of the fragments as described
earlier /7/. These A,(x) ‘were normalized to a value A, which was
calculated considering therelative yield of the differen% isotopes as
described in /6/. No statistically significant deviations between the
measured interaction mean free paths and the calculated values can be
observed. A comparison of the data by a x*~test gives a y2=46.3 for 37
degrees of freedom.

To improve the statistical significance the normalized interaction
mean free paths for all individual fragment charges were compiled to one
data set of A*(x) shown in figure 1. The horizontal bars indicate the
intervals of distance from the interaction point. This result based on
7517 interactions of fragments with charges 7<Zs<25 shows no significant
deviation from a constant mean free path.

To investigate a dependence of the result on the mass of the target
nucleus we analyzed separately A¥(x) ror those fragments produced in
collisions with silver target nuclei. Because of some uncertainties of
the separation the data set contains only a part of about 70% of
fragments produced in silver which however is Breater than the
equivalent part in experiments with nuclear emulsion. Also this result
shown in figure 2 which is based on 2542 interactions gives no
indication on a dependence of the mean free path on x.

As described above the experimental data available until now indicate
that anomalons may be produced more efficiently in peripheral
collisions. Therefore we analyzed separately interactions of fragments
produced in AZ=1 collisions for this experiment including data of an
earlier experiment exposed to an “°Ar beam for which the analysis was
extended to Z=16 and Z=17 fragments. From this stack data of tracks
longer than 2mm are available. Our efficiency for the detection of a
fragmentation with AZ=1 decreases from unity to about 84% when the
length of the track decreases from 20 to 10 foil layers. The efficiency
was measured by artificial shortening of long fragment trajectories
contained in our data. This reduced efficiency would equalize a small
anomalous mfp effect. We' corrected our data based on the measured
efficiencies. Figure 3 shows the normalized A (x) of fragments produced
in AZ=1 collisions for which 3219 interactions were observed. No
anomalous mfp effect is seen behind the first cm.
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Figure Y4 shows three curves of confidence in the plane of the
parameters o« and Ap, where o is the admixture of the anomalons in the
set of PF's and Ap their mfp. Pairs of the parameters from the region
above the curves can be rejected at a confidence level of 95%. One curve
results from the fragments produced in AZ=1 collisions, another one from
those produced in the heavy silver target. Additionally we combined all
our data available until now from experiments described in this paper,
/6/ and. /7/ without any restriction. These experiments with Ar and Fe
beams at 1.7 and 1.8 GeV/nucleon, fragments in the range from Z=7 to
Zz=25 and CR39- or Ag-targets have contributed with altogether 16847
interactions. The resulting curve is drawn in figure U,

CONCLUSION

In summary we have investigated two hypothesises about the anomalous
mfp effect. In our high-statistic experiments using CR39 nuclear track
detectors we found no evidence for the existence of anomalons. Neither
the use of a heavy silver-target, nor the restriction on the data
obtained from the fragments produced in AZ=1 collisions are consistent
with a strong anomalous mfp effect reported earlier /1-3/. Due to the
possibility to measure the mfp at small distances from the “interaction
point our data provide a higher significance for the rejection of the
anomalon-hypothesis than earlier experiments /4/ at interaction lengths
below 0.5cm.
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Fig.1: Normalized
interaction mfp as a
function of distan-
ce x from the point
of emission in the
composed target
CR39+Ag. The dashed
line represents the
mean value of
0.985+0.012 ,

Fig.2: Normalized
interaction mfp of
fragments produced
in the Ag-part of
the target as a
function of distance
X from the point of
emission. The mean
value is
1.002+0.020 .

Fig.3: Normalized
interaction mfp of
fragments produced
In AZ=1 collisions
as a function of
distance x from the
point of emission.
The mean value is
0.986+0.018 .

Fig.4: Curves of
confidence in the
plane of the abun-
dance of anomalons
and their assumed
mfp obtained from
two subsets and a
combination of all
our data. The re-
gions above the cur-
ves are ruled out at
a 95%-confidence-le~
vel.
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Search for tachyons associated with extensive air showers in the ground
level cosmic radiation

H.F. Masjed and F. Ashton
Dept. of Physics, Durham University, Durham, England

Abstract

Events detected in a shielded plastic scintillation counter occurr-
ing in the 260us preceding the arrival of an extensive air shower at
ground level with local electron density >20m~? and the 240ps after its
arrival have been studied. No significant excess of events (tachyons)
arriving in the early time domain have been observed in a sample of
11,585 air shower triggers.

Introduction. According to the special theory of relativity a particle
of rest mass m and moving with velocity v=fc has total energy E=ymc
where y=1//1-82 so that velocities greater than the velocity of light c
are forbidden. To accommodate velocities >c in the formalism Recami
and Mlgnaml (1974, pg 263) suggest that for such objects (tachyons)
E=imc?/vVB2-1 where the complex number i is associated with the super-
luminal Lorentz transformation and not the 'rest mass' of the tachyon.
For such objects their total energy would decrease as their velocity
increases tending to zero as B»». Thus if tachyons are produced in

the collision of hlgh energy primary cosmic ray protons in the atmos-
phere via P+N+N+N+t+b+p10ns etc. then one would expect that they are
produced with high velocities (») at their production energy threshold.
If produced, tachyons would arrive at sea level before the air shower
front (comprising mainly electrons moving with velocity ¥¢) and for a
primary proton incident in the zenith direction and making its first
interaction at 17.7km above sea level the relevant time for infinite
velocity tachyons is 59us. For showers incident at a zenith angle of
60° the relevant time is 150us. To cover all possibilities ionising
events occurring in a 1. 05m2 area plastlc scintillator (shielded by
15cm of lead and 15cm of iron) occurring in the 260us time domain
preceding the arrival of air showers with local electron density 220m"2
have been recorded. Events occurring in the 240us after the arrival

of showers have also been recorded for comparison purposes. Some de-
tails of the experimental arrangement were described by Darjazi et al
(1983).

Results. The occurrence time distrihution of events recorded in the
tachyon detector relative to the arrival time of the extensive air
shower are shown in figure 1. Events occurring in the tachyon detector
were continuously injected into a 265us delay line system and its out-
out was recorded on a dual beam oscilloscope which was triggered by the
arrival of an air shower at the detector. Particles and photons pene-
trating the shielding above the tachyon detector and interacting with
it thus occur at the time of 265us in figure 1. It is seen from
figure 1 that there is no evidence for an excess of events occurring

in the 150us preceeding the arrival of an air shower as expected if
there is a significant flux of tachyons associated with air showers at
ground level.
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Caption to Figure 1 continued

pulse heights in the stated range of energy deposition) are too large
to be plotted and are indicated by n_. N is the total number of measured
events in the 0-500us time range but excluding the events in the
260-270us time bin and the figure in brackets is the number obtained
after correction for experimental bias. The range of pulse height v

is as measured on the recording oscilloscope. Also shown is the
corresponding range of energy deposition in the scintillator in terms
of e where e is the energy loss (10MeV) produced by a relativistic muon
traversing the scintillator at normal incidence. The amplifiers used
in conjunction with the delay lines had a non linear response so the
range of pulse height is not linearly related to the range of energy
loss.. The shaded portions of the histograms represent the effect of
experimental bias produced by large shower front pulses that saturate
the recording electronics and cause pulses occurring after the shower
front pulse to be unmeasureable. Large shower front pulses are
preceeded by an oscillation which causes a loss of measureable pulses
at small pulse height (<2mv) before the occurrence of the shower front
pulse.

It is apparent from figure 1 that there is evidence for more
events being observed to occur in the tachyon detector at times after
the arrival of the air shower than before it for energy deposits in the
detector of .19e¢ - .52e and .52e - e. e = 10MeV is the energy deposited
in the detector when a relativistic muon traverses it at normal
incidence. Table 1 gives quantitative data on this effect.

Conclusion. No evidence is found for a significant flux of tachyons

in regions of showers with electron density 2 20m~2 in a sample of
11,585 air showcr triggers. The excess of events found to trail the
arrival of the air shower front could be due to either photons in the
air shower electromagnetic cascade which have undergone diffusive
scattering, to low energy evaporation neutrons from air nuclei produced
in the air shower hadron cascade which subsequently interact in the
detection scintillator or low energy nuons from -y decay.
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Pulse height N(0-260us) N(270-500us) N(0-260ps)
range N(270-500us)
0.55vs2mv 2,225 1,597 1.39%0.05
0.07e<v<0. l4e (2,459) (2,074) | (1.1940.04)
7 gv<hnv 1,048 1,137 0.9210.04
0.14e<v£0. 19¢ (1,470) (0.7140.03)
i <vE30mv 273 665 0.4120.03
0. 19e<v£0.52¢ (849) (0.3240.02)
30 <v<120mv 175 301 0.58%0.06
0. 52e<vge
V> 120mv 138 146 0.9520.11
v>e
V3700mv 6 9 0.6720.35
vi3e

Table 1. The ratio of the number of events N(0-260us) occurring

in the time regions 0-260ps and 270-500us with N:270-500”3)1:imes
measured from the start of the oscilloscope time base. The shower
front pulse occurs at 265us from the start of the oscilloscope time
base. The numbers in brackets are the results obtained after
correcting the observed number of events for experimental bias.
Assuming all pre shower front and post shower front pulses are random
coincidences the expected value of the ratio N(0~260us) - 1.13

- N(270-500us) b
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CHARGE 4/3 LEPTONS IN COSMIC RAYS

Tomonori Wada and Yoshihiko Yamashita
Okayama University, Japan

Kuninisuke Imaeda and Isao Yamamoto
Okayama University of Science, Japan

A cosmic ray counter telescope has been operated at zenith
angles of 0°, 40°, 44° and 60° in order to look for charge
4/3 particles. A few million clean single cosmic rays of
each zenith angle were analyzed.

For (4/3)e charged leptons, GUTs (Grand unified theories) propose some
predictions!» 2,3, Especially SU(5) proposed by H.Georgi and S.L.Glashow!
predicts the existence of fractionally charged vector boson (Xys3 »X1/3) and
the proton decay, but these boson mass must be greater than 10!5 Gev. It
is hard to produce these particles by accelerators. So one must detect
relic fractionally charged particles from the "big bang'" by a cosmic ray
telescope.

A cosmic ray counter telescope at sea level has been operated and
analyzed%® in order to look for charge (4/3)e particles. Four RUNs were
performed at different zenith angles as the following table.

A: RUN name I I 11 Y

B: Zenith angle (degree) 40° 0° 60° 44°

C: measuring time (days) 130 130 260 150

D: pre-triggers (x 108 ) 8 16 8 8

E: pure (4/3)e zone events 15 16 22 3l

F: single track in the 6 2 2 9
column "'E" :

Results under adaptation of strict selection rules are ‘shown in fig.la,
1b, 1c and 1d. These figures show that data of zenith angles of about 40°
are different from data of other zenith angles; single track events of
(4/3)e zone are rich at 40° and 44°.

If a point source of fractionally charged leptons exists,that momentum
must be larger than 1021 eV/c. The other side, our experimental trigger
condition is By > 4.8 and if some of these (4/3)e zone events at 40° and
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44° are X,s3 vector boson,

P=gyMys; = 5x101% x 10% = 5x10%2% . (eV/c).

The momentum, 5 x10%"% eV/c is enough to pass through our Galaxy
" Where did (4/3)e leptons come from ? "

Single track events of (4/3)e zone at 40° and 44° are plotted in the
equatorial coordinates; fig. 2a and corresponding events of two particles
zone at 44° are also plotted in the equatorial coordinates; fig. 2b
Points of fig. 2a. mostly separated into two groups, but those of fig. 2b
were spread all over the map.

In this stage, the map of fig. 2 is not clear, so our observation has
continued.

¢ (4/3)e zone ,’
0 \2 {
0 + D \‘C: D %D % .
[@ \\;{:)o D D
. —10°¢- i Q .
8 \@ m
= 1 L PSSR SO S L i1 Il
o]
£  0Oh 20h 16h 12h 8h 4h Oh
S v ( b)
Q v \' T T
Q 2 parf/c(es zone ! 0 0
0' T " T
m G - WD OUm o o o/ O0g
-10°+ D \a D [:;l -4
4 d 4 \o\ ) S S | N 1 PP S PR 1 A A 0.5 1.0
detection
Right Ascension

efficiency

Fig. 2. Arrival directions of single track events for (4/3)e zone and two
particles zone.
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PROGRESS REPORT ON A NEW SEARCH FOR FREE e/3 QUARKS IN THE CORES OF
1015 - 1016 ev AIR SHOWERS

A.L. Hodson®™, R.M. Bull*, R.S. Taylor*, and C.H. Belford™

*Department of Physics, University of Leeds, Leeds, U.K.
+Department of Physics, University of Nottingham, Nottingham, U.K.

ABSTRACT

The Leeds 3 m? Wilson cloud chamber is bein§ used in a new search
for free e/3 quarks close to the axes of 1015~ 10'® eV air showers.
A 'ratio trigger' circuit is used to detect the incidence of air
shower cores; the position of the shower centre and the axis
direction are determined from photographs of current-limited spark
chambers. It is thus possible, for the first time, to know "where -
we have looked" for quarks in air showers and to select for
scanning only those cloud chamber photographs where we have good
evidence that the shower axis was close to the chamber. 250 g cm™2
of lead/concrete absorber above the cloud chamber serve to reduce
particle densities and make a quark search possible very close

to the shower axes. This paper gives the current status of the
search.

1. Introduction. We report on a new search for free e/3 quarks in the
core region of cosmic ray air showers. That is the very region where, if
free quarks exist, they are most likely to be found but one which it has
not been possible to explore properly in the past because of high
particle densities and low rates of shower core 'hits',

The 3 m? Leeds cloud chamber is ideally suited for such a search and
this is now operating under absorber in conjunction with an array of
discharge chambers which give information on the positions and directions
of shower axes relative to the cloud.chamber. Since the stereo scanning
of cloud-chamber photographs for lightly-ionizing e/3 quark tracks is
very time~consuming and tedious we can now be much more selective
regarding which photographs are scanned; currently we scan only those
events in which a shower core fell on a 35 m? discharge chamber array
above the cloud chamber so that we know that the shower axis either
passed through the cloud chamber or was in the close vicinity

Many improvements in technique and in the experimental arrangement
have been made since a previous quark search with this cloud chamber
(Hazen et al., 1975; Kass, 1977).

2. Experimental arrangement. Information on the shower cores is
derived from a 7m x5m close-packed array of 1 m? (2 cm gap) discharge
chambers with Georgian-wired glass faces. This is mounted directly on
the underside of a thin sandwich-panel roof (v 2*2gcm™2), some 6°5 m
above the cloud chamber (Figure 1), and is photographed from below. The
direction of incidence of the showers may be derived (within ~1-2°) from
the mean projected 'track' angles in two 1 m? (4 cm gap) orthogonal
vertical discharge chambers and one 1 m? (8 cm gap) horizontal discharge
chamber beneath the array.

Beneath the 'discharge chamber room' and under 15 cm of 1ead(2~10“kg)
and 25 cm of concrete (1+1 . 10" kg) is located the Leeds 3 m2 (x 1m deep)
Wilson cloud chamber (Hodson et al., 1965) with its 'front' window
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Figure 1l: Elevation of Leeds Discharge Chamber/Cloud Chamber Installation

horizontal (and its original internal plates removed).

The discharge chambers and cloud chamber are triggered by pulses from
an array of 7 plastic scintillators. A new trigger circuit, based on
ratios of pulse heights following the work of Green and Hodson (1979),
has recently been introduced to select showers whose cores fall within
the 35 m? discharge chamber array and to exclude, as far as possible,
those falling outside the array.

Four cameras are used to take stereo photographs of the cloud chamber,
four views on 68 mm wide film and two on 200 mm wide film (Kodak
Technical Pan 2415). A 40 cm deep section of the chamber is illuminated
by four linear flash tubes (135,000 joules total flash energy). The
photographs are taken effectively from above, via a mirror, so that the
tracks appear foreshortened and a lightly-ionizing track (such as is
expected from a relativistic e/3 quark) is more readily visible. Each
track passes, at some point, through the region of best focus and good
illumination; the photographic conditions are such that droplets on
individual ions are recorded. The expansion time of the cloud chamber is
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slowed to v200 ms to allow the ions to diffuse and give track widths in
the chamber V3.5 mm wide suitable for the counting of resolved droplets.

The absorber above the cloud chamber removes the soft component of air
showers and enables a search for free e/3 quarks to be made near the
shower axes., After locating the position of the incident shower core at
roof level in the discharge-chamber array it is then possible to trace
the shower axis down through the absorber to the cloud chamber level
using the directional information on the shower. The distance between
the centre of the cloud chamber, in which the search is made, and the
shower axis can then be found.

Voltages applied to horizontal planes of wires, 20 cm apart, within
the cloud chamber serve to remove background ionization. By using
electric fields of alternating directions between these planes and
removing these fields promptly when a shower is detected, we are able to
distinguish unambiguously between a genuine quark track and possible
artefacts due to low condensation on separated negative ion columns still
present in the chamber from pre~shower particles.

3. Current status of the search. The equipment is being run on as
near as possible a continuous basis. Between January 1984 and May 1985
we photograYhed over 5400 events (v 1200 with cores) at trigger rates of
“0+5-1 hr~ To date, 650 core-related events have been scanned in
stereo; no e/3 quark 'candidates' have yet been found.

Droplet counts on charge e shower tracks show a preliminary distribu-
tion as expected and demonstrate good discrimination between charge e
ionization and the one ninth levels expected from free e/3 quarks (Fig.2).

We are currently refining our technique for superimposing 'artificial
quark tracks' on occasional photographs to check observability and
scanning efficiency.

4, Acknowledgements.  We wish to thank the Science and Engineering
Research Council for financial support. We are also indebted to our
film scanners, Mrs J.Barker and Mrs P.A.Young, and former scanner,
Mrs J Wilson, for their invaluable assistance.
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Observation of Genetic Relation Among New Phenomena
Geminion, Chiron and Mini—Centauro

Brasil-Japan Collaboration of Chacaltaya Emulsion Chamber Experiment

: Abstract
The threshold energy problem of exotic type interactions is
discussed on the basis of available information from Chacaltaya
emulsion chamber experiment. The genetic hypothesis is proposed
as a working hypothesis to explain the discrepancy seen in cosmic-
ray study and CERN Pp—p collider experiments.

1. Introduction.

Brasil-Japan collaboration of Chacaltaya emulsion chamber experiment
have reported in several occasions observation on exotic type
interactions which could hardly be reconciled with the known processes
of pion production. They are the multi-particle production without
association of neutral pions emission, and called "Centauro" family with
reference to the first event Centauro-I in 1972. They include variety
of phenomenologically similar events with different particle
multiplicity and p[1]. The recent progress of collider technique made
the energy region of the accelerator experiments overlap over a part of
the region of the cosmic-ray study. P-p collider experiment at CERN,
covering the energy region of Ep=165 TeV in the laboratory frame,
however, found none of these exotic interactions. In 1985, there is an
increase of the energy of machine at CERN to the region E,~ 500 TeV and
also the start of collider experiments at FNAL up to the region of
Ep~ 2000 TeV. Thus it is important to make guess on the threshold
energy for such exotic interactions from the available information. At
the same time, the problem requires to solve a puzzle that cosmic-ray
experiments are observing exotic interactions of energy smaller than the
available energy at CERN collider. The present paper concerns to an
attempt at such guess and a working hypothesis of genetic relation of
exotic interactions is proposed and studied[2].

2. G-jets and Pb—jets-lower in Chacaltaya chamber no.19.

In order to make clear the problem which we are faced with, here we
present brief summary of the most recent observation of exotic phenomena
in C-jets and Pb-jets—lower study. It was made a systematic study on
198 C-jets and special Pb-jets—-lower of visible energy greater than 5
TeV in one half of lower detector of Chacaltaya chamber no.19, 28.8
lzyear exposure(3]. Among those, there are found following exotic-type
C-jets and Pb-jets-lower. Such exotic events are here triggered by
studying non pi-naut emission events after asking whether the individual
shower. core is electromagnetic origin or hadronic in the lower detector.
They are ; :

i) 8 C-jets of Mini—Centauro type, ( n > 3)

ii) 3 C-jets of n = 2 with very large invariant mass ( m(y)(1-2) > 1.8
GeV ), consistently interpreted as Geminion-type interaction in target
layer.

iii) 2 Pb~jets—lower with large p.(Y) > 1 GeV/c, with n= 2, consistently
interpreted ‘ to be Geminion and Chiron type interactions in the lead of
lower detector. n means number of shower cores.

It shows several X of the whole observed C-jets is of exotic type.
All those exotic events range from 5 TeV =25 TeV in their visible



energy, then the energy of incident hadron are estimated to be as much
as an order of p—p .collider energy or less.

3. Genetic hypothesis of exotic interactions.

‘ We will propose a working hypothesis to explain why the CERN collider
did not see those exotic phenomena, despite the cosmic-ray observation
shows the existence of exotic type event even in lower energy than
collider. The working hypothesis assumes that the concerned exotic
interaction is generated by the "exotic hadrons", but not a proton, a
pion, nor any of the known hadrons. It also assumes that the "exotic
hadrons" are produced out of the exotic interactions. Under the above
hypothesis we have the following picture as shown in Fig.l. An exotic
event seen at Chacaltaya is, then, the last one in a chain of exotic
interactions connected by a passage of an exotic hadron in the
atmosphere. Thus the origin of exotic hadrons can be located high up
in the atmosphere to the first.- point in the chain of exotic
interactions, probably made by primary cosmic-ray particles.

4, A possible candidate of exotic hadrons, the "B-particles".

It is remarkable that we found such genetic relation in the
systematic study of C—jets and Pb-jets—lower in chember no.19, just
introduced above. Among 8 C-jets of Mini—Centauro type, three
associates with atmospheric families, two with Chiron type and one with
super—femily M.A.III[4], one Pb-jet-lower with large pt(Y) nature
associates with M.A.III.

It was already reported that the secondary particles in Chiron type
family show several strange features not seen in a common type family,
and we put the name "B-particle" for them(1].

Though the observation is still in preliminary stage and is being
continued, we may try to see how it can be a candidate for exotic
hadrons. First of all, its large pt at the momentum transfer, and it
is outside the region of soft 1nS physics. This can be considered as
one of the necessary conditions to be a candidate for the exotic
hadrons.

5. Example of cascade of exotic interactions ; Chiron families.

Under the genetic hypothesis as described above, experimental study
was extended to every C-jet and Pb-jet—-lower of IE(y) > 5 TeV from 30
Chiron families, all the statistics in Chacaltaya chamber no.19 and a
high energy Chiron type family from chamber no.18. Out of those 30
Chiron-type families, there are, in lower chamber, 20 showers with I E(y)
> 5 TeV which satisfy the criteria of the multi-—core structure. The
following gives a list of those observed showers.

9 showers of ordinary pion production in the target —— pi—nauts are
found .

5 showers of successive interactions in the chamber - upper and
target layers _

1 shower of Chiron candidate — Pb—jet—lower

3 showers of Mini-Centauro candidate from the target

2 showers of mini-cluster candidate in the target

It indicates about one third, 6/15, is of exotic type. Among them,
the case of a Chiron candidate is most impressive, #507(475-17I1). It
is a shower with three diverging cores, and the geometry measurement on
the core position all~+= us to locate the point of vertex in the lower
chamber itself as shown Fig.Z. We obtain average p: of three cores as
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<piy)> = 1.7 +0.4 GeV/c, a quite high value. If we correspond each
core to a quantum of gamma-ray, it will be hard to explain them by the
ordinary pion production. Under the Chiron hypothesis, it is just what
we expect. From the Chiron interaction in the lower chember, a number
of B-particles will be emitted with large pt. Because of the limited
material thickness in the lower chember, some or most of B-particles
created will penetrate through the chamber, thus the three cores of the
event will be mini-clusters.

During extending the study to chamber no.18, we found a special high
energy Chiron type family, C18-1548-133I(5]. The family is of wide
spread and hadron rich character. We found a strongly penetrative
mini-cluster of the spread of 1 mm in radius in upper chamber, and in
lower chamber one C-jet and one Pb—jet-lower are found inside the region
of the shower continuation from the upper mini-cluster. What is
remarkable is that the C-jet, consists of seven cores with ZB(y) = 12.2
TeV, is of the nature of Mini-Centauro candidate, having no—pi-naut
coupling among constituent showers, and the Pb-jet-lower with diverging
four cores is of the nature of Chiron type candidate. Fig.3a shows the
target map and Fig.3b the divergence measurement emong four cores and
Table 1 gives some details of the Pb-jet—lower. We see similar
characteristics of large p(Y) nature in this Pb-jet—lower with the one
of Chiron type, #507(C19-47S-171). What is especially interesting in
this example is that hadrons(plural) which make different types of
exotic interactions are in the same mini-cluster.

6. Discussions.

We do not know yet much about primary cosmic-ray particles in very
high energy region. If we extrapolate the knowledge of lower energy
region, the primary particles will be more likely to be protons. At
the level of Chacaltaya, the observed rate of exotic event is about 0.5
m 2year . This value corresponds to the rate of a primary proton with
Bine > 1016 ey, In this means, we may expect that the exotic
interaction is produced by a primary proton with energy Einc as shown in
Fig.1 because of the steep energy spectrum of primary protons and the
sharp rise of cross section near the threshold.. Since the cosmic-ray
experiment pick up only events of the type which occupies a substantial
fraction in the nuclear collision, the real threshold value of the
exotic interaction will be lower than 1016eV. Thus we may think that
there is a fair chance of seeing the exotic interactions produced
artificially by the collider of FNAL with energy 2x1015ev. Here, we
should mention other possibilities, too. The one is the proposal of
new phase of the hadronic matter, quark-gluon plassa formation, in
nucleus-nucleus collision(6), different from Pp—p collisions and the
other is that the primary cosmic-ray contain exotic objects such as |
quark globs({7] besides known nuclei. It is an interesting hypothesis
and if it is the case the observation of exotic type interactions will
have a connection with the astrophysical problems.
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e Tecnologico, Fundacao de Amparo a Pesquisa do Estado de Sao Paulo,
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TIEN-SHAN EFFECT AND CHARMED PARTICLES.
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Vel.Xakovlev - P.N.,Lebedev Physical Institute,Moscow
117924, Leninsky Prospect 53, USSR,

P,I.Golubnichy, L.A.Efimenko, R.T.Savchenkg -
Voroshilovgrad Mashinery Building Institute, USSR,

Abstract

It is shown that the Tien-Shan effect of long-flying

component can be explained as a consequence ¢f char-

med particles production with high enough production

crogs—section (about 5 wb/nucleon at 100 TeV),

The investigation of attenuation peculiarities of

EAS hadronic component energy flux in the calorimeter with
lead absorber has shown /1,2/ that energy dependence of
hadronic component energy attenuation length IL(E) has a
peak-type behaviour (see fige1 in /1/). This pPhenomenon,
named as "Tien-Shan effect", we 11 account for as a conge~
quence of generation and following decay of particles with
charmed quarks. The most important conclusion from the com
parison of theory and experiment ig that charmed particles
have to be produced in the fragmentational region and the-
ir production cross-section at energies about,100 TeV must
be equal (5+2) mb/nucleon.

For a qualitative analisis of influence of particles
with heavy quarks on the hadronic cascade we use as the
first approach only one sort of pParticles called conventi-
onally as charmed ones., It simplifies the system of kine-
tic equations for processes investigateds

%%:—XSC)' %—g:—fbsN"'é\S‘c;
ASp _ _ Syt +2Z p8, + %({—S)Sc 0

with Initial conditions

{s'c(o)z X8/ ; Snl0)=1-Kw,
:;ﬁi(b)==‘%<%<Q<A/—-<)<CJ> écu/%?f/> (2)

Here & - are the fractions of primary energy transferred
into charmed (C), nucleon (N) and pion (JI7) components;
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7 is the coordinate along the axis of cascade developing;
G‘c/ é y —is a probability of charmed particle producti-
ogn. Eqs (1) show energy variation of charmed, nucleon and
pion components because of their decay and interaction.
Coefficients in (1) are 2

ol = 1 = _5-'!- X: —'1" + "‘""" ' 6\~

Sop 0 PN 8T (%)

where )~1’ K .are mean free paths and 1nelast1c1tles of
i-th component, B is the energy fraction transferred
into pions bj the particle decay into nucleons and pions
(kaons have irteraction properties close to those of pi-
ons). The complete sclution of the system of equations

is given in /3/. In particular case B = 1; K = 1, the to-
' tal energy of pions 1s written in the form '

~ol -l 2

<Sp=¢e ?*g x&[&e ye ] ()
" It is seen that "the standard cascade" exp(— chz) acqu-~
ires additional contribution from the charmed component.
At the small depths it is negative that corresponds to cas
cade damping because some epnergy is kept by charmed parti-
cles. After decay of those particles the energy is added
to the cascade so that at the depth Z =(ln X/OL)/(X-OL)
the transferred into pions energy becomes Jjust the same as
the energy in standard cascade. The maximum contribution
from the charmed particles is achieved at the depth Zmax=
= 2 Zo’ after that the cascade decreases along the sane
exponent as a standard one, but with an enlarged coeffici-

ent. So the charmed particles in the beginning of <cascade
gtart to "eat up" the standard cascade, then supply the ad
ditional "bump" which transforms intec the usual decrease
at the tail of the cascade. ‘

More comprehensive system of kinetic equations for
distributions of particle multiplicity F (index i means
the partlcle $ sort) of energy E along depth Z

(fi{’i ,( ET cp)F{EZ) 7 A JF(EZ (EE/G/L‘*ZR&J (5)

The dump of partlcles i ecaugé of 1nteract10n (A ) and
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decay ( Tfi) is compensated by their production in the ing
lastic interactions (Wij) and decays (Rij) of particles j.
The pion production spectrum has been chosen of CKP type,
but for /\c it was admitted to be independent of X /4,5/
with X = 0,5, The D meson § spectrum is soft, but harder
for primary pions to take into account the leading effect,
Mean free paths have been taken as >\ 1\I='I92 g/cmz; >"]ri =
210 g/cm2 /7/, and inelasticities are equal to Ky=0,633
K]Ff = 0,7 /7/; K =0,1 /8/. The hadronic mode of decay on-
ly has been taken into account. Charmed particles produc-—
tion cross-section is assumed to increase starting from
FNAL energy, passing through ISR energy and achieving the
constant value at an energy 100 TeV, Cascade curves in
the depth & interval 374-=-924 g/cm2 (as in experiment) were
fitted by exponents, which determined attenuation lengths '
of cascades. The results are shown in fig.1. L(E) dependg
nce for a standard cascade is shown by a dotted line, Num—
bers mark corresponding asympthotical cross-section values
equal 1,2,5,10 mb at 100 TeV. One can see that 5 mb value
corresponds to the best agreement with the experiment. The
energy fraction carried out of the calorime%er by charmed
particles grows with a primary energy (fig.2). It means
that we use in the experiment another energy scale becau-
se we group all events according to the energy ieleased

in the calorimeter., Accounting this fact leads us to the
unexpected effect i.e. narrowing of peaks and wmoving them
to lower energies (fig.3).

For a detalled comparison with the experiment we
are performing now the Monte-Carlo calculations.

Thus sufficiently effective charmed particles produc
tion in the‘fragmentatidnal region leads to the energy de-
pendence of cascade § attenuation lengths with clear maxi-
ma. It describes well gqualitatively the main peculiarities
of the Tien-Shan effect.

" REFERENCES:
1. Yakovlev V.I. et.al., Proc 18 ICRC,Bangalor 1983,v.5,102
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MUON AND NEUTRINO FLUXES

P.G. Edwards and R.J. Protherve
Department of Physics, University of Adelaide
Adelaide, South Australia 5001

Abstract. We report the result of a new calculation of the
atmospheric muon and neutrino fluxes and the energy spectrum of
muoh-neutrinos produced in individual extensive air showers (EAS)
initiated by proton and ¥-ray primaries. We also examine the
possibility of detecting atmospheric v.'s due to Y-rays from
sources.

1. INTRODUCTION. Interactions of ~1 GeV neutrinos can mimic nucleon decay
events and it is therefore important to know the atmospheric neutrino flux
in order to calculate the expected rate of background events in nucleon
decay experiments. With the development of large nucleon decay detectors
this topic has received much interest over the paat few years (Gaisser et
al., 1983a,b; Dar 1983). These large detectors can also be used for other
purposes, however. Their large masses make them good neutrino detectors
allowing searches for neutrinos from bright extra-terrestrial sources.

Here again an accurate knowledge of the atmospheric neutrino background due
to cosmic rays is important.

The detection of UHE ¥-rays from Cygnus X-3 (Samorski and St amm,
1383; Lloyd-Evans et al., 1983), Vela X-1 (Protheroe et al., 1984) and
LMC X-4 (Protheroe and Clay, 198%5) has added further impetus to the
neutrino observations as it is usually considered that a neutrino sighal
would almost certainly suggest a n®-decay origin for the ¥-rays. Gaisser
and Stanev (1985a,b) have recently calculated the expected v, flux and
light curve for Cygnus X-3 on this basis together with the response of deep
detectors to extraterrestrial neutrinos.

Here, we report the results of a new calculation of the sea level
atmospheric muon and neutrinc fluxes. We have also calculated the energy
specfrum of v.'s in individual EAS initiated by primary protons and ¥-rays
to test whether atmospheric neutrinos from ¥-ray initiated EAS could be
detected with existing detectors,

2. THE CALCULATION. The simulation procedure was identical to that used
in our earlier work (Edwards =t a2l., 1985) and consisted of numerical
solution of the following coupled equations (see e.g9. Gaisser et al.,
1978):

aNy (E, x) 1 (dh/dx) a

——————— = - Ny (E,x)[ + 1 + —=ENg CE, x) (dE/dx), ]
ax x4 () (cE/mydT,  3E
w F3a(E,E") Ny(E?,x)
+TiC 1dE?, 1)
3= E xs(E")

where Ny is the energy distribution of particles of type i at depth x; x,
is the mean interaction length, m, is the rest mass, 7. is the mean decay
time, and (dE/dx)s is the mean ionization energy loss rate of particles of
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is the
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particle of type
J and energy E'
producing a
particle of type
i and energy E
to E+dE per
interaction.

The particles
considered in
the simulation
were: nucleons, \
charged pions, 100 L—t Lttuuntj —
charged and 10 o 107
neutral kaons, ENERGY:-  E.,(GeV)

RUONS and bOth Fig. 1. Sea levél atmqspherl‘fc neutrino flux at ; Ll ol
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neutrinos (by ENERGY E,, (GeV)
"neutrinos" we . Fig. 2. Vertical neutrino flux from present work
include e R O ST
anti-neutrinos).

The model of inclusive particle production in proton-air nucleus
interactions used in the simulations is that described by Gaisser,
Protheroe and Stanev (1983). The nucleon—air nucleus interaction length
used vas that given by Ellsworth et al. (1982). The pion and kaon-air
nucleus interaction lengths were suitably scaled from this (Hillas, 1979).

The primary cosmic ray nucleon flux used r ! T
was hased on the results of satellite and
balloon-borne detectors (Simpson et al. 1983; R -
Ryan et al. 1972; Gregory et al. 1981; Simon et
al. 1980; Juliusson et al. 1983; Sood 1983) and
the superposition model.
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3. RESULTS. First we present our results on
the flux of atmospheric muons and neutrinos.
The calculated sea level neutrino flux is shown

L |
in Fig. 1 for a number of zenith angles and is 10

seen to increase with increasing zenith angle ‘

(i.e. atmospheric thickness). We have compared o' .
our calculated neutrino fluxes with previous

results. Fig. 2 shows the good agreement found &t _

with the vertical flux calculated by Gaisser et
al. (1983a,b) and Volkova (1980). The results
of Tam and Young (1969) (not plotted) are

% ALLKOFER et at (1971)
10°[" o MITSU! et al (1983 )

VERTICAL MUON FLUX FP(Epl(rﬁzs"sF‘GeV")

similarly in agreement. T PRESENT WORK

The vertical muon flux we calculate is 7 ! L
plotted in Fig. 3 where it is compared with the LA A R 1
experimetal results obtained by Mitsui et al. MUON ENERGY E,(GeV)

(1983) and Allkofer et al. (1971) and found to Fig. 3. Calculated vertical muon flux compared

with recent observations.
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be in good agreement.

We turn now to neutrinos
produced in individual cosmic ray
and ¥-ray initiated EAS. In Fig. 4
we show the differential energy
spectra of v.s produced in
individual EAS divided by the
primary energy. Over the 103® -
10*® eV primary energy range, the
Va spectrum in §-ray initiated EAS.
is ~10 to 100 times lower than in
proton initiated EAS. Alga, the
number of neutrinos divided by
primary energy decreases with
increasing primary energy in cosmic
ray EAS but is approximately
independent of primary energy for
¥-ray initiated EAS. This
behaviour is similar to that of
muons in cosmic ray and ¥-ray
initiated EAS (Edwards et al.,
1985).

4. DISCUSSION. Recently Gaisser
and Stanev (1985a) have calculated
the expected v, flux and light
curve of Cygnus X-3 assuming it is
due to protons produced near the
neutron star interacting in the
atmosphere of its companion to
produce a mini-EAS in in the star’s
atmosphere. Cocconi (1985) has
also suggested that LMC X-4, being
a bright Southern UHE ¥-ray source,
would be a good neutrino source
candidate for study by Northern
observersg,

It is possible (although we
consider it unlikely) that the
¥-rays from Cygnus X-3 are due to
interactions of electrons
accelerated to extremely high
energies. If this were the case,
we would expect no neutrinos from
the source. Obgervation of
neutrinos from Cygnus X-3
would then indicate that the ¥-rays
interactions of high energy protons.

from Cygnus X-3 might also be detectable, however.

HE 6.2~18
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Fig. 4. Differential energy spectrum of muon
neutrinos in proton and ¥-ray initiated EAS
divided by primary energy, Eg. (Numbers attached
to the curves are logiolEa/GeVI).
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Fig. 5. Expected flux of atmospheric v.s due to

¥-rays from Cygnus X-3 (dot~dash line) compared
wvith the flux expected directly from the source
(solid and dashed lines) under two different
agsumptions (Gaisser and Stanev, 1985a).
were almost certainly due to
Atmospheric neutrinos due to ¥y-rays
If this was so, then

5 6

such a conclusion would be invalid although it may be possible to .

distinguish the two origins through
different in each case.

the light curves which would be

Here, we calculate the differential v. flux due

to ¥-rays from Cygnus X-3 by convolving the v. spectra in ¥-ray initiated
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EAS of Fig. 4 with the ¥-ray spectrum of the source:

N(E) = 4.53x107*(E/GeV)~2 (photons m~* s5—! GeV~?), )

This is based on the integral flux reported by Lloyd-Evans et al. (1983).
The result is shown in Fig. S where it is compared with the expected v,
flux due directly to the source as calculated by Gaisser and Stanev under
two different assumptions. At t TeV the atmospheric v. flux is ~10®

lower than that due directly to the source and would be considerably below
current detector sensitivities (Stenger 1985).

5. CONCLUSIONS. Our calculated atmospheric muon flux is in good agreement
with observations. The calculated neutrino flux is in agreement with other
recent predictions. We support the view that a neutrino observation of a
UHE ¥-ray source would be strong evidence that the UHE ¥-rays and neutrinos
result from high energy interactions of protons or nuclei.

Acknowledgments., P.G.E. is in receipt of a Commonwealth Postgraduate
Research Award. This research has been supported by the provision of a
Gueen Elizabeth 1I Fellowship a grant from the A.R.G.8. to R.J.P.
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SEARCH FOR ACOUSTIC SIGNALS FROM HIGH ENERGY CASCADES

Raymond Bell and Theodore Bowen
Department of Physics
University of Arizona, Tucson, AZ 85721, USA

Introduction. High energy cosmic ray secondaries can be detected by means of
the cascades they produce when they pass through matter. When the charged
particles of these cascades ionize the matter they are traveling through, the heat
produced and resulting thermal expansion causes a thermoacoustic wave. These
sound waves travel at about 10°° the speed of light, and should allow an array of
acoustic transducers to resolve structure in the cascade to about 1 em without
high speed electronics or segmentation of the detector. '

Experimental System. The University of Arizona cosmic ray group operates an
observatory at 747 g/cm? atop Mt. Lemmon, 72 km from the campus in Tucson,
Arizona. The system, whose layout is shown in Fig. 1, consists of an experimental
stack offset to the side of the building, and four airshower detectors located near
the four corners of the building. The shower detectors are liquid scintillation
tanks 1.8 m x 1.8 m in size. The experimental stack, shown in Fig. 2, consists of
a cascade generator of Fe and Pb followed by a tank of trichloroethylene located
at a depth corresponding to the maximum of a cascade generated by a 0.7 TeV
gamma ray. This trichloroethylene tank acts as the acoustic detector and has
four acoustic transducers located within the tank. The Pb above and Fe below the
tank are in contact with the tank walls and provide an acoustic mirror. Beneath
the acoustic detector is a hodoscope to provide some positioning information for
the cascade core, and a three section calorimeter consisting of liquid scintillation
detectors sandwiched between layers of Fe. The acoustic signals are continuously
digitized by a multichannel waveform digitizer. When a large signal is found in
the calorimeter, a trigger pulse is generated. The trigger pulse stops the digitizer
after an appropriate delay to allow the acoustic wave to arrive at the transducers.
Also, pulse heights from the shower detectors, calorimeter, and hodoscope are
recorded, and the arrival times of the shower detector pulses are recorded to
provide azimuth and zenith information.
East

l 2 F—\Air Shower ‘
Counters 3

! Fig. 1. Observatory layout, showing position
Z- of airshower counters and experimental
I0P VIEW T stack,
60 f1.
£ S

Acoustic and T
Scintillator Cascade Det.

oo

Counters

West
40 ft.
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Acoustic Detector. The acoustic detector first used in this experiment was a
tank of mineral oil instead of the tricholoroethylene currently used. The expected

signal-to-noise (S/N) ratio in the near field of a cascade-produced thermoacoustic
wave in mixed units is given by

LT 777777777777 777777, 145 em e
-——6.25 cm Air gap

T 25cmFe
= 05emPb

2.5¢mFe
\ Hydrophones’ ‘\\0.5 cmPb
5.7cm Fe

I T T T T T T

. Overlapping plastic
Liguid Scintillotor No.1 scintillator hodoscope

LT T 7777 77777 A108 em e

[ Liguid Scintillator No.2 B
LT 777777774108 em Fe
[ Liquid Scintitlafor No. 3 ]

YY\\\\\\\\\\\\\V}:l\\\\\\\\\\\\\V\\\\\\\\\“
oor

Fig. 2. Side view of acoustic and scintillator cascade detector.

(=) = (2.2x107%) L n?/R(m),

near field

Zlon

where
L = [B(°C™e(m/s)/Cpcal-g-*-°C I [dE /dEMeV-g" Lem?T . o(g-om3)/T(K).

n is the number of charged particles in the cascade and Rgo(m) is the distance to
the observation point. A gamma ray of 50 TeV with a Pb shower generator is
expected to achieve a S/N ratio of 7, for which the thermoacoustic wave should
be clearly visible relative to the thermal noise. With trichloroethylene, it is
calculated that a gamma ray of 15 TeV is necessary to achieve a S/N ratio of 7.
The transducer amplifier system used in the detector can be characterized by the
constant k in the equation

Ny N
(S)f—k(s)i ’

where (N/S); is the acoustical noise-to-signal ratio, (N/S)¢ is the electrical noise-
to-signal ratio at the amplifier output, and k is a degradation constant. For the
system used, k has a value of 1.2, so that the expected S/N ratios in the recarded
data are about 80% of those in the detector itself. In the fall of 1984, simulations
of this process were conducted at the University of Arizona Health Sciences
Center with an 18 MeV electron linac. One of the results indicates that a
minimum density of 5x10° electrons/cm? is needed in mineral oil to produce a
detectable acoustic wave. When this condition is applied to cosmic ray cascades,
mx2 gives the size of the cascade core over which n must exceed 5x10°, where X =
A/2m and X is the wavelength determined by the transducer center-frequency. For

the2 50 kHz center frequency of the transducers in this experiment, mx2 = 0.35
cm*.
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Present Results. At the time of writing of this paper, no strong candidates for
acoustic signal events have been recorded by this experiment. The reason for this
is intimately connected to the gamma ray family phenomena, The density of
charged particles in the acoustic detector produced by a cascade depends on the
lateral distribution of energy among the gamma rays when they enter the shower
generator. For example, a 100 TeV gamma ray will produce a higher particle
density than if that same 100 TeV is spread out laterally among many gamma
rays.

Event rates for this detector were expected to be low. However, the gamma
ray family phenomena has made the rate less than initially expected. The integral
spectrum of individual gamma x‘ays2 observed at 650 g/cm2 can be used to
- calculate the worst-case event rate. In this case, a rate of 1 event per 11,000
hours “for mineral oil and 1 event per 1,100 hours for trichloroethylene is found.
However, these individual gammas are members of families. If, instead, we
employ the integral spectrum of gamma ray families® and assume the lateral
spread of the members of the families is small, we obtain an optimisic rate of 1
event per 736 hours for mineral oil and 1 event per 110 hours for
trichloroethylene. :

The integral spectrum of events which occurred during 829.7 hours of
exposure with the mineral oil detector has y=-2.240.3, in agreement with gamma-
family results for Z’E,. During the mineral oil run, 4 events were observed with
energy >50 TeV; it is believed that these events did not produce a sufficient
particle density because each cascade did not result from a single gamma ray.
The integral spectrum calculated from particle densities observed at the shower
detectors gives a spectral index of -1.42#0.1. The differential flux of events as a
function of cos® can be expressed as

f(cos0)dQ = f [exp(-x/A cos®)IdR

where x is the atmospheric depth and A is the mean-free path. We obtain a value
of A=7848 g/cm?.

At this time, the trichloroethylene detector has been exposed for 155 hours,
and one weak candidate for an acoustic signal has been seen. It is hoped that this
detector will provide interesting results in the months to come.

Refverences
1. T. Bowen, Proc. 16th ICRC, Tokyo, 11, 184 (1979).
2. M. Akashi et al., ibid, 7, 68 (1979).

3. M. Akashi et al., ibid, 13, 98 (1979).
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EXPERIMENTAL INVESTIGATION OF RADIATIVE-ACOUSTIC EFFECTS
IN THE WATER BY THE THERMODYNAMICAL CONDITIONS OF DUMAND,

P.I.Golubnichy,S.D.Korchikov-Vorgsshilovgrad Mashinery
Building Institute, USSR,

S.l.Nikolsky,V.Il.Yakavliev = P.N, Lebedev Phygical Institute
117924 Moscow,Leninsky Prospect 55, USSR.

Value of the scound pulge produced by high energy
neutrino, if thermoacoustical mechanism of sound generati-
on takes place, is proportional to the density of energy
emerged so as Grunaisen parameter M= kca/ c.. of the sub
stance. Here k=k(t° ’ PO,S %o )3 c=c(t° P18 %o )3 cp
=C (to,Po,S % ) are coefficient of termal expansion, so-
und velogity and specific heat depended on temperature to
pressure P and saltness S %o of sea water /1/ .

The acoustical signal initiated by the beam of rela-—
t%yistic electrons was investigated in the distilled /2/
sovin the salt water with the concentration of NaCl varied
frcm O %o 35 % /3/. 1t was shown that acoustical sig-
nal by the normal temperature has mainly thermoacoustical
nature.

..In this experiment thermodynamical conditions corresg
ponding to the deep underwater (H=5000 m, P,=500 atm, t= 29
Cs S=3%5 %o ) was realised by helping of hlgh pressure cham
ber., The chamber has inputs for electron (E=50 MeV) and
lager beams, experimental conditions were closed to those
in /2,3/. Comprehensive analysis of acoustic signal by the
varyation of pressure, temperature and saltness of water
was performed using the laser beam., Using the electron be=
am measurements of acoustic signal was performed in the
next conditionss P =1 atm, b= =16°C and P =500 atm, t=1 ¢
and t=169C, Fig.1 demonstrates experlmental values of
acoustical signals for laser and electron beams after cor—-
rection on energy absorbed so as geometry of experiment,
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At the same picture iterpolated dependences of Grunaisen
coefficient [° on t, P, and 8 are plotted (solid lines)
using tabular data /4/; experimental data from /2,3/ also
are shown here., 1t is seen from the figure that acoustic
signal value J follows well Grunaisencoefficient.

Thus one capn affirm in the thermodynamical conditi-
ons close to deep underwater acoustical signal from the
beam of relativistic electrons has mainly thermcaccustical
nature., The value of Grunaisen cocefficient corresponding
to conditions of DUMAND (t=2°, P,=500 atm, S=35 %o ) is
equal to Nz 0,12,

To model possible contribution of ancther acousti-
cal mechanisms in the total sign%} the dependence of sound
value initiated by vapour microbubles on hydrostaﬁ}c pre-
gsure was investigated. Ensemble of vapour microbibles was
initiated by laser beam striked the pelydisperce mixture
of grains in water (grain & sizes ~ 1072-10"2 cm, grain &
number ~ 107 cm“a, density of laser beam energy 10210~
J/cma; full points in fig.2). Acoustical signal value
from the single caverne initiated by laser bresk of water
(~1 J/cmg) in dependence on hydrostatical pressure was
also investigated (® ip fig.2). It is seen from the fi-
gure that the value of soft (evaporating) heterocomponent
" of éﬁoustical signal becames diminutive at depths greater
than ~ 1000 m. The value of hard heterocomponent i.e. acou
stical signal from laser break of water is practically in-
dependent on hydrostatical pressure. The Grunaisen parame-
ter is shown in fig.2 by solid line taking into account
the change of t°, P, and S %o of water in dependence of
water depth. The experimental data on acoustical gignals
initiated by laser () and electron ( o ) beams alsc are
shown in fig.2.

It i1s nessesary to point out that the sensitivity of
hydrophones made of piezoceramic CTS-19 was changed not
more than 10 % in the pressure range 1-500 atmn,

1
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EXPLORING RESULTS OF THE POSSIBILITY ON DETECTING
COSMIC RAY PARTICLES BY ACOUSTIC WAY

Jiang Yin-lin, Yuan Yu-kui, Li Yan-guo,
Chen Duon-bao, Zheng Rong=-ting,.

Institute of High Energy Physics, Academia Sinica
P.0.Box 918, Peking, China

Song Jian=ning.
Institute of Acoustics, Academia Sinica

1  Introduction

The idea of detecting ultrahigh energy «cosmic ray
particles by acoustic way has been suggested for years, .
To date many theoretical and experimental researches have
been completed(1l=-9), In order to pursue this possibility the
acoustic background noise in ocean and large lake have been
examined., Stenger et al first explored the ultrasonic signals
in the sea off the Barking Sand coast of the Hawiian island
Kauai in May 1977(10). Some waveforms of transient and
ultrasonic signals were recorded. But there is no conclution
on the sources and the properties of these signals.In the
recent years Kaneko et al have examined the possibility on
observation of super giant air showers above 10%eV by aid of
detecting the acoustic signals generated by the shower cores
in a lake at mountain level(ll). In the past we reported that
there are some transient and puzzling ultrasonic signals in
large reservoirs(12). In order to clarify the sources and the
properties of these signals and to examine whether some
signals among them are produced by ultrahigh energy cosmic
‘ray particles a new experiment was carried out during the
period from June to August in 1984 at Reservoir Miyuin,.

2 Experimental status and apparatus

The experiment was carried out on a ship floating on
Reservoir Miyuin(altitude:134m). The distance from the ship
to the major dam is about 150m. Observation was conducted
at night., The new apparatus consists of a hydrophone array,
a small EAS array and electronic instruments., A schematic
diagram of the experimental setup is shown in Fige le
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Fig. 1l: Aschematic diagram of the experimental setup,
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The construction of acoustic array is a rectangular
coordinate systeme. Radial distance from central hydrophone to
external one is lm, The depth of the center of the array is
2.85m under water, The hydrophones with pre~amplifiers(gain:
20db) subject to three types. Frequency response is uniform in
the range from 4KHz to 100KHz(+3db). The sensitivity is from
lquvAubar to SSQMvﬂ*bar. Self noise of all acoustic system
is ‘approximate to (0.2-0.5)ubar. Sevenfold coincidence with
discrimination threshold of 2ybar was used for selecting
transient ultrasonic signalse. It provides a counting rate of
30 hours The occurence time, three waveforms recieved by three
different hydrophones(H1,HS5 and H7) and time-~differences
between central hydrophone signal and external ones were
recorded for each selection event. The accuracy of positioning
based onhypothesis of the point source is better than 20%
within 10m,

The small EAS array consists of four groups of G=M
counters(J109=)). The efficient area of each group having two
layers of G-~M counters %s 0.32m" » They were placed on the top
of the ship(area:~14x4m“). A threefold coincidence between
four groups provides a counting rate of 40 houfd.The threshold
energy of EAS array is equal to 10%V in such a case. The
occurence time and local particle densities were measured.

There is a correlation circuit between acoustic event
and EAS one, If an acoustic event take places after the
occurence of an EAS event within 1 s the delay time aT can be
measured by the correlation circuit. If an equation, CxaT=R,
is satisfied(where C is the velocity of sound in water, R the
distance from the sound source to the center of acoustic array)
the position of this signal source may be coincident with EAS
caore, ’

3 Results and analysis

The aim of this experimental was directed at trying to
investigate the question whether the ultrasonic signals in water
were relevant to high energy cosmic ray particles.

Correlation events: During an efficient observation term
of about 329 hours 116 correlation events were recorded. The
distribution of the delay time AT of these events consists with
uniform distribution.In addition according to the counting
rates of acoustic array and EAS array there must be 110
accident coincidence events. Therefore most of them belong to
accident coincidences. We could not find any event which shows
. that the equation CxaT=R is realized within the sensitive
distance of 10m. The results imply that the threshold energyg
of detecting EAS core with this acoustic array is above 3x10 eV
and that the mechanism of sound generated by EAS core in water
may be the thermo-acoustic mechanism(6,7). Unfortunately we can
not answer an important question whether there were real = '
correlation events at R above 10m. In future it is necessary
for detecting acoustic signals created by EAScores in water
to develop new high sensitive and low noise hydrophones and
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to extend the sensitive distance of acoustic array. If the
sensitive distance of an acoustic array with a small EAS
array is about 500m perhaps it is possible to detect acoustic
signals generated by EAS cores of energies sbove 10%eV,

Ultrasonic signals under water: It is very important to
search for acoustic signal created by high energy nuclear
cascade in water. This is dne of the possible effects on the
basis of which DUMAND project try to observe cosmic ray
neutrinos in deep ocean, During our observation many transient
ultrasonic signals under water were recorded. In order to
explore whether some of them are relevant to the local
cascades produced by high energy cosmic ray particles their
caracteristics were examined. Two typical waveforms of these

signals and basic data are shown in Fig. 2. Obvious properties

Fige. 2: Two typ-:tical waveforms of ultrasonic signals recorded by .
waveform storage(BE=V) under water. .

of signals is as follows:transient and individual, multipole
(most of them are tripolar pulses), short duration of from
25us to 60us, ultrasonic frequency of from 60KHz to 100KHz,

An evaluation based on hypothesis of the point source shous
that the peak sound pressurePl(normalization at lm from the
source) is approximate to severz) tens ubar and that the

total energy radiated by a source is about several GeV,

These properties are very similar to that of sound signals
radiated by microbubbles with radii from 3x10%cm to 7x10%cm
(13). These microbubbles have the potential energy in the -~
range from 10"ev to 10“ev(14). Taking account of the radiation
efficiency of about 1,5% they are capable of releasing the
acoustic energy of several GeV(13), Iri addition it is impossible



332

4 HE 7.1=3
that the total acoustic energy arises directly from local
energy deposition produced by local nuclear cascade. Therefore
a primary conclution is that the mechanism of generatlng there
ultrasonic signals under water is socund radiation of micro-
bubbles. It is well known that there are a lot of microbubbles
in natural water(l5). Many years since it has been investigated
that cosmic ray particles can create bubble nuclei in water(16,
17). We suppose the local energy depositions produced by
nuclear cascades in water may induce sound radiations of
a part of microbubbles,

4 Conclutions

Although it has been demonstrated experimentally and
theoretically that high energy particles produce detectable
sound in water many years ago., However no one can find an
acoustic signal generated by high energy cosmic ray particle
in water as yet. Our results show that transient ultrasonic
signals in a large lake or reservoir are fairly complex and
that transient signals under water may arise mainly from
sound radiation of microbubbles. This field is not explored
in detail. Maybe the sounds created by cosmic ray particles
hide in these ultrasonic signals. Thus in order to develop
the technique of acoustic detection it is the most important
to make a thorough investigation of these ultrasonic signals
in water.
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ABSTRACT :
At an altitude of 1890m, a pre-test with an As core
selector and a small acoustic array set up in an
anechoic pool with a volume of 20x7x7m”~ was per-
formed, beginning from Aug., 1984, In analysing the
waveforms recorded during the effective working time
of 186 hrs, three acoustic signals which can not be
explained as from any sources other than AS cores were
obtained and the estimation of connective parameters
was made.

1. Introduction. Up to now, the only way of studying VH en-

ergy phenomena is by means of air shower. But, as the AS
energy becomes higher and higher, the sensitive area needed
to detect it becomes larger and larger, Limited finances

" make it difficult to perform the experiment. The suggested
scheme of accoustic detection of AS cores (1) (2) will be
not only less costly, but also able to determine the core
energy and the accurate position-at which the high trans-
verse momentum may be shown. And furthermore, some topics
associated with astrophysics can be studied by determining
the directions along which AS's arrive. The experiments on
acoustic signals caused by proton beams (3) have proved it
is feasible to detect acoustic signals caused by high energy
particles passing through water. Our preceding work (4), in
which the influences of the duration of heating pulses and
of the transient responses of hydrophones on the time
structures and the amplitudes of acoustic pulses were studi-
ed in particular, indicated that the energy threshold of the
acoustic detection calculated from the data of accelerator
experiments, without taking into account the effect of spill
time of the proton beam, was much too high. How-ever, the ’
acoustic signals are still weak because of the very small
energy transformation ratio (1077 -10"°), The low S/N ratio
has been remaining the main difficulty in the application of
the acoustic detection. Particularly, in a natural water
body (such as an ocean or a lake) background noises from

the surface conditions (wind, waves, boats) and from animal
life will greatly reduce the S/N ratio. In order to accumul-
ate experiences for designing a largescale acoustic detector,
the pre-test was performed with an anechoic pool whose back-
ground noises were very low.
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. Methods. The experiment arrangement is schematicaliy shown
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lever is 1. 5x10 4Jlb/Hz at a freqency of 30KHz.The water
termperature was 18.5°C during the experiment.

3, Results and Discussion. In sweeping and analysing all of
. the traces recorded during the effective working time of 186
hr, The acoustic signals of three events which had the
following characteristics in common were obtained.

1. The signals from the two channels are both bipolar
pulses and have the same shape except the amplitudes.

The caculation (5) from thermoacoustic model and the
experiments (3) (4) with proton beams and laser beams have
shown that when a beam of charged particles passes through
water, the acoustic signal caused by the sudden thermal
expansion of water is a bipolar pulse. AS cores produce this
type of event.

2. The positions at which tne signal pulses appear on the
timebase lines, which are determined by the propagation times
of the sound wave from the source to the hydrophones in
water, are accordant with the geometrical confiquration of the
pool and the location of hydrophones in it.

3. The attenuation of,the signals obeys the propagation .
law of the cylindrical wave, i.e. pe<1 .

Fig.3 Gives the copy of event acoustic signal No. KY 3.

The three characteristics mentioned above are only the
necessary requirements that acoustic signals caused by AS
cores must satisfy. On the other
hand, the possibilities that the
same results may be caused by other
factors have to be considered and
eliminated one by one.

(a) If any eletric interference
was picked up, its waveforms from
the two signal channels would appear

; " : at exactly the same position on the
‘ , corresnonding timebase lines. We did
i saw these waveforms, But it was very
Flg.3 ggﬁuggﬁg gﬁgEZint easy to identify and ignore them.
No.KY 3. Scale is One kind of interference which must
200us/cm. be considered is the noises from the
electric equipment themselves, After
they had worked continuously for
8hr., we short-circuited their inputs and observed the noise
waveforms, it was seen that a large number of which were
unipolar pulses emerging at random., No bipolar pulses were

observed.

(b) If any acoustic disturbance was recieved by the liydro-
phones, its waveforms would be of damped oscillation form but
bipolar pulses in general. Even if bibopar pulses had appear-
ed, their amplitudes would not have varied as 1//R as re-
quired in the near field configuration. We did not find any

"‘.‘.‘.
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possibility in the existarice of a cylindrical source besides
AS cores in the pool. :

(c) If any other interferences were present, no matter at
regular time or at random their waveforms would appear on
every timebase line with the same probability, because the
oscilloscope was triggered by the coincidence output of the
AS core selector which occurred at random. In order to obtain,
sufficient record of the background noises, we triggered the
oscilloscope manually at various intervals between different
stages of the experiment and all of the timebase lines .
obtained had no information from AS cores on it, (we call them
background lines).The number of all background lines (includ-
ing the last one and a half lines, obtained when the oscillos~-
copewas triggered by the coincidence output of the AS core
selector) were larger than that of the lines information on
it. But no signals whose characteristics are the same as any
one of the three event signals appear on the background .
lines., Therefore this kind of possibility can be eliminated.

From about, the three acoustic signals can not be explained.
as from any sources other than AS cores. The experiment date
are listed in the following table in which the subscripts 1
and 2 indecate channels one and two respectively. From the:
table, it is can be seen that the values of the effective
diameter of the cores causing acoustic effect are not incon-
sistant with the expected ones.

Event | 1(ue)] B, ()] P, (o) | alom) | 7o (iz) | B2 /B[R /R
KY1| 50 | 0,23 | 0.37 | 7.5 | 20 |1.66| 1.6k |
o] 50 | o3t |06 | ks | 3 |16 1.3 |
Kt 53| 40 | 0.24 | 0.25 | 6.0 ;és”wmw”{JOEMWWifdé'}
Key: t— Duration of acoustic pressure pulse .
P— Acoustic pressure d— Effective diameter
- f-— mid-frequency R— Distance from source

to hydrophones
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_ABSTRACT

New thermoluminescence(TL) sheet was developed as a detector
for high energy components in air showers. For the investiga-
tion of detection threshold energy for cascade shower, TL sheets
were exposed at Mt.Fuji with X-ray films in emulsion chambers and
were scanned by a hot-gas reader. From the result of this
experiment, it is concluded that if a r ray whose energy is more
than 6 TeV enters vertically into lead chambers, the cascade
shower caused by this ¢ ray is securely detectable at the
maximum development.

1. INTRODUCTION .

From the viewpoints that TL powder has wide dynamic range
and can be used repeatedly, it can be said that it has more
excellent properties than the emulsion plate and the X-ray film
which are widely used at present (l1). Particularly in experiments
for very high energy phenomenon inh cosmic rays, these features
are very desirable.

We have been developing a new detector using TL material as
a new device for the plan to observe high energy particles in air
showers (2). For this purpose, we develored a new TL sheet
using a glasscloth as the base and a fluorocarbon resin as the
binder.

The detection threshold energy of cascade shower using this
TL sheet and a hot-gas reader was investigated by the experiment
exposed to cosmic rays at Mt. Fuji.

2. TL SHEET and HOT-GAS READER

TL sheets so far developed have some defects of the low
sensitivity and the easy exfoliation from the base plate and so
on (3)(4). Therefore, they are not suitable for the practical
application as they are.

At this time, we produced new TL sheet by the manufacturing
method as shown in Figure 1. BaSO4:Eu powder was adopted as TL
material (4) and it was controlled "so as to have theograin size
of about several um and to have the glow peak at 180 “C.

TL powder was mixed with fluorocarbon resin dispersion (
PTFE = polytetrafluoroethylene ) with weight ratio 1:1 and
churned well. After the glasscloth belt was impregnated with
this mixed dispersion, it was dried and sintered in an electric
oven and rolled up. This process was repeated ten and several
times wuntil the thickness of coating became to be a certain
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Characteristics of this sheet are following.
1. High sensitivity. For example, 20 times higher than that of
reference 3.

2. Flexibility. Free for bending and restoration.
3. TL coated layer 1is not cracked and does not come off by
bending or hasty heating. »

A readout system of this TL sheet is a scanning reader with
hot-gas heating as shown in Figure 2, TL reader consists of a
rotating drum on which TL sheet is fixed and a reader head at
which thermoluminescence 1light is read out. The former is a
cylinder made of steel and rotates with a constant velocity. The
latter consists of a hot-gas
heater and a photo-multiplier 4
tube. As the drum makes one No. of B —rays 1 2 4 (x10)
revolution, the reader head
moves at a certain distance ( 3 I B
mm ) in the direction of axis of S P N
rotation of drum. The tempera- R R
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this reader. Figure 3 shows the

chart record of the reader soon Fig.3. Scanning . test

after the irradiation by 29Sr of TL sheet.

B source to TL sheet through 1 (A):not irradiated. 90
mm ¢ collimator. From this (B):irradiated with

Sr.
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result, the detection threshold seems to be about lxlo4 8 rays
from %Sr source.

3. EXPRIMENTAL PROCEDURES AND RESULTS

For the investigation of the detection threshold energy of
cascade shower using new TL sheet and hot-gas reader, we carried
out an experiment by cosmic rays.

Chambers as shown in Figure 4 were constructed at Mt. Fudi
(650 g/cm?2) in total area of 4 m2 and exposed for a month.
After development of X-ray films, cascade showers were picked up
and each darkness was measured by photometry method. Figure 5
shows the energy spectrum of cascade showers induced by 7 rays
obtained from the transition of darkness. Since the present

result agrees well with those obtained so far at Mt. Fudji (5), =

energy determination of cascade shower is appropriate.

On the other hand, TL sheets were scanned with hot~gas
reader and it was examined whether TL signals appeared at the
Passing positions of cascade showerns. The appearance frequency
of TL signal 1is shown 1in Figure 6. The 1lower horizontal
coordinate 1in the figure shows the darkness of X-ray film Jjust
above TL .sheet, and the upper one shows the converted energy
provided the darkness is the maximum darkness of a cascade shower
which enters vertically. Figure 6(a) shows the appearance
frequency of TL signal per sheet and Figure 6(b) shows the coin-
cidence rate of TL signals between upper sheet and lower one at
the same layer. The background noise in Figure 6 implys that
the appearance frequency of TL signal at the position where
cascade shower did not pass. This background noise is caused
because the background level does not rise uniformly due to the
ununiformity of sensitivity on TL sheet. The frequency of this
background noise is therefore proportional to the period of
exposure of TL sheet.

5. DISCUSSION
From the result of Figure 6, it is concluded that a cascade

ce -2
Pb 6c.u. Me.Fujl (650gcm™%)

L ] Pb 8c.u. 10:

—_ 1 Pb 1loc.u.

£-(2.0£0.05)

/ Mt.Fuji Collaboration
{1983)

X~-ray film
————— TL sheet

-

H

o
T

Fig.4. Design of
the test chamber.

No. of Gamma Rays/mz-month

Fig.5. Integral
energy spectrum 0.1 s

1 10
of gamma rays. ENERGY (Tev)
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shower of which

energy is more than ENERGY (m=0)

6 TeV and incident (%) 1 10 (Tev)
angle is vertical 100 T . r—r oy
és . certainly 14/4
etectable at its . canad
maximum development Fig.6(a) 5/6

when we use new TL
sheet and hot-gas
reader. This
threshold energy
agrees with the
evaluation from the
comparison between
the result of
irradiation test by 0
% Sr B8 source and

the cascade calcu-

lation (6).

To 1lower the

detection threshold (%) 1 ENERGY  (m=0)
energy, there are 100

two methods. One ' ) T
is to use a more
sensitive TL powder, Fig.6(b)
and the other |is
to increase the
sensitivity of TL
sheet itself by
increasing the
proportion of TL
powder or the .
thickness of.coat- 0/23 Background Noise
ing. With regard o LT el S SR
to the latter, the 0.1 1.0
present sheet is DARKNESS

the best obtainable

by the present Fig.6. Appearance frequency of TL
manufacturing meth- signal at the passing position of a

od. More sensitive cascade shower. (a):per sheet. (b):
TL powder of BaSO04: coincidence rate between two sheets.

Eu  is available,
but the ratio of .
sensitivity is limited to 1.5-2.0 at most. Another manufacturing
method has to be developed to produce more sensitive sheet.
One possible method is to compress the mixture of TL powder and
fluorocarbon resin powder into a cylindrical form and to skive
into a belt of a given thickness. The test sheet by this
method 1is proved to have the sensitivity of about 3 times more
than the present sheet.
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- ABSTRACT

We developed a reader system for the detection of luminescence
induced by heating sensitive material (BaSOy :Eu). The reader
system is composed of following six instruments; i)Heater,
ii)Light guide, iii)Image intensifier, iv)CCD camera, v)Image
processor, vi)Micro computer. We report here the efficien~
cies of these apparatuses, and software utilities for image
analysis.,

I) Introduction

It has passed about 30 years since Nishimura/[l] proposed emulsion ch-
amber (EC) of today's type. Since then, it has played a pioneer-like role
in the field of ultra high energy physics, where energy of accelerator
could never reach. In the very near future, however, super machines, such
as TEVATRON, LEP and DESERTRON, are surely to operate subsequently, which
cover, or may exceed the energy region nowadays available for EC experiment
at mountain station. So, most people think that the observation of air fa-
mily by means of traditional EC only may be closed down soon. In fact,
none of emulsion people expect that the current EC continues to work well
in a coming decade further.

Under these situations, several groups, particularly those of air sh-~
ower. (AS) and EC[2], are planning to start projects on new phase, combining
active detectors(AS array) with passive ones(emulsion like), in order to
build an unified picture of shower phenomena both in the atmosphere and the
underground. Naturally, the scale of calorimeter thus combined is expected
to be much larger, at least ten times or more, than today's.

From these points of view, we decided to develop reader system as well
as a new kind of sensitive materialf3], thermoluminescence sheet(TLS),
which is much more economical and efficient than X-ray film used now.

II) Reader system

Schematic view of reader system is illustrated in Fig. 1, where the
use of image intensifier(I.I.) was at first proposed by Okayama group[4].
i)Heater: We use infrared heater of 3 KW, providing uniform thermal beam
on hot plate. Heating rate is of icourse adjustable by controller as
we like within the range < 10°C/sec. Both the heater and the stage attach-
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ii)Light guide: Wave length of ther- [MPT}
moluminescence being ~ 375 mm/5], we }
must use condenser lens transmitting ﬂk?%iéﬁcx h::i “?§§E°3%5357§l

well‘Eltra violet light. We found
CANON TV16 lens(50mm, F1.8) is the  Fig. 3. Block diagram of I.P..

best among commercial ones. Its

transmittance is demonstrated in Fig. 2, where the results of camera lens
NIKON(50mm, Fl1l.8) is also shown together. One finds the former is appro-
ximately ten times higher than the latter in the ultra violet region.
1ii)I.T. (HAMAMATSU PHOTONICS,V2025): The imager incorporates a photoca-
thode, a 2-stage micro-channel plate(MCP) and phosphor screen. The gain is
variable within the range 102 ~ 10%. The effective -area of the photoca-
thode is 15m¢, and the sensitivity for wave length of incident light lies
around 350nm v~ 650nm. THe best resolution of the phosphor screen is ~ 15
lines/mm, high enough for our purpose.

iv)CCD camera(NEC): Effective number of picture elements is 489x 384, and
the size of effective photocathode area is 2/3 inch. The uniformities both
in the geometry and individual photo-sensors are quite well.

v)I.P.(ADS CO.LTD.): Block diagram of I.P. is shown in Fig. 3. Signals
from each pixel of CCD are stored in the main frame memory(l6bits x 512 x
512). In I.P., we have more frame memories as seen in Fig. 3, which are
useful for image analysis. These data stored in frame memory are transmit-
ted to RAM(640 Kb) in host computer PC9801, through GPIB interface.



343

HE 7.1-6
IIT) Software system
In Fig. 4, we present the FUMERICAL CONSTANTS
internal relation of software s, 81
utilities for TL shower analy-

sys. The system is composed of
following four functions.
1)EDITOR: This function has
mainly two utilities, the one
for registration of numerical
constants related to chamber
structure(dilution factor Dg
and position of sensitive mate-
rial ), and .the other to con-
vert the standard TL transition

r'
:
i

beccnsranmerrmcncccnmtaccfennneccceccasncaaad

i T g O

curves (Df=l 2 s 6=600um) into r-;mgn PCYBOL SYSTEM

those for the chamber just re- '

gistered. The detail of these ™

calculations will be reported :

elsewhere. 1In Fig. 5, we show Fig. 4. Internal relation
an example of transition curves™ of software utilities for
for the chamber TLCII /6] expo~ TL shower analysis.

sed at Mt. Fuji during one year . l TMAGE PROCESEOR I

from August of 1983.

Since the TL emission depends on experimental conditions, such as cir-
cumstance of exposure, gain of I.I. and so on, it must be calibrated for
the amount of luminescence with use of nuclear emulsion plate, for every
exposures, just in the same way as the calibration of X-ray film.
1i)ANALYSER: The function of ANALYSER is to find automatically the best
fitting of theoretical ones mentioned above to experimental ones with use
of least square method. Then, we get maximum TL luminescence Thaxs Which
is approximately proportional to shower energy, and the penetration depth
AT, familiar parameters in shower analysis. )
i1i)READER: As mentioned in II-v), the raw data storaged in frame memory
of I.P. are transmitted to RAM memory in PC9801 through GPIB. These data
are save in hard disk(20 Mb) and/or flopy disk(l Mb). Utility of READER

<DILUTION FACTOR = 1,225)> CDELTA » 1.905> <M« .00

1(r<500 micron)/c HARDCOPY (YES®1,ND=0) 7 =xs)1
Fig. 5. Example of 4 — ]
TL transition curves == e N
in the cases of tang= ’ //%’ ‘*~\\\\\\7
0, initiated by ele- 10000 ////-‘"'—'\\ 50
ctron~pair primary. e e e I
Numerical value at- i 30
tached to each curve - /;Zéi:’;,———-~_‘\\\ \\\\<;$
is shower energy. 4 e |
Conversion factor C : /ﬁ§>i:————-f:> ~. <<<\u
denoted at vertical L \\\\~\\\\‘\\\|
axis 1is to be deter- ., 4. Ll N D 10
mined by the calibra- e e e~ it e et I
tion procedure with ;;/ o = \\ \\ ~ 1
use of nuclear emul- A ~_ < < i
sion plate, as dis- f// VT oo [oas™i Sus>™2 [Ny |ee.vs
cugsed in text. ] 3 3 ] 0 12 i3 i) ] 20
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is to provide following processes.
a)Drawing of glow curve on CRT in
real time.

b)Background subtraction.

¢)Two dimensional contour map.
d)Three dimensional contour map.
e)Lateral distribution of lumi-
nescence.

In Fig. 6, we demonstrate the
three dimensional contour map of
TL emission, which is obtained by
10 minutes irradiation of Sr20,
iv)OUTPUT: This is to provide

cesses for all physical quanti-
ties, stored in disk through the functions i), ii) and iii), on CRT and/or
printer.

IV) Discussions

The reader system presented here is of course not enough for process-
ing a big amount of TL sheets expected from future's super TL~calorimeter.
In order to develop the present system further, we are now investigating to
use optical fiber, instead of lens system, so as to collect TL light more
efficiently, and to move TL-stage automatically to scan large area of TL
sheet more quickly.

Results of TL measurements by-‘means of the reader system here is re-
ported in HE 7.1-7.in this volume. .

Acknowledgements

The authors would like to express their sincere gratitude to the mem-
bers of TL-Development Collaborative Group, particularly to Drs. T.Saito,
T.Wada and I.Yamamoto, for valuable advices and discussions from the be-
ginning of the present works.

We are also much indebted to Mr. M.Inoue(CANON Inc.) for providing us
kindly various types of lenses and helpful works on transmittance measure=-
ments of those.

Numerical calculations on TL transition curves are performed by FACOM
M180-II (Institute of Nuclear Study, University of Tokyo) and NEC ACOS750
(Aoyama Gakuin University).

References

[1] Original type of EC was at first proposed by Kaplon et al., Phys. Rev.
85(1952), p.900. The present type of EC was proposed by Nishimura in
the meeting held at Research Institute for Fundamental Physics(1956),
Kyoto University.

[2] For example, H.Sasaki, Talk at the symposium on future's air shower
experiment held at TICR('85, Feb.). T.Shibata, Talk at the symposium :
on future's emulsion chamber experiment hetld at ICR('85, Feb.).

[3] S.Miono, N.I.M., 128(1975)173.

Y.Okamoto et al., ICR-Report-120-85-1(Univ. of Tokyo).

{4] I.Yamamoto et al., to be published to N.I.M..

[5] I.Yamamoto et al., N.I.M., 224(1984)573.

[6] M.Niwa et al., to be published to ICR-Report.



345
HE 7.1-7
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ABSTRACT
A spatial distribution read-out system of thermoluminescence
[TL] sheets is developed. This system consists of high gain
image intensifier, a CCD-TV camera, a video image processor and
a host computer.. This system has been applied to artificial
TL sheets (BaSO4:Eu doped) for detecting high energy electro-
magnetic shower and heavy nuclei tracks.

Thermoluminescence [TL] sheet may be a very useful detector to observe
high energy cosmic rays. To find a suitable TL sheet, several kind of
sheets have been produced by the 'Working group for development TLC''l. We
have used Eu-doped BaSO, sheets. TL properties of BaSO,:Eu for temperature
and wave length are shown in Fig. 1. These properties (; Fig. 1) were
measured by using TL spatial distribution read out system which was shown

in Fig. 2.
2
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Fig. 1. TL spectra of BaSO,:Eu at various temperatures after °0Sr g-ray
exposure to about 100 rad. The emission observed in the red region is due
to the incandenscent radiation from the sample at high temperatures.
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The equipment of Fig. 2 consists of a) a pannel heater, b) a bandpass
filter, c) a photon imaging head, d) a CCD TV-camera, e) video cassette
recorder, f) a video image processor and g) a host computer.

We show one example of an application in Fig. 3 the TL read out
from a TL teflon-sheet (BaSO4:Eu). The sheet was irradiated sideward with
%05r g-ray. The TL intensity of the 'read out line" of Fig. 3a is plotted
in Fig. 3b, and these points show the attenuation of g-radiation dose with

depth in the teflon-sheet.
A TL calorimeter using these TL sheets had been set at Mt.Fuji (3776 m

in altitude) for about one year. We have read out over an area (2 cmx
3 cm) of the TL sheet corresponding to a shower spot in an X-ray film.
The results of read out 20 TeV shower are shown in Fig. 4.

We tried to read out a few TeV shower from the TL-sheet
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Fig. 4. The cascade C06-25-2 o
shower curve of TL sheet °LIO. g
and X-ray film. Solid . 104 o £
curve: a typical 20 TeV ¢ -
cascade shower curve and = =0
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of Mt.Fuji TLC. -For this purpose, a coincidence method (self-correlation
-on frame picture) has introduced. This method is using the TL property for
‘temperature, that is glow curve shown in Fig. 5. Results of TL read out in
each temperature region are shown in Fig. 6a and 6b. We used the TL sheet
of Mt.Fuji-C03-14 C.U. Circled points A — I correspond to shower spots in
the X-ray film [C03-14 C.U.]; following the corresponding table:

shower name shower energy expected TL yeild at
Co3- ' (Tev) 14 C.U. by shower Max.
A 11.14 4.4 0.47
B 11.05 4.0 0.47
C 11.06 3.5 0.78
D 11.09 2.0 0.68
E 11.08 + 11.07 4.2 + 1.8 0.68
F 11.10 6.8 0.47
G 11.04 6.8 0.22
H 11.02 7.8 0.22
I 11.13 19.0 0.58
v MLFUA TL-Sheet
- GLOW CURVE
S 608
y
> feeo
R Fig. 5. The glow curve of g-ray
eeo 1 irradiated Mt.Fuji TL-sheet. TL
AT ' yeild of spatial distribution was
— L integrated among increasing
50 100 150 200 250 300 350  temperature. ‘

—* TL integrated
Temperature (°C)
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Fig. 6a. A integrated TL
spatial distribution in
temperature region I of
Fig. 5 and the sample
sheet is Mt.Fuji-C03-14
C.U.

Fig. 6b. A integral TL
spatial distribution in
temperature region I of
Fig. 5 and the same samplz
as Fig. 6a.

This system has been appliéd to detect other electromagnetic shower

(~ 20 GeV ) induced by muons? or to read out TL spatial distributions of
natural materials3. '
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. ABSTRACT
We report here the results of thermoluminescence(TL) chamber
exposed at Mt. Fuji during Aug. '83 v Aug. '84. We succeeded
to detect the TL signal induced by cosmic ray shower, and
compared it with the spot darkness of X-ray film inserted to-
gether.

I) Introduction

Characteristics of various types of TL powder, LiF, CaSOy :Tm, BaSOy :Eu
and Mg,Si0, :Tb, were reported in the last conference by TL-Developments Co-
llaborative Groupfl]. They concluded that BaSOy :Eu powder is the best for
practical purpose from various points of view, that is, it shows negligibly
small fading damage, simple glow curve, wide dynamic range and so on.

On the basis of these systematic investigations, we started the use of
TL sheet{TLS) composed of BaSO,:Eu, which is coated on Aluminium base with
the thickness of 150 um. )

During the time from Aug. '83 to Aug. '84, we exposed a test TL cham-
ber(called TLC II), including both X-ray film and TLS. Therefore, we can
calibrate TL intensity with use of spot darkness on X-ray film. The analy-
ses of the latter are summarized in ref. 2, and we report here the preli-

minary ones of the TLS. 107 sansiivity
(arbitrary) /

II) Linearity check of CCD and I.I. /

Before going to the detail of TL measure-— ' n//
ments, we should check both linearities of CCD 19
and image intensifier(I.I.), which are cores of
our reader system(see Fig. 1 of ref. 3). //
We exposed uniform light beam against CCD _ J
camera. In Fig. 1, we show the correlation be- "} //
tween exposure time of the light and output //
signal (= electric charge storaged in CCD sen- //
sor), which is transmitted into frame memory of o _ ‘
image processor(I.P.) through high speed ADC. o1 ) - 0
One finds that the linearity is quite well. exposure lime (sec)
Next, we set CCD camera on phosphor sc- Fig. 1. Relation between
reen of I.I. through tandem lenses(NIKON COS-  exposure time of light and
MICAR, 50mm, F1.8), and exposed uniform weak output signal from CCD.
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10’

light against photocathode of I.I.,. 1In Fig. 2, we
show the correlation between these two in the simi-

lar way as Fig. 1. Again we found the linearity is‘
quite satisfactory.

III) Characteristics of TL sheet BaSO,:Eu

i) Glow curve

With use of the utility "READER" in PC9801
(see III-iii in ref. 3), we can draw the glow curve
of TL emission on CRT in real time. In Fig. 3, we
show an example thus obtained, where Sr9¢ is irra-
diated for 10 minutes against TLS used practically
for TLC II. As the glow peak lies around 210°C, it
is enough to integrate TL emission up to 250°C,

TL emission.

10*

ii) Relation between RI intensity and
In order to calculate TL transi-
tion curves, we need the correlation

0L

HE 7.1-12

~ pholen No,

v
/°/
/ ’
l 1 N sec
1 10
exposure lime
Fig. 2. Linearity

check of I.I..

GOV CURVE OF ‘T _DNEET €XPOMID AT NE.AWST

between electron density p (= irradi-
ation time of RI) and amount of TL
emission Ipp. In Fig. 4, we present
the relation p ~ Iy for two kinds of
TLS; the one composed of Aluminium
base coated with TL powder, and the
other of the mixture of teflon and
that. :

FNOTON mushen / S26

Both are expressed by a simple

relation,

ITL « p1.22

though the sensitivity of the latter

/

1%

S

Ll

WAFACE TRPLRATURE OF T%_SEXTT (€}

Fig.'3.' Glow curve of TLS used for

TLC II exposed

gives one order higher than that of
the former. The detail of the above supraline-
arity will be discussed elsewhere.

IV) Structure of TLC II

We constructed a TL chamber(TLC II) at Mt.
Fuji in the August of 1983, and exposed for
one year. The structure of TLC II is illust-
rated in Fig. 5, where CR39 is inserted at 10
c.u. by another Fuji Emulsion Collaborative
Group in order to search monopole.” We insert-
ed there two sheets of TLS at every layers ex-
cept 6 c.u., which enables us to confirm defi-~
nitely whether light signal comes realy from
TL emission, or due to background noise. That
is, if we catch a TL signal in the upper sheet
, the corresponding signal will be also detec-
ted near the same position in the lower one.

10°

-

4

1o

TL intensity (arbitrary)

107

108

at Mt. Fuji.

QO *Teflon

@ : Aluminium

sec

In Fig. 6, we show an example of TL map, where
two signals inside dotted circle correspond to
those due to cosmic ray cascade shower. The

transition curves of these TL signals will be Fig. 4
discussed in the next section.

T M T

10?
lrrad. time

Relation between

RI intensity and TL yield.
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serted only at 10 c.u..

O: upper sheet -
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Fig. 6. Exampie of TL map.

V) Transition of TL emission

As mentioned before, X-ray films are also inserted together with TLS.
Since cascade shower is detected as dark spot on X-ray film by naked eyes,
we can set the position of TL emission beforehand near the center of photo-
cathode of I.I... Setting error between these two is ™ 2 cm, so that we can
not find TL signal sometimes: at the expected place. _ '

In Fig. 7-a and 7-b, we give two transition curves; the former corres-
ponding to those of spot darkness obtained by X-ray film, and the latter
to those of TL emission. Here, the slit size is fixed 200 x 200 ym2 for
the measurement of spot darkness, whereas TL emission is integrated within
the radius of 500 um. : - ‘

In Fig. 8, we present the correlation between the spot darkness and
the amount of TL emission. 'In this stage, it is difficult to conclude de-
cisively the relation Ipp - D, because of poor statistics, particularly in
the region D < 1.0.
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Fig. 7-a. Transition curve of spot Fig. 7-b. Transition curve of TL

emission, where. vertical axis is in-

darkness obtained by N-type X-ray
tegrated within the radius of 500 um.

film, where slit gize is set 200 um.
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VI) Discussions

We succeeded to observe clearly TL
signals induced by cosmic ray cascade
showers. On the detection threshold of
TL signal, we found, theugh preliminary,
that those with D2 1.0 are at least de-
tectable, corresponding to 20 TeV. Of
course, it depends strongly on the ex-
posure time, and it needs more systema-
tic studies to make this problem clear.

As was mentioned in ref. 3, we are
now developing the present system so as
to collect TL light more efficiently,
and starting TL exposure at airplane.
These observations will surely bring us
to the realization of super TL calori-
meter.
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Fig. 8. Correlation between
TL yield and spot darkness of
X-ray film.
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