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tion (experimental accuracy 30%) has been made by
M. Chen, LRL Report No. UCRL-18653, 1969 (unpub-
lished).

$w. Slater, D. H. Stork, H. K. Ticho, W. Lee, W, Chi-
nowsky, G. Goldhaber, S. Goldhaber, and T. O’Halloran,

Phys. Rev. Letters 7, 517 (1961).

“This follows by a straightforward calculation from
the matrix element given by J. D. Jackson, Elementary
Particle Physics and Field Theory[1962 Brandeis Sum-
mer Institute] (Benjamin, New York, 1963), p. 290.
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The interaction of high-energy muon neutrinos produced in the atmosphere by primary cos-
mic rays has been observed deep underground (8.74X10° gcm=? std. rock) in the rock sur-
rounding a large-area (160 m?) liquid-scintillation-detector hodoscope. A series of argu-
ments is given to separate the residual atmospheric muons which reached the detector from
those produced by neutrino interactions in the surrounding rock. These arguments are based
on the widely differing angular distributions and mean energies of the two sources. The ob-
servation of four events arising from the decay of muons stopping in the detector suggests
that the energy of neutrino-induced muons is ~% GeV. Operation of the system over a three-
year period yielded a total of 39 which we identify as neutrino-produced muons. Of these,

35 were in the aperture chosen for the observation of neutrino-induced muons, yielding a
total rate of (6.5+1.,1) x10~7 sec™!. In a companion paper, this result is compared with

rates predicted using various theoretical models of the neutrino-nucleon interaction. This
comparison selects the most appropriate model and leads to an underground neutrino-induced
muon flux, In the present paper the simplifying approximation of an isotropic neutrino distri-
bution leads directly to a flux of (3.7+0.6)X10713 cm™%sec™tsr1,

I. INTRODUCTION

High-energy neutrinos resulting from the inter-
action of primary cosmic rays with the earth’s at-
mosphere have long been considered a possible tool
for the investigation of the weak interaction.'™®
Interest in such experiments was heightened with
the discovery of the accelerator-produced, muon-
associated neutrino in 1962.* In undertaking the
present experiment, it was anticipated that the
higher -energy neutrinos available in the secondary
cosmic rays might cast light on the question of the
existence of a mediating vector boson for the weak
interaction as well as reveal something of the char-
acter of the interaction cross section for neutrinos
with energies in excess of those available at ac-
celerators. In addition to these definable goals was
the hope that a more sensitive search for cosmic-

ray neutrinos might yield information as to hith-
erto unsuspected sources or interactions.
Assuming a cross section in the vicinity of 107%
cm?/nucleon, and calculations of the atmospheric
neutrino spectrum and flux based on measurements
of atmospheric muons produced in the decay pro-
cesses associated with these neutrinos, it was es-
timated by various authors!~® that a detector of ef-
fective mass measuring a few thousand tons would
be required to yield a signal of several events per
year. Since the neutrino interaction was signaled
by a muon, it was immediately evident that, unless
special steps were taken, such a large detector
would be flooded with a background arising from
atmospheric muons which was some 10'° times as
intense as the expected signal. Two variants to
reduce the background below that expected at sea
level were the use of a moderate depth in conjunc-
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tion with the requirement that the muon produced

in the neutrino interaction be travelling upward, or
the use of a simpler detector located at such a great
depth that the atmospheric muon flux would be re-
duced to negligible proportions. A conservative
approach, employing an ultradeep location was
adopted when it was learned® that the cosmic-ray
muon intensity is acceptably low at the two-mile
depths which could be made available in a South
African gold mine.

The great range of the product muon was a key
feature in the economical design of the detector as
this enabled the use of a large-area detector to ob-
serve neutrino interactions occurring in a great
mass of surrounding rock.

A laboratory was prepared and a large-area scin-
tillation detector developed, installed, and oper-
ated.® The present paper discusses the experimen-
tal details and concludes with a rate for observing
neutrino-induced muons. A companion paper’ pres -
ents the theoretical analysis.

II. DESCRIPTION OF EXPERIMENTAL SITE AND
EQUIPMENT

A. The Site

The experiment was located at a depth of 8.71
x10% gem™? below the surface in the Hercules shaft
of the East Rand Proprietary Mine (ERPM) near
Johannesburg.® The experimental site was divided
into two areas, the control chamber and the detec-
tor tunnel. The control chamber, in which were
located a house containing the major portion of the
electronics, the house air conditioning plants, and
the motor-generator unit, was a room 2.6 m by 6
m in cross section and 9 m in length. The detector
tunnel was 3 m by 3 m in cross section and 150 m
in length, following an approximate north-south
line. Access to the site was provided by a vertical
shaft followed by three inclined shafts.

At these great depths, the virgin rock tempera-
tures are in the vicinity of 123 °F, necessitating
air conditioning of the entire site. While additional
air conditioning was required for the electronics

TABLE I, Dimensions of the detector elements and
their spacing in the array. Directions are defined in
Fig. 1,

Bays 1-6 Bays 7-9

(m) (m)
Length 5417 4.71
North-south gap 0.59 1.36
Thickness 0.127 0.127
East-west gap 1.65 1.70
Height 0.555 0.555
Vertical gap 0,150 0.171
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house, standard mine ventilation maintained ade-
quately low tunnel temperature (~85 °F) and rela-
tive humidity (~75%). The thermally insulated
house was maintained at an average temperature
of ~75°F and a relative humidity <45%.
Electrical power was supplied through a motor
generator to isolate the site from electrical noise
on the mine power line. High frequencies present
on the generator output were reduced by isolating
transformers and LC filters. External high-fre-
quency noise was further reduced by covering the
electronics house with close-mesh wire screening.

B. The Detector

The detector array, shown schematically in Fig.
1, consisted of 54 liquid-scintillation-detector
elements, arranged in two discontinuous rails, one
on the east side of the tunnel and one on the west
side, having a total area of about 160 m? Each
element was an ultraviolet-transmitting Lucite
tank filled with liquid scintillator and viewed from
each end by two 5-in. photomultiplier tubes. The
tubes on one end were labeled A, B, and those on

i
l i
East F——1.8 m——————] West

FIG. 1. Sketch of the detector array. Approximate
array and element dimensions are given.



82 F. REINES et al. 4

the other C,D. The dimensions and spacings of
the elements in the array are given in Table 1.

The design of the detector elements was dictated
by the need for

(1) alarge and relatively inexpensive surface
area viewed by a small number of photomultiplier
tubes,

(2) a thickness sufficient to ensure energy de-
position by a penetrating charged particle well in
excess of that due to natural radioactivity,

(3) a height consistent with the tunnel dimensions
and the desired hodoscope angular resolution,

(4) a response function such that pulse height
variations over the length of the element were not
excessive.

The CERN technique® using plastic containers
with totally reflecting walls was found to enable
construction of detectors of quite substantial size
having remarkably good characteristics.’® The
Lucite tanks were housed in a close-fitting box
with white -painted inside surfaces to serve as a
light-tight housing and backup reflector.

1. Detector Response Function: Position of
Scintillation Event and Enevgy Deposition

The energy deposited in the detector by a muon
varied, depending on the length of path in the scin-
tillator, on Landau fluctuations and, to a lesser
extent, on the muon energy which in most cases
was in the GeV range. A horizontally moving muon
deposited ~20 MeV, while one moving vertically
deposited ~90 MeV. The fraction of the scintilla-
tion light reaching the photomultiplier tubes de-
pended on the location of the scintillation within the
element. The detector response was studied with
identical elements at the surface of the earth, se-
lecting atmospheric muons with known paths by
means of two small guide detectors. The response
function, i.e., the relative signal amplitude seen
by a photomultiplier as a function of event location
is shown in Fig. 2, as is the derived ratio of the
average signal from the pair of photomultipliers at
one end of the element to the average signal from
the pair at the other end. The ratio of pulse heights
gave the center position of the scintillation along
the active length of the element to within +0.15 m,
irrespective of the path length in the scintillator.

The response function in conjunction with an en-
ergy calibration determines the energy deposited
in the detector. The error in estimating path
length, or equivalently (in the approximate sense
outlined above) the error in the energy deposited
in the scintillator, is found to be roughly constant
(+16 MeV), independently of orientation and loca-
tion in the element, e.g., within +50% for nearly
horizontal paths and within +20% for vertical paths.

The above discussion applies only to events involv-
ing a single particle or multiple particles which
are close together.

2. Background Effects of Natural Radioactivity

A number of modifications of the basic detector
element design were necessitated by the rather
high level of radioactivity in the detector tunnel.
Most triggers of the recording system were due to
the chance time coincidence within resolving time
of the electronic circuitry (~0.8 usec), of a y-ray
absorption process near the A, B end of one de-
tector and an unrelated y process at the C, D end
of the same (or another) detector. The steeply
rising response function of the detector elements
gave such a chance coincidence the appearance of
a higher-energy single interaction. Thus as one
lowered the energy threshold so as to see hori-
zontally penetrating events (> 15 MeV) at the far
end of the detector, the rate of system triggers
became unacceptably high. There also existed the
possibility of such chance y rays interacting in the
same element within the resolving time of the sys-
tem, ~0.2 usec, as determined from inspection of
the oscilloscope records, thereby simulating the
signature of a single tank event. While such events
would not be of high energy, they would be similar
to those produced by corner-cutting cosmic rays.
In addition, the chronotron data-recording system
added the output signals from as many as 72 photo-
multiplier tubes and displayed them on a single os-
cilloscope trace. The result, which depended on
the number of y’s seen by each tube, was a general
noise level which made timing and amplitude mea-
surements of small signals difficult.

RELATIVE PULSE HEIGHT [F(Z)]

PULSE HEIGHT RATIO
[R@=F(@Z)/F(L-2)]

| 2 3 4 5 L

L

Z[DISTANCE FROM EVENT TO
PHOTOMULTIPLIER TUBE (METERS)]

FIG. 2. The response function of an element from
bays 1-6 and the dependence of the pulse height ratio on
event position.
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Several methods were used to combat these
effects:

(1) Transparent vertical partitions were added
to some elements 38 cm from each end. The end
regions were then filled with nonscintillating min-
eral oil.

(2) Opaque horizontal partitions 38 ¢m in length
were placed in the liquid at the ends of some ele-
ments to isolate optically the A from B photomulti-
pliers and similarly the C from D photomultipliers.

(3) The white diffuse reflective coating was re-
moved from the light tight housing in the end

regions of those elements with horizontal partitions.

Method (1) was employed in bays 7 to 9, which
were added to the original system (bays 1 to 6)
after the background problem had been assessed.
Methods (2) and (3) were employed in bays 1 to 6
where detector elements were of the original de-
sign.

The detailed effects of these measures are con-
sidered elsewhere.!’ In brief, they were success-
ful in reducing the difficulties discussed above to
an acceptable level.

C. The Detector Hodoscope

Referring again to Fig. 1, an address can be as-
signed to each element. Each group of six tanks
(three in the east rail and three in the west rail)
was referred to as a bay. Within each bay the des-
ignation of east or west and of upper, middle or
lower determined a specific element. Thus, the
address ESM refers to the middle tank in bay 5 on
the east side.

In this manner, the detector array formed a ho-
doscope locating single-element events in two di-
mensions along the detector tunnel, and determin-
ing crude angular coordinates of the event trajec-
tory®? for two and three element events. The event
positions determined the angle relative to the lon-
gitudinal axis of the array. In the plane perpendic-
ular to this axis, three angular ranges could be
distinguished on each side of the horizontal. These
were ~0-20°, ~20-40°, and ~40-50°. As noted
below, this interpretation of the event was unam-
biguous except for those rare events which in-
volved more then one bay on the same side of the
array. The scintillation detector was, of course,
unable to determine the direction of travel of the
particle.

Two additional bays (10 and 11) were operated
briefly. Each bay consisted of three standard scin-
tillation elements (forming one side of a normal
bay) and eight Cerenkov detectors. The object was
to infer the direction of travel of any particles tra-
versing the detectors. The Cerenkov detectors
were similar in design to the scintillation tanks,

MUONS PRODUCED BY...:

EXPERIMENT 83

but only about half as long, filled with water, and
viewed by two photomultipliers, one at each end.
These detectors were positioned next to the scin-
tillators, but were vertically oriented with one
photomultiplier at the top, and one at the bottom.
The relative sizes of the top and bottom phototube
signals together with the location of the event in
the detector determined, in principle, the direc-
tion of travel of the particle. The data obtained
from these detectors was of limited utility, prin-
cipally because of their small aperture and the
crudeness of the position information supplied by
the scintillation elements. Of the events recorded,
most appeared to be downward going. One event,
apparently upward going, was studied in detail.
Based on the characteristics of the detectors, this
direction assignment is about 90% certain.

D. Electronics

Two complete and separate data recording sys-
tems, the “chronotron” and the “charge storage,”
were developed for use with the detector hodoscope.
Each met the problem of handling large numbers
of photomultiplier signals (initially 144 and finally
216) in a different and complementary fashion.
Subsequently, as knowledge of the character of the
events under study was gained, it was possible to
modify the chronotron so as to eliminate the need
for the charge storage system.

1. The Charge Storage System

This system handled large numbers (144) of si-
multaneously occurring signals by storing them as
charges on individual capacitors. Subsequently the
charges were measured and their values digitized
in sequence. The resulting numbers, which rep-
resented the original pulse amplitudes, were stored
in serial fashion in the memory of a pulse-height
analyzer. The main advantage of this system was
that it recorded the output of each photomultiplier
separately and thus unambiguously. The chief dis-
advantage was its inability to preserve signal-wave
form, a feature which restricted the realizable co-
incidence resolving time and severely limited its
ability to distinguish between bona fide and spurious
signals. Details may be found in Ref. 13.

2. The Chronotron

In an experiment designed to detect events occur-
ring as infrequently as ten per year, a visual record
of the actual waveforms is of great value in identi-
fying the signal. By considering the various kinds
of events which might be observed with the array,
it was possible to devise a relatively simple sys-
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tem in which signals were combined to generate a
pulse position code enabling nearly all physically
interesting events to be displayed unambiguously,
using only two dual-beam oscilloscopes. The sys-
tem was called a “chronotron” because it pre-
served the time relationships between pulses.

Examples of events recorded with the chronotron
as well as an explanation of the position code are
given in Fig. 3.

Ambiguities in event location were a minor prob-
lem. In the final form of the chronotron, all types
of events involving elements in a single bay were
displayed in an unambiguous fashion. Uncertainties
arose only when two (or more) upper or middle or
lower elements on the same side of the array were
involved. In these relatively rare cases (Table II),
the elements could usually be identified, but only
limits could be established for the energies and
locations.

Details of the chronotron are found in the Ap-
pendix.

E. The Monitoring System

The individual components of the detector hodo-
scope were highly reliable, but their large number
led to a finite, though small, failure rate. This
multiplicity made it important to have a quick and
easy method for testing the correct operation of
the entire array. In addition, an automatic sys-
tem was required to provide a record of the de-
tailed behavior of the detector during the long pe-
riods - up to one week — of unattended operation.
These ends were achieved by means of a light-
pulser array'® designed around small corona lamps
installed in each element. When a single lamp was
pulsed, it simulated the passage of an ionizing par-
ticle through its element, so triggering the elec-
tronic system. The visual or film record of the
event demonstrated the operability of the associ-
ated electronics and gave crude information on cal-
ibration and stability. Individual lamps could be
activated remotely either by the system operator
or by an automatic sequencing device. This latter
device operated periodically whenever the hodo-
scope was collecting data, providing checks of the
entire system,

III. CALIBRATION

Calibration of large scintillation detectors is a
major problem at great depths due to the paucity
of atmospheric muons ordinarily used at shallow
depths or on surface. Accordingly, we located a
standard detector element on the surface of the
earth, calibrated it using cosmic-ray muons, and
related the muon signal to a portable secondary

|

standard for use underground.

In the early stages of the experiment an %8Y y-
ray source (0.9 MeV and 1.8 MeV) was used as the
secondary standard. The spectral response of the
detector elements to the source showed no struc-
ture, so the integral count above some pulse height,
or the matching of spectral shapes was used. This
approach has several shortcomings related to the
variation of the detector response with source posi-
tion. Because of its low energy relative to that for
which the detector elements were designed, the
secondary source could only be seen when located
very near to the photomultipliers. This provided
a test involving the scintillation efficiency of the
liquid, but not is optical transmission. In addition,

East Side West Side
Oscilloscope Oscilloscope
“J\,’——‘— Category

_ N IA

— e
ESM wWou
N <o
e
w4u
Category
4A
E7TM & E7L
Category
4B
E6U, E6M, & E6L
11,7128 139 4|5|6 Chronotron

UA | MA LA} UC|MC|LC Pulse Code
Ule| M | U | U%|M3|L2R
uB | MB | LB|uUD|MD|LD

FIG. 3. Typical oscilloscope records of events involv-
ing categories 1A, 3, 4A, and 4B. The pulse code is
also shown. The letters E (east) and W (west) designate
the two sides of the array; U (upper), M (middle), and
L (lower) the position on a given side and A, B, C, and
D the four photomultiplier positions on each element.
The numbers 1-9 specify the 9 bays while 1/2 and 2/2
refer to bays 1-6 and bays 7-9, respectively.
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TABLE II. Definitions, populations, and sensitive times for the various data categories. Based on data collected be-
tween 30 October 1964 and 23 August 1967, Instrumental dead-time corrections have been made.

Number of
detector Bays 1-6 Bays 7-9
elements Locations of signals Observed  Sensitive Observed Sensitive
Category involved in array population  time (h) population  time (h)
1A 2 1 east side, 1 west side 24 16579 8 12110
1B 3 2 on one side, 1 on the [§ 14 349 0 12110
other
2A >3 both sides 8 13187 2 11706
2B =2 not classifiable into 1 14671 0 12022
other categories
3 1 anywhere in array 143 13075 69 11229
4A 2 adjacent elements, one 37 14671 14 11562
above the other
4B 3 adjacent elements, one 25 14671 5 11562
above the other
5 1 two signals a few micro- 4 16579 0 12110

seconds apart

it was found that the presence of cosmic-ray back-
ground in the surface detector introduced large un-
certainties in the response to the ®¥Y source and,
hence, in relating the primary and secondary stan-
dards. Finally, this source was of little value in
calibrating the modified detectors of bays 7 to 9
due to the presence of the inert regions.

The above difficulties ultimately led to the use of
a pulsed light source'* as the secondary standard.
The need for a system whose gain could be kept
constant over long periods of time and varying en-
vironmental conditions was met by introducing an
additional step in the calibration procedure: the
cross referencing of the light source to a radio-
active source by means of a portable scintillation
detector.

A third method, employing the ®¥Y source and
reflective baffle which optically isolated a small
volume of scintillator adjacent to a single photo-
multiplier was found useful on occasion. This geo-
metric arrangement produced a spectrum with
structure which could be related to the surface
muon calibration. This technique was used mainly
as a check of the previously described methods
since its employment involved disassembly of the
detector elements and was inordinately time con-
suming.

These techniques resulted in an absolute energy
calibration with a precision of +10%. Monthly sys-
tem calibrations maintained the over-all gain with-
in this range for the duration of the experiment.

Various energy thresholds ranging from 5 to 9
MeV for events occurring at the center of a de-
tector element, were employed. The response
function (Fig. 2) determined the threshold at other
locations. For example, 5 MeV center of tank

implied a threshold of only ~0.8 MeV for an energy
deposition in the immediate vicinity of a photo-
multiplier. This was the source of most of the dif-
ficulties produced by natural radioactivity, and the
reason for the detector modifications described
earlier. The thresholds chosen were determined
by the desire to see penetrating events at the far
end of the detector and by a consideration of the
acceptable trigger rate. It is to be noted that, be-
cause of the nonlinear spatial response of the de-
tectors, the energy threshold determines the effi-
ciency of the array for detecting penetrating parti-
cles.

IV. BACKGROUNDS

A. Natural Sources

Natural sources other than cosmic rays can be
dismissed on the basis of energy considerations:
The minimum energy deposited in the detector in
an acceptable neutrino event was 24 MeV while the
average deposition was in excess of 40 MeV
(Table III).

B. Artificial Sources

The low rate of events due to all cosmic rays,
about one in two days, required special precau-
tions to ensure that the system discriminated
against electrical noise and other instrumental
effects.'® One such background, that associated
with seismic disturbances, is unique in our deep
underground location.

Early in the operation of the detector, it was ob-
served that violent earth movements were capable
of producing signals which satisfied the electronic
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TABLE III. A listing of the category 1A and 1B events which have been attributed to neutrinos and used in our calcula-
tion. Included is the time, location in array, energy deposition, and sidereal coordinates.

Energy Right
deposition ascension Declination
Date G.M.T, Elements (MeV) (deg) (deg)
23 Feb, 1965 20:47 E4L 29 219.9+12.9 7.3+7.9
W4L 18
28 Feb. 23:20 E5M 55 119.1+£11.9 13.3+£9.7
W5U 118
17 Mar. 17:52 E4L 19 58.9+11.5 50.9+9.5
W4L 16
20 Apr. 13:15 E2M 24 13.1+13.0 43.2+10.1
W2a2M 24
1 June 21:36 E1L 22 326.6+12.6 11.6+7.3
W2L 19
3 June 00:41 E4U 8 176.8+11.8 8.0+8.2
W4M 26
1 July 14:19 E3M 19 255.2+11.4 27.7+5.5
w3Uu 26
21 Nov, 14:06 E4L Large (XX son
W4L 25
7 Dec. 16:42 E3U 38 271.8+14.0 13.6+9.9
wW3U 23
25 Dec. 06:15 E5L 20 142,1+13.9 30.0+10.5
W5L 20
30 Dec. 00:47 E9M 22 129.3+2.7 54.2+5.8
WU 14
28 Feb, 1966 03:04 E8U 19 155.0+14.1 24.8+104
w8uU 17
1 Apr. 07:20 E9U 8 319.3+4.8 71.6+5.2
W8M 22
6 Apr. 06:40 E2M 19 265.6+19.8 68.4+5.8
W2L 30
9 Apr. 22:18 E6U 4 84.3413.8 46.4+5.8
W6L 61
24 Apr. 15:23 E2M 30 0.2+11.1 1.6+8.1
W2L 5
28 Apr. 21:28 E1U 11 123.7+18.7 55.9+6.4
W1iM 58
1 Aug. 16:47 E6L 16 337.0+£12.1 11.3+7.8
WéM 13
8 Aug. 16:36 E4M 20 136.1+£15.56 36.1+8.0
W4L 11
14 Sept. 21:08 E6M 11 276.3+13.0 43.2+10.1
WéM 13
23 Sept. 05:40 E9L 18 240.,5+8.7 3.1+7.3
WU 8
26 Sept. 03:45 E3U 24 40.5+10.8 53.3+9.2
W3U 20
16 Nov. 18:06 E1M 14 278.3+14.1 248+104
W1iM 17
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TABLE III (Continued)
Energy Right
deposition ascension Declination
Date G. M. T. Elements (MeV) (deg) (deg)
18 Jan. 1967 20:25 E2U 14 22,3+13.8 34.9+10.4
w2U 20
23 Feb. 12:59 E9U 20 267.0+11.8 9.0+8.2
WIM 25
7 Apr. 07:29 E8M 19 52.9+10.9 23.7+5.6
W8M 21
9 May 22:08 E6L 9 327.1+9.8 42.3+2.9
W6L 31
25 June 09:03 E3L 22 28.4+10.8 53.3+9.2
W3L 24
2 July 04:56 E5L 18 133.3+12.2 4,2+8.5
W5M 18
2 July 10:55 ETU 37 31.7+£13.7 19.3+10.1
w7U 234
13 July 17:31 E2M 16 164.1+11.9 13.3+9.7
W2U 20
28 June 1965 21:39 E2U 60
w2u 8
Wa2M 5
22 Aug. 02:33 E3L 130
W3L ~100
W4L ~100
11 Nov. 22:28 E2 or 3M ~7
E3L 53
W3U 26
18 Jan, 1967 16:25 E4U 163
Ww4U 80
W4M 8

coincidence requirements. The majority of such
seismic disturbances were directly attributable

to blasting associated with the operation of the
mine, and as such had a well-known temporal pat-
tern. Others, however, were the result of the re-
laxation of strain in the unexcavated rock and thus
occurred randomly. _

Seismically induced signals fell into three cate-
gories: The vast majority had a signature similar
to that produced by a particle penetrating a single
detector element. The cause of such signals was
determined to be electrostatic in origin. A fric-
tional contact between the Lucite walls of a de-
tector element and its light-tight Masonite housing
was made and broken during the disturbance. It is
conjectured that this produced a spark visible to
the photomultipliers. The metal housings used in
the second generation detector elements were con-
siderably more rigid, and with rare exception,
were not subject to this difficulty.

The second type of seismic trigger was of a
microphonic nature, and had its origins in the
amplifier electronics associated with the photo-
multipliers. Such signals were usually repetitious
and, because of the manner in which groups of
amplifiers were biased by common power supplies,
could produce signatures similar to those associ-
ated with shower phenomena (category 2B).

A third type of seismic signal which also appears
microphonic in nature was observed, but only rare-
ly. These signals were uncoded collections of high-
and low-frequency noise.

It is concluded that seismic disturbances of the
first kind could not simulate neutrino signatures,
although they could simulate single-tank events.
The processes giving rise to electrostatic spark-
ing are mechanical in nature and thus are not like-
ly to occur within the system resolving time (~0.2
usec). Microphonic processes arising from seis-
micity could also not produce a neutrino signature
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because two separately biased groups of amplifiers
were involved in any neutrinolike event.

Because of the need to identify unambiguously
the cosmic-ray component of the signal, seismic
detectors were incorporated into the system early
in its history, and only those events which were
recorded in anticoincidence with seismic disturb-
ances were used. Appropriate deadtime correc-
tions were made.

V. THE DATA: SEPARATION OF ATMOSPHERIC
AND NEUTRINO-INDUCED MUONS

Based on the detector geometry, the experimen-
tal data may be conveniently divided into a number
of categories, as defined and detailed in Table II.

We interpret the data in terms of two distinct in-
itiating sources: The more or less isotropic flux
of muons produced by neutrinos interacting in the
rock surrounding the detector and the sharply
peaked vertical flux of atmospheric muons which
penetrated the earth to our depth.'® Since our pur-
pose here is to determine the flux of muons due to
neutrinos, we must separate these two components.
This was accomplished in two ways.

A maximum-likelihood calculation’® incorporat-
ing analytic forms for the two angular distributions
was done to satisfy simultaneously the observed
rate in each of the geometrically distinguishable
classes of data.

A semiquantitative argument based on the two
widely different angular distributions demonstrated
that the events in category 1A (Table II) were due
exclusively to neutrino-induced muons. The argu-
ment also allowed most of the category 1B events
to be identified as in-aperture neutrino muons.

The maximum-likelihood method was developed
for the calculation of the vertical atmospheric

muon contribution to the observed events. Its ap-
plication to the calculation of the neutrino-induced
component is somewhat limited by the implicit as-
sumption of single-particle events. Multiple-parti-
cle events are considered in the more detailed
argument. The two methods are discussed in

Secs. VI and VIIL

VI. MAXIMUM-LIKELIHOOD CALCULATION

For a combination of expected count rates, C;,
each one of which obeys a Poisson distribution,
the likelihood function L may be written

14 cMo
L:H'A‘I—‘!eci, (1)

where N; is the number of events observed’ in
class i,

”
Ci=t,f I(h,e)ddi(; de, @)
0

where {; is the sensitive time, dA;/dd is the differ-
ential aperture,’® and I(k, 6) is the sum of the at-
mospheric and neutrino-induced muon intensities.
I(n, 6) can be written

I(n, 9)=auju (h, 9)+ayju(8)’ (3)

where 6 is the zenith angle, % is the depth below
surface, j,(k,6) and j,(6) are the angular distribu-
tions, and @, and @, are parameters which we fit
to the data of our experiment by maximizing L.
The subscript u refers to atmospheric muons and
v to neutrino-induced muons. Limiting analytic
forms were assumed for both the atmospheric

and neutrino-muon angular distributions. As dis-
cussed in detail in Ref. 15, the limiting atmo-
spheric muon angular distributions are given by

TABLE IV, Maximum-likelihood parameters. These numbers result from the data set chosen by Meyer et al.(Ref. 15).
The somewhat different set of data chosen in this paper would change these numbers by about 2%. Since this is well
within the errors quoted above, the data were not reevaluated. a, is the horizontal neutrino-induced muon flux. aue"h/ A

is the vertical intensity of atmospheric muons at depth 2 =8.74%x10° gcm

-2

Case Derived parameters
Neutrino-induced Atmospheric :
muon angular muon angular A a, a,
distribution distribution (10%g cm-?) (107¢ ecm~?sec~!sr-) (10713 cm-2seclsrl)

1-0.67cos’6
(horizontal to vertical

ratio=3) sec 0 8.04 (1.11+0.12) (3.52+0.66)
1-0.67cos’6
(horizontal to vertical

ratio=2) Isotropic 8.08 (1.15+0.12) (3.53+0.66)
Isotropic sec 0 7.93 (1.20 £0.16) (3.30 £0.62)
Isotropic Isotropic 7.96 (3.30 £0.62)

(1.25+0.15)
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ju(h,8)=e"*cos™ 6, (4)

with
n=h/x (5)

or
n=h/x-1, (6)

where

h=8.T1x10° gem™2,
1 =(8.0413:3%)x10* gem™2.

Neutrino-muon angular distributions are consid-
ered in Refs. 7 and 15. Table IV gives the parame-
ters for the atmospheric and neutrino muon fluxes
derived from this procedure.'® Table V gives the
maximum-likelihood values and the observed pop-
ulations for the various data categories.'”

VII. DETAILED ARGUMENTS TO SEPARATE
COSMIC-RAY AND NEUTRINO-INDUCED MUONS

Our object in what follows is to show that one
class of our data (all categories but 1A and 1B) is
consistent with a flux of high-energy muons and
their associated showers peaked, to the vertical.
We then argue that a second class (category 1A)
is not attributable to vertical showers but is con-
sistent with an approximately isotropic flux of
neutrino-induced muons and their associated show-
ers. Category 1B appears to contain a mixture of
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events from both sources.

It is recognized that the separation effected in
this way may not be precise, and that in a few
cases, judgment based on incomplete information
was required. Nevertheless, the number of mis-
classified events will be small and well within the
given error bars. The various arguments detailed
below may not by themselves be definitive, but as
a group they are quite convincing.

The interactions by which muons produce show-
ers include pair production, knock-on processes,
bremsstrahlung, and photonuclear collisions.*®
The number of such interactions per meter of rock
versus burst energy for various initial muon ener-
gies is shown in Fig. 4. We chose 300 GeV as a
representative atmospheric muon energy at our
depth.?® Taking into account the above interactions
and the range-energy relationship for the result-
ing electrons® we arrive at Fig. 5, which shows
the fraction of incident muons interacting to pro-
duce a burst of energy capable of just reaching
our detector as a function of the burst energy.

For the muon energy representative of neutrino
interactions, we chose? 10 GeV (see also discus-
sion of category 5 events). The appropriate curve
for this energy is also plotted in Fig. 5.

Data are available on the lateral development of
showers in various materials for various burst
energies.?? The data on aluminum were chosen
since aluminum closely resembles rock in critical
energy and radiation length (~15%). From these

TABLE V. Comparison of the observed data with the calculated number of events in each class. The data in this

table are revised and differ slightly from those of Meyer ef al. (Ref. 15). Calculations were performed with parameters
derived from the experiment, using secf enhanced atmospheric muons and two neutrino-induced muon angular distri-
butions. Note for example that class 1UU contains events from categories 1A and 1B in which the muon was horizontal,
i.e., the U-U, M-M, or L-L events, class 3UL contains events from category 3 which involved upper or lower elements,

Calculated number of events from maximum likelihood

Isotropic neutrinos Nonisotropic neutrinos

[,(6)=1~0.67 cos?d]

Observed
number Neutrino- Neutrino-
of Atmospheric induced Atmospheric induced
Bays Class events muons muons Total muons muons Total
1-6 1UU 15 0.0 12.4 12.4 0.0 124 12.4
1UM 10 0.0 12,5 12.5 0.0 12.4 12.4
1UL 3 0.1 3.0 3.1 0.2 3.0 3.2
3UL 102 80.9 37.9 118.8 81.6 37.8 1194
3M 41 23.3 14.0 37.3 24.1 14.0 38.1
4A 37 40.7 2.6 43.3 39.4 2.6 42.0
4B 25 8.5 0.3 8.8 8.0 0.3 8.3
7-9 10U 3 0.0 2.9 2.9 0.0 2.9 2.9
1UM 3 0.0 3.1 3.1 0.0 3.1 3.1
1UL 1 0.04 0.9 1.0 0.1 0.9 1.0
3UL 48 32.0 16.0 48.0 32.3 15.9 48.2
3M 21 11.1 7.1 18.2 114 7.0 18.4
4A 14 13.6 0.9 14.5 13.2 0.9 14.0

4B 5 3.2 0.1 3.3 3.0 0.1 3.1
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FIG. 4. Number of interactions in one meter of rock vs energy transferred to pair, y-ray, or knock-on electron per
interaction (for various initial muon energies),

results (see Fig. 6), it was clear that showers ini-
tiated by high-energy muons were capable of pro-
ducing multitank cross-tunnel events such as those
denoted by category 2A.

A. Arguments Which Indicate that Events Categorized
as 1A Are Not Consistent with the Vertical Shower
Picture but Are Consistent with Neutrino-Induced

Muons

(a) Let us assume that all the observed events
are due to atmospheric muons interacting in the
rock surrounding the array. These interactions
produce electromagnetic showers of various ener-

gies and widths which accompany the original mu-
on. Based on the geometry of our array, we as-
sign to each of our event categories a range of ap-
propriate shower widths. Category 3, for exam-
ple, would require a very narrow shower so that
the event would indeed be confined to a single tank.
Category 2A, on the other hand, requires a show-
er of a width which approximates that of the tunnel.
Figure 7 is a plot of the fraction of total events
versus the range of shower widths assigned to each
category. In view of the strongly vertically peaked
angular distribution of cosmic-ray muons, and the
monotonically decreasing nature of the burst ener-
gy spectrum, Fig. 5, we expect a monotonically
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FIG. 5. The burst energy spectrum at our array for
various incident muon energies.

decreasing fraction of total events with increasing
shower width as defined above. This is, indeed,
the distribution we observe when category 1A
events are neglected. If, however, the category
1A events are included with the 1B and 2A data,
we note a significant excess of events with large
shower width.

(b) Another method of demonstrating this excess

—
/ \ 2 RADIATION LENGTHS

88% |96%\ 1.6%\0.6%

FIG. 6. The energy distribution in our tunnel due to
a burst of 200 MeV occurring in the rock above the ar-
ray.
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of wide showers is to compare category 1A (two-
tank cross-tunnel events) with categories 1B and
2A (cross-tunnel events involving more than two
tanks). Here we assume that categories 1 and 2
are produced by cosmic-ray showers with a spread
greater than or equal to the tunnel width. In order
to produce such a large lateral development, it is
necessary for many interactions to occur in the
rock overburden. This implies many accompany -
ing particles with a number distribution that de-
creases as one goes further from the shower
center.?? As a consequence, it is highly unlikely
for a shower to produce events in two tanks on the
periphery of its development and at the same time,
not produce events in tanks closer to the shower
center. Accordingly, two-tank cross-tunnel events
(1A) are less likely than cross-tunnel events in-
volving more than two tanks (1B, 2A).?® In our
data, however, there are 31 1A events while the
1B and 2A categories total 14. Clearly, a mech-
anism other than large vertical showers must be
responsible for 1A events. A consideration of the
detector geometry reveals that this argument is
incomplete, since for 1A events involving two bot-
tom tanks, the central part of the shower could
miss the other tanks. This point is discussed in
the following paragraph.

(c) One can make another argument against the
large vertical-shower origin of category 1A based
on the event distribution within the 1A category it-
self. Within the admittedly poor statistics, the
numbers of Upper-Upper (U-U), Middle-Middle
(M-M), and Lower-Lower (L-L) events are equal
(the numbers are U-U=5, M-M=4, and L-L=6).
As in paragraph (b) above, this would not be ex-
pected if the 1A events were due to showers from
above.

(d) A possible source of category 1A events is
an interaction producing a single particle which is

CATEGORY 3

o o
o N

o
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o
ol

CATEGORY I|A, 1B, 2A
CATEGORY 4A

:::i] CATEGORY 4B -

CATEGORY IB, 2A

o
N

o

FRACTION OF EVENTS OBSERVED
(@]
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| 2 3
CHARACTERISTIC WIDTH OF EVENT
[IN ELEMENT HEIGHTS]

FIG. 7. Decoherence curve to infer separation of data
between atmospheric and neutrino-induced muons:
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then scattered at a large angle from the incident
muon. Since the angular distribution of the scat-
tered single particle is peaked in the direction of
the incident muon, one would expect a much larger
number of U-L type 1A events than U-U events.
This is contrary to the observed data: U-L =4 and
U-U=5.

(e) If we examine the energy deposited by 1A
events (Table III) in each detector element in
terms of the geometrically expected deposition
modified by the detector resolution function,? we
find that 29 of the 32 events are consistent with
single particles (Fig. 8). The remaining three
events have large (>100 MeV) energy depositions
in one of the two tanks. The large energy deposi-
tion is attributed to secondary particles accompa-
nying the muon. In the three events in question, -
the apparent inclination from the zenith is so large
as to rule out a cosmic-ray muon as the cause
(Fig. 9). In one of these, however, we judge that
the muon missed a detector and is, therefore, out

NUMBER OF IA EVENTS

20 (a)
15
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5
e rLl . L RN
6 54 3 2 | 01 2 345 67 89
OBSERVED ENERGY- EXPECTED ENERGY
o
0.09 (b)
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FIG. 8. (a) Deviation from expected energy deposition
in 1A events. (b) The observed energy deposited in
category 1A events compared to the expected spectrum.
Effects of Landau broadening, corner clipping, and de-
tector energy resolution have been included.
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FIG. 9. Category 1A events which do not satisfy a
single-particle interpretation: (a) Event of 28 February
1965. The energy depositions are consistent with a
muon plus secondaries passing through both elements.
The large zenith angle implies a neutrino-induced muon.
The absence of signals from other elements precludes a
vertical cosmic-ray shower. (b) Event of 8 October
1966. The energy depositions are consistent with a
muon plus secondaries passing through the upper ele-
ment, but the muon and most secondaries missing the
lower element. Such an event is out of the geometry
used to calculate the neutrino-induced muon flux.

(c) Event of 2 July 1967. The energy depositions are
consistent with a muon plus secondaries passing through
both elements, although the evidence is not as strong as
in the event of 28 February 1965. The large zenith angle
implies a neutrino-induced muon. The absence of signals
from other elements precludes a vertical cosmic-ray
shower.
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of the aperture used for calculation of fluxes. Con-
sistent reconstructions of these three events are
depicted in Fig. 9.

(f) Yet another component of the cosmic rays
which could produce the 1A signature are multiple-
muon showers. These consist of a bundle of nearly
parallel muons produced in the interaction of a
single cosmic ray primary and its progeny, and
typically spread over an area of 100 to 300 m?.
Cannon and Stenerson®® have recently measured
the intensities for simultaneously detecting two
and three muons in a large detector. According
to these measurements, the probability of a single
muon being accompanied by another is only about
1%. Since there were about 300 single muons
which passed through our detector, we would ex-
pect about three of these to be paired. In order
to simulate a neutrino event, the accompanying
muon must also hit the detector, and further, must
satisfy a rather rigorous set of geometrical re-
quirements. These considerations reduce the num-
ber of 1A events produced by this mechanism to
«1 in our run time.

B. Some Arguments Indicating that Events Other Than
Those Categorized as 1A and 1B are Consistent
with Vertical-Shower Picture

(a) Using the vertical intensity at our site,'® we
calculate that the total number of atmospheric
muons which penetrated our tunnel in the immedi-
ate vicinity of the detector was ~1100 in the total
run time. In this time, we observed 10 category
2A events. We conclude, therefore, that we ob-
serve cosmic-ray showers of large extent about
1% of the time. The average energy deposited in
our detector by the category 2A events was great-
er than 600 MeV. The average burst energy must,
therefore, have been considerably in excess of
this. One would predict from Fig. 5 that 1% of the
cosmic rays incident upon our detector array
would have a shower of 4 GeV or greater accompa-
nying them.

(b) We would expect more M-L events than U-M
events in category 4A. This is because many po-
tential single-particle U-M events become cate-
gory 4B (i.e., U-M-L) events by virtue of their
accompanying particles, and are lost to the cate-
gory (see Fig. 10). In addition, muons which would
miss our apparatus if unaccompanied by secondar-
ies can, by virtue of these secondaries, produce
more M-L events than U-M events. We observe
35 M-L events and 15 U-M events. This is con-
sistent with our prediction.

A comparison of category 4A with 4B shows, as
one would expect, that the calculated ratio of aper-
tures?® for single-particle cosmic-ray events
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FIG. 10. A category 4A U-M becomes a category 4B
by virtue of its accompanying secondaries.

(6.5/1.2) is very much greater than the observed
ratio of events (51/30).

We note also that the 4B data can be examined in
terms of the expected energy deposition for a sin-
gle particle. Only a fraction of the events satisfy
the expected range of single-particle energies.
This fraction is consistent with the number of sin-
gle-particle 4B events predicted based on our
aperture.

(c) A comparison of the 1B and 2A data shows
that those events involving greater than three ele-
ments are more probable than those involving only
three. In addition to corroborating our shower
picture, this argument further strengthens that
given in Sec. VIIA, paragraph (b).

(d) Category 2A events are never observed to
involve an Upper and Middle without a Lower.
This, too, would be predicted by our shower pic-
ture.

C. Category 1B Events

If we examine the 1B events individually, we find
that in most cases only one trajectory can be as-
signed consistently within the constraints of the
two-component flux of muons discussed above.

For example, in the event of 18 January 1967
(Fig. 11), a horizontal track of the type illustrated
with its accompanying shower seems the most likely
reconstruction. It is, of course, conceivable that
this event was produced by a vertical shower, but
in our view, based on the arguments given in Secs.
VIIA and VIIB, this interpretation is highly im-
probable. Thus, we believe this event should be
attributed to a neutrino interaction.

Proceeding in this fashion, we assign four of the
1B events to horizontal muon showers produced by
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FIG. 11. Event of 18 January 1967. A category 1B
event interpreted as a horizontal muon with accompany-
ing shower.

neutrinos, and one to a vertical cosmic-ray shower.
This leaves one event lacking a unique interpreta-
tion, but we judge this to be most likely attributable
to a cosmic-ray muon.

D. Category 2A Events

The arguments in Sec. VIIC suggest that a por-
tion of the category 2A events may be due to hori-
zontal showers, i.e., neutrino-induced muons with
associated particles. One can see, however, that
the number of such events from vertical showers
(atmospheric muons plus a smaller component
from neutrino muons) must greatly exceed that
from horizontal showers. This follows both from
the relative probabilities with which atmospheric
and neutrino muons make showers of a given ener-
gy (Fig. 5), typically =2/1, and from the large
ratio of vertical to horizontal muons (~213 to 35).
As a result, <3x £8x8 <1 category 2A events can
be attributed to “horizontal” neutrino-induced
showers.

E. Multiple-Particle Neutrino Events

From Fig. 5, we would expect about 86% of our
“in-aperture” neutrino events to have showers of
10 MeV or less accompanying the muon, i.e., to
be consistent with unaccompanied muons. We see
35 total in-aperture neutrino events and, there-

fore, predict that 30 of these should be consistent
with a single particle. We observe 29, a result
in agreement with our prediction.

F. Category S Events - Delayed Coincidences

During the course of the experiment, four events
classified as category 5 were recorded. These are
characterized by a pattern of chronotron pulses
which do not conform to the expected patterns for
horizontal and vertical single particles or bursts.
However, the pattern of pulses for these four events
can be recognized with good certainty as being
caused by two particles which deposit energy in a
single element at approximately the same location
a few microseconds apart. Table VI gives results
of analysis of these events. The observed mean
time interval of 3.2 usec is sufficiently close to the
2.2 usec characteristic of muon decay that it seems
highly probable that the prompt signal represents a
stopping muon and the delayed signal its decay elec-
tron. Table VI also shows that the energy deposit-
ed by the first particle is large, as expected for a
muon nearing the end of its range, and that the en-
ergy deposited by the delayed particle in most
cases is consistent with the muon g-decay spectrum
(53 MeV end-point energy). The too-high decay en-
ergy for the first event may possibly be accounted
for by the fact that this energy is a somewhat rough
estimate based on the slope of a pulse whose ampli-
tude is in the saturated region.

Assuming that these events are indeed muon de-
cays, the question arises whether they are decays
of atmospheric or neutrino-produced muons.

(Since the experiment features a unique site and
an array of detectors unlike any used previously,
we should allow the possibility of some hitherto
undetected source of low-energy muons.) The
possibility that they are decays of atmospheric
muons can be ruled out by the following argument:
Since the vertical intensity of cosmic-ray muons
can be represented by'®

L(h)=a,e™'? (7)

TABLE VI. Muon decay data.

Location (meters from

Energy deposition (MeV) north end of element) Time delay
Date G.M.T. Element E prompt E delayed Prompt Delayed (usec)
19 Apr, 1965 23:33 EIL 147 97 2.1 1.8 4.2
16 Jan, 1966 04:12 WIU 22 12 0.1 0.1 2.2
31 May 1966 18:36 WIL © 38 20 0.83 0.38 3.4
23 May 1967 05:40 W4M 152 16 .4 2.58 2.88 2.85

3.2 (mean)
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the fractional decrease in the vertical intensity with
depth is given by

A ®

The mean thickness of the detector array for tra-
versing atmospheric muons is estimated from the
observed mean energy deposition to be ~30 gem™?,
while X at our site has the value'® 8.04x10™% g
cm~2, Therefore, we expect that only about 0.04%
of these muons will stop. It is seen from Table V
that ~213 atmospheric muons were detected, thus
the predicted number which will stop is ~0.1. The
four events which occured must, therefore, be
caused by a flux of muons of significantly lower
energy, which we now estimate.

An estimate is first made of the probable num-
ber of muons which stopped in the array, some of
which may not have given identifiable category 5
signals. Corrections must be made for the follow-
ing:

(1) the finite oscilloscope display time for each
event, which allows ~20% of the decay electrons to
escape observation;

(2) the ~10 MeV minimum energy required to
give an observable decay electron signal. About
30% of the decay electrons do not deposit sufficient
energy in the element to give detectable chronotron
pulses;

(3) loss of muons by nuclear capture. For our
scintillator liquid (CH,), about 2% of the total muon
flux will be lost by this process.

Making these corrections, we believe that the
number of potential category 5 events was 7+4,

The probability that a neutrino-induced muon with
range R in rock will stop in an element of effective
thickness d is d/R. For these muons d~20 gcem ™2,
Since the total number of neutrino-induced muons
penetrating our detector was ~113 (see Table V),
the number of stopping muons is 113d/R. From
this, the average range of the muons which stop is
~300 gcm ™2, suggesting a most probable muon en-
ergy of about 1 GeV.

Wolfendale et al.?® have estimated the low-ener-
gy part of the neutrino spectrum, and from it the
fraction of low-energy muons stopping in our de-
tector. Their result, about 4%, implies that ~4.5
neutrino-induced muons stopped. This agrees
with the observed number and our own estimate,
and may be regarded as further evidence of our
observation of neutrino-induced muons. We there-
fore conclude that the type 5 events are due to
muon decay and are compatible with the decay of
neutrino-induced muons.
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G. Accuracy of the Data Separation

The above arguments demonstrate that cosmic-
ray neutrinos have been observed. We now address
ourselves to the accuracy with which the separa-
tion of cosmic-ray and neutrino-induced muons has
been accomplished. Despite the compelling argu-
ments given above, we recognize the possibility
that a small number of events may have been in-
correctly attributed to neutrinos. As an upper
limit on this number, we assume that @/l multi-
particle events classified as neutrinos (two cate-
gory 1A events and four category 1B events) were,
in fact, misclassified. This is a conservative as-
sumption since the number of multiparticle neu-
trino events is consistent with expectations (Sec.
VII A, paragraph (e)]. Even with this extreme as-
sumption, the overestimate in the neutrino signal
(~17%) is no larger than the error we quote for
our neutrino-induced muon rate.

It is important to note that the physical conclu-
sions based on our experiment’ become more
powerful as the signal rate is lowered.

VII. CORRECTIONS TO THE DATA

(a) As noted, the spatial variation in detector
response meant that an event at a given energy de-
position had a detection efficiency which depended
upon location as well as discrimination level. A
determination of this efficiency was made possible
by using the energy spectrum of the 1A events as
a first approximation to the actual probability of
various energy depositions. Since an energy de-
position in excess of the discriminator level was
necessary only in one of the two elements involved
in a 1A event, this approximation is expected to be
quite good. This probability was then integrated
over the location-dependent efficiency for providing
a trigger pulse, thus determining the detector
efficiency for the system to be 97% for the first
six bays and 100% for the remaining three bays.

(b) Systematic light-pulser (Sec. II) event sim-
ulation revealed those parts of the array which
were on occasion unable to trigger the system.
Corrections were made to the run times of the ef-
fected categories; e.g., if one photomultiplier tube
became faulty, then its element was insensitive to
single-element events, but still sensitive to multi-
element events in which one of the other elements
could trigger the system. Such dead times were
estimated by counting from the last test which
showed the element to be active.

IX. NEUTRINO-INDUCED MUON FLUX

Application to the data of the corrections and
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selection processes outlined above, leads to a
measured rate of (6.5+1.1)x10~7 sec™* for ob-
serving neutrino-induced muons. The determina-
tion of a total neutrino-muon flux from these rates
is complicated by the energy dependence of both
the flux and angular distribution of the muons. A
theoretical calculation of the rates involves an
integration of the differential aperture of the de-
tector’® and the energy-dependent angular distri-
bution over zenith angle followed by an integration,
over the muon spectrum. A knowledge of this
spectrum requires information on the neutrino
interaction cross sections which is not available
experimentally for energies in excess of 10 GeV.
Such calculations are made for various assumed
forms for the neutrino cross section in a com-
panion paper,” and the results compared with the
experimental rate.

To facilitate comparison with the results of our
maximum-likelihood calculation and with the re-
sults of others, we here calculate the flux assum-
ing the neutrino-induced muons to be isotropic.
On this assumption, the muon flux is found to be
(3.7+0.6)x10"* ecm~2sec™'sr~!. It can be seen
from Table IV that the two methods of calculation
are in good agreement. The existing discrepancy
can be attributed to the different classes of data
employed by the two calculations. The maximum-
likelihood calculation is based on all data classes
listed in Table V, while the second approach uses
only those events which we attribute to neutrino-
induced muons (Table III).

X. OTHER EXPERIMENTAL RESULTS
A. An Improved ERPM Experiment

The work described in this paper was performed
primarily as a first foray into the field. It was
recognized at the outset that the spatial (£15 cm
longitudinal and +30 cm vertical) and angular re-
solution (+10°) was at best rudimentary, and the
anticipated (and actual) event rate was quite low.

A much more sophisticated and enlarged detector
using a large number (~50000) of flash tubes and
scintillation triggers has been developed by this
group and should yield results which have a spatial
resolution of a few centimeters, an angular reso-
lution of a few degrees, and double the neutrino
signal rate.

Preliminary results of this improved experiment?’
give a neutrino-induced muon flux of (3.9+0.7)
X107"® ecm~%sec™!sr~! for an assumed isotropic
muon distribution.

B. Kolar Gold Fields Experiment

An experiment performed in the Kolar Gold
Fields® at a vertical depth of 7.6x10° g cm™ of

standard rock gave a neutrino-induced muon flux
of (2.6+0.7)X10" ecm~2sec™sr~! for an assumed
isotropic angular distribution.

The rough agreement between the three experi-
ments is additional evidence for the neutrino origin
of the signals in each, particularly when one con-
siders that the atmospheric muon background at
the ERPM sites was about an order of magnitude
below that of the Kolar experiment.
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APPENDIX: THE CHRONOTRON

The basic element in the chronotron system was
the “chronotron box,” accommodating (as shown in
Fig. 12) 24 input signals, arranged as a 4X6 ma-
trix. Each input signal produces three outputs,
two indicating the row and column address of the
signal, and the third identifying the box itself. The
output signals were unity-gain replicas of the in-
put.

Six such boxes were cabled together by means of
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FIG. 12. A chronotron box (4x6 matrix).
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FIG. 13. Block diagram of chronotron system for one side of the detector hodoscope.

a trunk line for each column and each row (Fig. 13).

This produced a single matrix capable of handling
144 inputs and having 24 outputs. The hodoscope
was divided into two rails (east and west). Cor-
respondingly, two of the units just described were
employed.

The box circuitry consisted of a number of fan-
outs and fan-ins and a matrix of signal cables.
The design of these circuits and cables and the
power supply system required considerable care
to minimize cross talk so that a given input signal
did not give rise to output signals in other rows
or columns.

In its final form, Upper, Middle, and Lower
signals were connected to separate boxes (six
bays per box). Thus, the box pulse identified the
detector element as Upper, Middle, or Lower.
Within each box the A, B, C, and D photomultiplier
signals were associated with the four rows, while
each bay was assigned its own column. Thus, the
column signal identified the bay while the row
signals presented the individual signal amplitudes
and waveforms.

The block diagram (Fig. 13) shows the intercon-
nection of the chronotron boxes, delay lines, and
the recording oscilloscope along with a simplified
version of the necessary logic circuitry. Two such
circuits existed, one for the east rail and one for
the west rail.

Also shown in Fig. 13 is the discriminator and
coincidence circuitry. The fan-out (CDFO) and
fan-in (CSFFI) circuits served to combine appro-
priate groups of signals, e.g., signals from all A

tubes (Upper, Middle, and Lower). These were in
turn fed into a discriminator circuit (Schmitt
triggers) and a pulse shaping circuit (single-shots).
The four sets of signals (all A’s, all B’s, all C’s
and all D’s) which were then logic levels, were fed
into a fourfold coincidence circuit (nand gate). The
resolving time of the trigger logic was determined
by the width of the single-shot pulse to be ~0.8

i sec. Thus, the coincidence requirements for

the array were, any A, and any B, and any C,

and any D. In fact, four complete and independent
discriminator-coincidence circuits were employed.
These served the east and the west sides of the
bays 1-6 and the east and west sides of 7-9.

The capacity of the dual-beam oscilloscope for
display of signals was increased by sweeping twice
to give a four-trace raster. This required that the
locator signals be stored in delay lines for an
additional period slightly greater than the 13-u sec
sweep duration.

The logic curcuits used to trigger the recording
oscilloscope and the Beattie-Coleman scope cam-
era are composed principally of nand gates, nor
gates, diode clusters, and single-shot multivibra-
tors in the form of 0.5-MHz commercial logic
cards. The circuits are somewhat more complex
than indicated on the schematic because of various
block circuits, camera control circuitry, 'geophone
coincidence circuitry, ete.

Reference is made to an article by Crouch et al.?®
for a more extensive discussion of the chronotron
system.
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