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ABSTRACT

We propose to study the properties of a 400 GeV wide band
neutrino beam in a six million ton underwater Cherenkov light
detector located in Lake Issyk-Kul 9,730 km chord line distance
from Fermilab. This experiment can reduce the upper limit on
the mass of tau neutrinos from 200 MeV to about 1 MeV. A largeé
number of events will allow a significant improvement on theA m
and the mixing angle in the monentum dependent oscillation length.
The calorimetric and "fine" grain properties of the BATISS-BRISK
detector will allow one to study the physics of neutrino-like
events observed in the Western Washington University BATISS
neutrino telescope detector. The paper, accepted for publication
in the Proceedings of the 18th I.C.R.C.” in Bangalore, India
1983 is attached. The proposed experiment is described in °
substantial detall in a booklet titled "Experiment BATISS -
Detection of Muons and Neutgino Deep Underwater using a Detector
wigh a Mass Greater than 10° Tons" - Western Washington University
1983. :

Requests of Fermilab

i

1. One month of dedicated beam time be granted for the experiment.
Funding support from sources other than high energy physics
will provide for the cost of operations in the amount of
2 million dollars/month. The beam run would be generated at
a time when Fermilab would be closed down because of a lack of
operations funds. :

2. It is requested that Fermilab bend the 400 GeV beam 450 below
the horizon and point it toward the BATISS-BRISK detector.

3. That a total number of 2 x 1019 protons with an energy of
400 GeV be delivered to the neutrino detector.
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‘INTRODUCTION

-This paper describes the results of a test for the exist-
~ence of correlations between neutrino telescope events and the
accelerztor pulses produced by FNAL at 2750 km chord line ‘
. Gistance. The neutrino telescope was aligned to select prefer-
-entielly single particles coming up from 10 + & degrees below
the horizon. It could also detect part‘cles. if any, which come
from BNL at 3906 km chord line distance and 17 degrees below the
loczl horizon. An atomic clock located at the FNAL measured the
time of initiation of the Main Ring Ramp and the Main Ring Dump
(which occurs after completion of the extracted 400 GeV beam), to
a resolutlon of 10us. The telescope records the time of occur-
rence of L-fold coincidence events which are selected from a
trigger on Cherenkov 1light signals produced by upward moving
particles traveling along the axis of the telescope at the speed
of light. A separate set of data which gives the index of the
pulse, the intensity (of the Linac, Booster, Main Ring and fully
accelerated heams), the time and date of production of each pulse
and the cycle time is also discussed. Results of a search for '
correlation between the times of the observance of neutrino tele-
scope events and the time of observance and the characteristics.
of the FNAL beam pulses will be given. Contributions of acceler-
ator beams and beam losses in the form of background to cosmic-
ray experiments will also be discussed.

DESCRIPTIVE

Preliminary to a full-scale experiment (BATISS) to study
the processes involved in the penetration by a beam of high
energy neutrinos through the earth at various chord lengths,
this paper presents a partial analysis of some data obtained with
a water Cherenkov counter telescope aimed at the FNAL from
Western Washington University (WWU), Bellingham, along a 2750 km
chord. Circumstances limit the present arrangement to viewing
only those particles moving at rather large angles from the
main beam line. Even if it had been possible to aim the tele-
scope directly into the main accelerator beam the expected number
of observable charged particles, arising from neutrino inter-
actions in the intervening matter from FNAL to the telescope
"-would have been impractically small with such a small effective
target volume. Nevertheless, the experiment seemed to offer very
interesting opportunities for the study of new processes and
particles that have not ye:t been identified. Accordlngly, the
velescope was aimed 10 degrees below the horizon and in the
azimuth of the accelerator. It was then necessary to0 use a
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suitable event selection system capable of discriminating against
a relatively huge cosmic-ray background and strongly favoring the
selection of events containing one or more particles coming up
from the earth.
: The telescope consists of three cylindrical water tanks 1.2m
in diameter by 1.8m long, mounted in tandem with photomultiplier
tubes at the rear (upper) ends. Triggerson the simul taneous
appearance of Cherenkov light signals in the front and back
counters are called "AS" events because they are presumed to be
identified mainly with the air showers of cosmic-rays. When the
signal in the back counter lags by 26ns (the time of flight of
a particle traveling at the speed of light up from the ground
along the telescope axis) the coincidence is called a "TE" (tele-
scope) event. About five months of telescope data have been
recorded but only a small fraction has been analyzed, even partially.
We deal here only with a 3 day run, May 24, 25 and 26, 1982, for
which we had time synchronization data from Fermilab. The 3 day
run recorded 194 TE events or 2.85 # 0.11 per hour and 1544 AS
events or 21.59 * 0.30 per hour.

The AS event frequency is actually consistent with expected
cosmic~-ray flux and the TE events may likewise be largely produced
by AS and by cosmic-rays that are scattered into the telescope
from the earth. However, a small part of the TE events may have
their ultimate source in the Fermilab whatever the intermediate
processes may be., The first important problem is to establish
various correlations that can contribute to thdés identification.
Thus, the TE event rate may have a small positive correlation with
the total power delivered by the Fermilab beam. A better test would
be to relate the time as well as intensities of individual Fermilab
pulses to the observed events.

In Figure 1 are plotted two 24 hour samples of the TE events,
one from the 3 day run, and one from June 1 which had the two
largest values, viz, 9 events per hour. Those two peaks are
most probably only statistical fluctuations.

‘A computer program stepped through all of the pulses placing
the time period between pulses into the beam-on category if the
pulse preceding the telescope event had an extracted Main Ring
(MR) beam, other wise it placed the time interval into the beam-off
category. See Table 1.

Table 1 RESULTS

- Neot | Tmin | N> {Efceséf N (MR{nJ')“

Seam-01T 27 i 752 33,8 0 0 if
| Beam-on 167 | 3738 159. 9224 f 39 3.4;{1017 j%%
T Total Tio4s 77 4530 1937 T T T ||

A total of 27 beam-off TE in a 792 minute time period were observed
compared to 147 in a 373€ minute beam-on time period. Two other

. analysis of two other sets of data show positive correlations.
Hence, subtracting the background as determined by the beam-off
rates Ifxpom the number of events observed during the beam-on time
period, an excess of 39+24 "signal" events (1.66) is obtf%ned.
During this portion of the data run most of the 3.4 x 10 Main
Ring Injected protons were accelerated from 8GeV to 400GeV.
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A fur?her comparison between event rates observed during the
active period (first 7sec) of the beam-on cycle time pulses and
the dormant portion (A»7sec) of the beam-off portion of the cycle
time suggests an excess of 14.8%5.52 events or 2.46 during the
active stage. See Figure 2. A further comparison between the '
1nten51t§es of the data run average pulse of FNAL beams and the
average intensity of the beam pulses immediately preceding and
succeeding the observation of a neutrino telescope event shows
that the "associated"” beams are more intense by at least 2.0 & .

SUMMARY AND CONCLUSIONS
Three independent tests for the existence of correlations
between neutrino telescope events 2750 km from FNAL and neutrino
beam pulses yielded the following results.

1. Using the telescope 9 day average rate the beam-off rate was
2.806 below expectation (while the beam-on rate was 0.616 above
expectation (from the null hypothesis). A minimum excess of
7 events was observed during the beam-on state. If the back-
ground to the beam-on portion of the data run was taken to
be the beam-off rate then the excess of beam-on events is
46 with a deviation of 1.96. The probability that this excess
is due to chance is .06.

2. If the beam-on and beam-off différences are real, then an
excess of events should be observed during the active stages
of the accelerator compared to the dormant stages. During
this three day period the accelerator was cycling less than
13.5 seconds,less than 1% of the time. This included possible
aborts. By defining the background rate to be given by the
beam~off rates and by beam-on rates for A+ values ¢ 7.0 sec.
we find that 66.2+6.2 events are to be expected during the
active stage, whereas we observe 81. The 14.80 excess of events
during the active stages of the accelerator is 2.46 above expec-
tation. The probability that this excess is due to chance is
0.017.

3. If the excess events have their physical origin in the production

of beam particles at FNAL, then the average intensity of beams
associated with TE must be higher than the average taken over
a2ll pulses produced during the 3 day data run. The intensities

of the Linac, Booster MR injection and MR accelerator components
for the beam-on pulses are 2.5, 3.0, 3.0, 2.00 above expectation

respectively. However, the components of the beam-on and beam-
off pulses are not independent. To be conservative, we take
the intensity of the associated beams to be only 26 above
expectation. Hence, the probability that the higher intensity
beams associated with the telescope events is due to chance is
less than 0.05.. :
The combined probability that all three correlations inde-
pendently are due to chance is 0.06 x 0.017 x 0.05 = (1/20,000).
A minimum of 5 TE would have to be strategically shifted (a highly
improbable occurrence) in a repeat experiment, to associated pulses
with extremely low Dbeam intensities in order to remove the excess.
This improbable occurrence would remove the beam-off depletion
and bring the intensity of associated beams to an average value

However, this would still leave an excess of at least about 10 events

in the &+ distribution (Figure 3). Hence, the analysis suggests
that a minimum of 5 events/3 days are generated by some kind of
beam particles from the FNAL, a distance of 2750 km from the source.

April 25, 19¢3
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PREFACE
BATISS

BATISS is an acronym for BATavia where the high energy
Fermilab accelerator is located and Lake ISSyk-Kul where a
six megaton neutrino detector is to be located. In this
experiment, very high energy neutrinos which are produced at
the Fermilab are propagated through 9,370 km of earth to Lake
Issyk-Kul where they will be detected and studied. The same
detectors can be used for the study of high energy neutrinos
of solar origin. This preface describes the basic elements
and the structural framework of the BATISS experiment.

HISTORY

The idea of a joint U.S$.-U.S.S.R. through-the-earth
neutrino transmission experiment arose in a discussion at
the International Conference on Cosmic-Rays in Plovdiv,
Bulgaria in 1977 among U.S.S.R. scientists Professor E. V.
Kolomeets of Kazakh State University, Professor V. S.
Murzin of Moscow State University and U.S. scientists
Professor Peter Kotzer of Western Washington University
and Professor J. J. Lord of the University of Washington.

Since that time many theoretical calculations and
technological studies in support of the experiment have
been carrisd out. These studies are stronglyv supportive
of the feasibility of the BATISS experiment.

AIMS OF THE EXPERIMENT

In the BATISS experiment the very high energy neu-
trinos which are generated by a very high energy acceler-
ator such as that at the Fermi National Accelerator Labor-
atory in the U.S., and which travel 9,370 km through the
earth to Lake Issyk-Kul will be detected and studied
Jointly by, U,S.A, and U.S.S.R. scientists.

The results of the BATISS experiment will provide new
and more precise answers to several classes of important
prohlems,

First: Fundamental problems in high energy neutrino and

elementarvy particle physics. Among these are:

1) The question of the stability of the v, v, v neu-
trinos,. T
2) The question of the existence of oscillations of

neutrinos amongst each other v, z Yy T Ve 2 Ve

3) The question of the existence of new earth-penetrating
particles, i.e., neutral leptons.
4) The question of the existence of new interactions
among known weakly interacting particles.
) The question of the long term stability of “he nroton.

|93
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6) The question of the acceleration mechanisms in solar
flares.

. Second: Fundamental problems in the geophysical sci-
ENCES. Major advances in this area are possible because
measurement of global distances to an absolute error as
small as a few millimeters may be possible. Trnus BATISS
will:

1) Provide new technigues for a global survey of the
earth with unprecedented accuracy using neutrino
beams. For this purpose the detector should be
capable of observing neutrinos from several sources,

2) Provide a determination of the relative motion of two
global points on different continents and possibly
directly observe the predicted relative motion of
tectonic plates.

3) Provide techniques and information for future experi-
ments on the long term vertical motion of the ocean
floor.

4) Determine directly the short term (diurnal) tidal
motion of the earth which may be as much as 50 cm per
day..

5) Correlate the possible changes in the motion of the
plates with earthguake data.

£) With some modifications to the Issyk- Kul neutrino
detector it may be possible to examine the thecretical
prediction of the change of the gravitational constant
with time.

Third: Applications. Upon the completion of the BATISS

III.

detector and analysis of neutrino events (and the answers
to these fundamental problems in the sciences) several new
applications of neutrino beams are possible.

1)

2)

WHY

An entirely new form of human communication. Tech-
niques will be developed to demonstrate that neutrinos

can be used to convey messages through the earth with-
out the aid of electrical conductors.

Exploration for massive deposits of o0il and minerals
may be possible.
A JOINT U.S.-U.S.S.R. EXPERIMENT

There are many advantages to a Jjoint U.S.-U.S.S.R.

BATISS experiment. Among them are:

1.

The originators of the long base-line experiment, Drs.
E, V. Kolomeets, V. S. Murzin, P. Kotzer, and
. Albers, will Jjointly 4direct the project. They are
from the respective countries and have thought out the
experiments in sufficient scientific and technological
¢ il so as reasonably fo anticipate the successful
letion of the project.
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2. Both countries have the necessary technological and
scientific resources for carrying out the BATISS neu-
trino experiment

3. The source of the world's highest energy neutrinos
already exists in the U.S., at the Fermilab., Since the
ease of detection of neutrinos increases with their
energy, it would be advantageous to use this source.

4, The source-to-detector distance, 9,370 km, 1is very
large (almost as great as the earth's diameter), pro-
viding the opportunity for very sensitive tests of the
existence of neutrino oscillations.

5. Lake Issyk-Kul, one of the world's largest bodies of
clean water, is optimum for placement of a neutrino
detector and the study of neutrinos. The Kazakh State
University Laboratory can carry out the construction,
deployment and operation of the underwater neutrino
detector in collaboration with American scientists.

6. Valuable data on searches for and properties of neu-
trinos from the Fermilab can be taken soon after the
detector is placed. After this study and search,
bending of the proton beam can take place for further
studies of the properties of neutrinos and also feasi-
bility tests of transcontinental neutrino communica-
tions systems.

Already a working relation between scientists in the
two countries exists, Prof. Kolomeets visited Western
Washington University between January 8 and March 12, 1981
to work with the participants there to help solve the
scientific and technological problems assoclated with the
proposed experiment. Furthermore, an agreement between
the respective institutions of the U.S.S.R. and the U.S.A.
was signed on July 30, 1981 in Alma-Ata,

PROGRESS ON THE BATISS EXPERIMENT

(1) In the U.S.S.R., measurements of water transpar-
ency, which were necessary to determine the number of
detector elements, have been successfully carried out,
proving that Lake Issyk-Kul will make an ideal location
for an efficient detector of man-made and natural neu-

trinos.
(2) In the U.S.A. a working "mini" model of the BATISS

detector, complete with the computer system, is in
operation and has demonstrated that the detector can be
constructed to achieve a sufficiently high resolution of
the relative time of arrival of neutrinos between the
modules in the neutrino telescope and that a global time
synchronization system c¢an be used to effectively cancel
out the large background of cosmic-ray muon and neutrino
noise events.



PRGPOSED SCHEDULE OF FUTURE BATISS ACTIVITIES

In 1981:

(1) Conclusion of an official agreement should be achieved
between the U.S.-U.S.S.R. participants as to the detailed
division of tasks in the BATISS experiment. This 1is
expected to occur during the December 15-January 15
meetings at Alma-Ata of this year. )
(2) It will be necessary, in the interest of scientific
advancement of BATISS, that a prototype neutrino telescope
be operated by the U.S.S.R. The BATISS neutrinoc telescope
should be emplaced and operated in Lake Issyk-Kul at a
depth greater than 500 meters. It is necessary that the
detector be a working portion, such as a section,
neighborhood or possibly a gangleon of the full scale
BATISS detector, and be as close in design as possible to
the specially designed working telescope at WWU s6 as to
eliminate possible discrepancies in the data attributable
to instrument design.

(3) The successful operation of the neutrino detector
requires that the conditicn of the beam of neutrinos at
the Fermilab be correlated, on a real time basis, with the
condition of operation of the BATISS telescope at WWU and
the BATISS neutrinc detector in Lake Issyk-Kul. It will
be most beneficial to establish an "on line" communication
link from the start of the BATISS experiment when
background cosmic-ray muon and neutrino measurements are
being carried out and the construction of the final BATISS
Detector is in progress.

Timing will be based on the use of a system of
synchronized atomic clocks located at the Fermilab and
also at the Lake Issyk-Kul Neutrino Detector, or the use
of an existing satellite.

In 1082:

(1) Measurement of the cosmic-ray muon and neutrino back-
ground in Lake Issyk-Kul. It will be desirable to carry
out measurements of the background neutrinos from the
Batavia, CERN and Serpukhov accelerators at this time. To
do this, a large scale computer required for datz analysis
at Lake Issyk-Kul should be operational by the end of the
year.

(2) Completion of a major portion of the BATISS Detector.

In 1983:

/=

{1) Completion of the BATISS neutrino detector and initi-
ation of a detailed study of the composition of the
ccelerator neutrino beam at wide angles.

(z; Searches for rew neutrincs and studies of the Tau

neutrino will be emphasized.



VI.

VII.

VIII.

IX.

vi

In 1984:

Operation of the BATISS neutrino detector in an intense
Fermilab neutrino beam generated by one TeV energy
protons.

PUBLICATIONS

It is proposed that all publications be of joint U.S.-
U.S.S8.R. authorship and that the results derived from the
activities related to the BATISS experiment be of joint
ownershin. The publications of the BATISS VNeutrino
Experiment results will be submitted simultaneously by the
U.S.A.-U.5.5.R. authors to 3journals, in their respective
languages.

MEETINGS

Meetings between the scientists of both countries
should be no less than two times a year. The times of the
meetings should be chosen so as to optimize the progress
of the BATISS experiment.

EXCHANGES

The participants to be exchanged in the BATISS
experiment will consist of both scientists and engineers
but shall also include students from the participating
universities or laboratories in both countries.

CONCLUSIONS

The primary benefits of this joint experiment are:
first, answers to questions of several fundamental
problems in science and technology will be obtained, and,
second, establishment of an improved werxing relation
among the scientists of the U.S.A-U.S.S.R.
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INTRODUCTION

This proposal is published as the third in a series con-
cerning long base line neutrino experiments and provides addi-
tional material on the overall plan for the implementation of the
BATISS experiment. New technological advances in unde}water
neutrino detectors, time synchronization systems and high energy
accelerator capability make possible transcontinental and truly
international neutrino experiments.

This third edition is directed toward a mére detailed layout
of the proposed experiment--BATISS. We review specific physics
and geophysics goals of the experiment and also bring up some
applications of 1long base 1line neutrino experiments to geo-
physical and applied sciences. In later sections a specific
design of both the underwater array and the data acquisition
system is proposed along with estimates of costs for the associ-
ated materials.

A neutrino telescope, simulating the BATISS neutrino detec-
tor, is in operation at Western Washington University where prob-
lems of handling the cosmic-ray and electronic background and
time synchronization techniaques are being worked 6ut. The Soviet
Group is carrying out Monte Carlo studies regarding optimum array
parameters and detection efficiencies of specific Cherenkov light
module designs. The results of these studies will appear in
other publications and will be summarized in another edition of

the BATISS proposal.




The overall description of the BATISS experiment can best be
understood in terms of three major technological problem areas
which must be addressed by BATISS in order to insure a successful

experiment. These are:

(1) The production of a neutrino flux with known characteris-
ties.
2) The construction and operation of a 106 ton or greater

underwater neutrino detector.

3) The synchronization of times of neutrino beam generation
with the times of recording of events at the BATISS detec-
tor.

The quality of the data and the degree to which the stated
problems (physics and geophysics) can be worked out depends heav-
ily on the technological framework of the experiment.

Sections 1-4 of this report describe the physics and geo-
physics problems addressed by this experiment.

Sections 5-6 methods of detecting neutrinos and their cross
sections.

Sections 7-12 describe the prdperties of the neutrino
sources (solar flares and accelerators), detection techniques and
event rates.

Sections 13 and 14 give the design and layout of the experi-

ment.

Sectisn 15 gives an estimate for the cost of the dstector.



1.) Goals of the Experiment.

The goal of the experiment BATISS (an acronym for FATavia -

ISSyk-Kul) is the experimental study of the nature of neutrinos

traversing large distances (on the order of 10q - 108 kilometers)

and large quantities of matter ( > 3.2 x 109 g/cmg). Whén the
source of the neutrinos is an accelerator (in the present casé,
the Fermilab accelerator at Batavia), the experimental study is
conducted with a neutrino beam with a strictly controlled inten-
sity, energy, time of delivery and direction.

When the source of high energy neutrinos is solar flares,
the distance from the source to the detector is-.also known, as is
the energy spectrum of solar neutrinos from a determination of
the energy spectrum of protons generated duriné the solar flares
[7-9]. Also known is the somewhat more complicated trajectory
and distribution in the arrival ftimes of the cosmic-rays in the

interplanetary field.

[

The neutrino beam produced by the accelerator protons at
Batavia, Illinois, will be directed towards a deep and trans-
parent lake located in the USSR--Lake Issyk-Kul--where the neu-
trino interactions will be observed in a water target with an
effective mass of about 6 x 106 tons. The products of the nu-
alezr interzction of the neutrinos in the water will be detected
by the measurement of the Cherenkov light they produce.

° 1

- F R —~
ancslarator  ocanerated

In =addition to the det=zction o s
neutrinos, the data acquisition system will make it possible to
detect cosmic-ray muons at high energies ( > 10 TeV) and also
optical-radiation generated by other sources of Cherenkov light

such as the decay products of nucleons.
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theories the mass of the neutrino is not zeré, and the state
vectors |ve>,[vu> are themselves a superposition of state
vectors of neutrinos with non-zero masses. For the case of two
flavors

ver = aylvy> + gy fup>

}vu> = a2|v1> + Bylvy>
where Iv1> and lv2> are the eigenstates of the two massive neu-
trinos. The results for the mixing of three types of neutrinos
has been worked out by V. Barger, et al. [291]. 1If, as a result
of some kind of weak process, a Vu beam is generated with a well-
defined initial state, then at great distances from the source
such a beam might be composed of a coherent superposition of
muon, electron, and tau neutrinos. The oscillations are depicted

as follows:

VooV VY Voo Vot v e e e e e e e e e e e e e .1
u <« ‘e n < T e « 't (1)

It is necessary to note the following:

1) The difference in the masses of the states Vis Vo and

v3 might be comparable with the w,, vy, and V. masses.

2) The oscillations of neutrinos may be either maximum or
less than maximum. The amplitude for oscillations in neutral
kaon beams is found to be maximum.

3) Given an initial beam of only one type of neutrino, at a
later time the beam will consist of as many as three types assum-
ing the Vo exists, and more if others exist.

Presently, there are several theories [10] of neutrino
oscillations which predict the transition rates, W, for oscilla-

tions between vg and\alat a distance R between the source and the



neutrino detector:

No, L (R =W, (R) = & sin?20(l-cos2rl) . . . . 2)
: QWBPCZ .
where L = Vi L, is the oscillation length, P is the
[ml - myc
momentum, and ® = degree of mixing.

As follows from the theory, oscillations might be observed

best when L < R. Let M2 = ]m% - m%l then
L = 4nie Pe/M2® L L .(3a)
Putting in the numerical factors we have
L = 2.5 Pe(MeV) /M2t evy®, L L L L L L L L. ... . .(3b)
When MZOll z 1(eV)2 and neutrino momentum is equal to 1 MeV,

10 MeV, and 1 GeV, the oscillation length is equal to 2.5 m, 25
m, 2.5 km, respectively. From Equation (3b) it follows that the

effect of oscillation might be easily observed if:
m2e® > T )
In experiments to search for neutrino oscillations it is

desirable to minimize the momentum of the neutrinos P and

min?
maximize the distance between the source and detector Rmax' The

characteristic sensitivity of experiments in search of oscilla-

tions is given in terms of the parameter [117:

2 Prin
MELLE 2.5 ¢ I €0
max

The parameter Mmin for various neutrino sources is given in

Table 3.1. This table shows that the sensitivity of the proposed

experiment would be two or more magnitudes greater than the pres-

ent experiments [12, 20].




Table 3.1

The Neutrino Oscillation Sensitivity Parameter

for . some Neutrino Sources.

2 2
Source- P, (MeV) Rmax(meters) Mmin(ev)
Detector '
Batavia 5 x lOa 8 x 106 1 x 10'4
Issyk Kul
Solar Flare 2 x 1071 1.5 x 101t 3 x 10712
Issyk Kul
Solar Flare 103 1.5 x 1011~ 2 x 10'8
Issyk Kul
EXPERIMENTAL LIMITS [35]
Raksan
1.4 x 10° 1.2 x 10/ <6 x 1073

Cosmic~-Ray v,




One possible method for determining the existence of neu-
trino oscillations consists of comparing the average intensity of
observed neutrinos of a given type with the intensities expected
in the absence of oscillations. This comparison is facilitated
in an experiment of this type where the source spectrum and the

intensity is known.

3.2) Decay of the ZJeutrino.

There are now strong theoretical grguments that the neu-
trino is not an absolutely stable particle as was thought several
years ago. On the experimental side, in 1980 a report appeared
in the Soviet\Union by V. A. Lybimov et al. on the experimental
determination of the mass of the electron neutrino. From a
measurement of the end point of the B8 decay spectrum of Tritium
it was reported to be about 25 eV [12]. A similar result (20 eV)
has also been obtained by Simpson for the same process [22].
Although these experiments demand further confirmation, neverthe-
less, if one allows the mass of a neutrino at rest to be greater
than zero, then, for example, in addition to an oscillation the

neutrino might decay in the following manner:

Vo 20 A €))

vy >
The probability of this decay [11], has been calculated from the

fundamental theory of weak interactions with neutrino mixing, ani

is given by the equation:

. [ 2)?
vy » vy + = = S22 md sin?scos?e | (D
16 1287 m
Here m, and m, = masses of the muon and the intermedizte vector
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boson respectively. Additional decay modes of massive neutrinos

have been investigated by Kolb and Goldman [307].

3.3) Neutrino Scattering - Angular Distributidn.

In the proposed experiment it will be possible to determine
the angle of scattering of neutrinos from nucleons, and also to

obtain information about the parameter

2 2 2
MY o= mp - mp|

The neutrino scattering angle can be calculated from a knowledge
of the neutrino energy and the measurement of the hadron shower
axis. Further the detector can measure the average angle of
particles from the hadronic shower and the charged-current
component. See Figure 12.1-2 for a brief discussion of the
kinematics.

3.4) Possible Observations of the Birth of Heavy-Charged-Leptons.

Because of oscillations, if a neutrino of a new type such
CE is part of the weak current together with charged heavy
leptons, and if the neutrino field is entirely mixed, then it may
be possible to observe the interaction of heavy charged leptons

using a technique suggested by [31] if high resolution of the

shower axis can be obtained by the BATISS detector software.

3.5) Unpredicted Phenomena.

It is necessary to note that in new experiments, there have

frequently been found new, unknown, and unpredicted phenomena.




- 3.7) The Study of Anisotropy of Cosmic-Rays in Regions of Energy

Greater than 100 GeV.

Project BATISS will detect particles from both the upward
and downward directions. Muons detected from below are geherated
by the charged-current interaction of accelerator, atmospheric
20C cosnmic V., with the water in the lake and the lake bottom.

Muonis from the upper hemisphere will be predominantly of cosmic-

ray origin via one or more secondary processes. Monitoring the
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direction of particles arriving from above, it is possible to
~ determine the anisotropy of cosmic-rays in the galaxy in regions
of energy > 10 ey, Taking into account that particles will pass
through various thicknesses of water depending on the angle of
arrival, it will be possible to calculate the dependence of the
anisotropy parameter on the energy of the cosmic-rays:

Ii<E) - Ik(E}

;\(E) = ZIi(E) -+ Ik(E) . . N . . . . . . . . . . . . . - . (8)

where I,(E) and IL(E) are the cosmic-ray fluxes from the

directions of i and k.

4.) CGeophvsical Problems.

From the measurement of global ( = 1090m) distances with
uncertainties as small as tens of millimeters in this experiment,
it will be possible to determine and study:

a) The relative motion of the American and Eurasian tectonic
plates.

b) The lowering and raising of the lake floor.

c¢) The other periodic and aperiodié changes 1in the source to
neutrino detector distance.

d) The possible change of the gravitational constant with
time,

The high precision measurements of the short-term variations in

ne source to detector distances may also be useful in the study

vetnods of Detecting High Znergy Neutrinos.

Accelerator neutrinos have been exhaustively studied in all

I the major laboratories of the world. The typical charged-




15

current interactions of high energy neutrinos with nucleons are
the inclusive reactions:
v, +N-h+vu . . . ... .. .. S e e . (9a)
v +N->h+ e

e e e e e e e,
where h are hadrons.

(9b)

3

The typical neutral-current interactions of high energy
neutrinos with nucleons are:

v + N->h+ v e e e e e e e e e e e e e,
¥ H ,

Vg + B > h+ v Y ¢ X019

As a result of reaction (9a), high energy muons are created,

..(10a)

carrying away on the average about one-half the incident
neutrinos' energy and the other half going into a creation of an
electromagnetic-hadronic shower (EMHS).

These interactions may be detected by observing the
Cherenkov radiation emitted by the newly created relativistic
chargéd particles which arise from the initial interactions of
the neutrinos and the secondary and higher generation processes
in the transparent water. Lake, sea, or’ocean water may be used
as the neutrino target detector media. The ocean water has a
very serious background, viz., bioluminéscent light. Cherenkov
radiation can be easily measured - with the help of
photomultipliers arranged in the water and reliably protected'
from background sources of light in the case of lake water (or

deep mines).

6.) Cross Sections of Neutrino Interactions.

An important feature of the interactions given in Eq. (9)

and Eq. (10) is that the neutrino-nucleon cross-sections increase

with the energy of the incident neutrino in the interval of
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energy from 1.5 GeV up to 150 GeV [13].

The charged-current cross-sections for the interactions of
neutrinos with protons and neutrons can also be given in terms of

the quark structure functions:

dzc - : Gzszv 2-

Sy O = = (4@ + A )k L L L Lt

%o i c?onE, ).

Ry Oy = 2 4,60+ i ]k ... L a)

whére:

X = sz(zm(EV - Ep )) is the Bjorken scaling variable,

y = (Ev - Eu>/Ev = EhXEv energy‘carrled by the hadron,

Q2 = 2E_.E (1 - cos 8 ) negative of the Ud-momentum transfer

v VH squared,
d (x), d (x) are the structure functions for the down
quark On the proton and the neutron respectively.

3,ﬁp(x), a_(x) are the structure functions of the anti-up

quark§lin the proton and the neutron respectively.
E. is the energy of the incident neutrino.

E. is the energy of the muon generated by the charged cur- -
Y pent interaction.

8 is the angle between the vector momenta of the incident
neutrinoc and the resultant muon,

G~ is the Fermi coupling constant.

m is the mass of the nucleon.
At low U-momentum transfer the quark composition of the proton
and the heﬁtron respectively is:

p = uud,n = ddu.
The cross sections for neutrinos and antineutrinos on protons for

Ev‘> 10 GeV are:
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[0.714 £ 0.036] x 10738 em® E_ . . . . . (12a)

c(vup)

o (v-p) [0.371 £ .019] x 10738 en® E . . . . . (12b)

where o0 is in units of cm?, and E, 1is in units of GeV [24].

The energy independent part of the cross section for the

'interaction of high energy neutrinos with protons,is,abdut twiééik”

y W™

as high for energies (Ev >10 GeV) as it is for lower energieéﬁ

(E, <10 GeV).
More recently, an exposure of 15 m3>(2.2 tons) of deuterium
to a neutrino beam produced by 5 x 1018

at the Fermilab [23] has shown that:

50 GEV . . . . . . . (120)

1
H

[ a,}(\;un)/g(\,up)" 2.03 4 0.28 Ey

]
fl

c"{ﬁun)/g({sup) 0.51 % 0.16;(&‘\—)

protons of 350 GeV energy

LOGEV « « +» . . . . (12d)

in agreement with the model of the quark composition of the

nucleons.

Taking into account Equations (12a, 12c) we compute:
OM,Z,A) = (2A - ZP(VD) . . v v o v e e e e e e e . (13)

Taking for example‘A = 18 (water) Z = 10 and considering a beam
of neutrinos of energy E, = 50 GeV (which is not the maximum

produced by the accelerator) we get

o, (A = 18) = (26) x 0.71 x 10738x 50 = 9.23 x 10730cm®. . (14)"

The mean free path, A of neutrinos in water is given by:

v s
T, = A,0= 9/(13N0(vp))

where N = 6 x 1023 nucleons/gram of matter and T, is the mean free

path in gmfcmg'Thus:

T, = 1.6 x 101§ gM/CMS © v e h e e e e e e e e e (15)
“E, ( GeV) |
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Assuming that the v cross section continues to rise linearly with
the energy then the mean free path of neutrinos with an energy of
22 TeV in matter of density 5.52grams/om3 is the diameter of the

earth.

7;)¢AAcceleratotpNeutrinos.‘

7.1) Production of Accelerator;Neutbiﬂbs.

The beam of accelerator-neutrinos is formed from beams of

‘pions and kaons, as a result of their decay.

2 - F
i s

‘A’IT&-Pui'FVu(gﬁ) /'.;..’.........."‘. (16)

Lt % - J |
‘Kh" u + vu(\)u) ‘1 » » Ld L3 - . * . . . - . . - - . » » (17)

|

The major fraction of the neutrino beam is composed of neutrinos
which result from the two particlé decay processes of Egs. (165
and (17).

The dynamics of two particle decays are well known, and in
particular the momentum of neutrinos in thevcéntérvof mass coor-

dinate system is:

;r - - Mg = M]!‘i
va = Ev = ZM - L4 » » . » . * L ] L) . > » » L]

N o o
where Mo is the rest mass of the pion or kaon. So, for reaction

)

(16) E = 0.037 GeV and for reaction (17) E, = 0.233 GeV.
V Iﬁ~thellaboratory coordinate system, the momentum.distribu—

tiom of the decay products is given by:

e M L
! .£ @ = .___.__O- - constant . . . - . . . . . . . « e PO . (19)
N JE 2P P 3 -

Where N, the number of neutrinos with  momentum P, ,. - is

bounded by the limits:

Yo(B, ~ B)) £ By < vo(E, + B) -

."‘
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and Y, is the center-of-mass Lorentz factor. Using Eq. (18),

DR
I? 0 S E\’ E EYOP\) = YO ——7}]—;—’* b . . . . . o - o’ . . P ( 2 1 )
Vo -

~assum1ng that the mass of the neutrino is zero.

y-

The max1mum energy and momentum of neutrlnos are dependent~

‘on the energy of the parent partlcle°

(E\lg ) maX = 0.95 EK . »- » . » » - .7 L - ” . L] * o - - (223)
(E-\)) max = 0.‘43 E'ff. « e s e ¢ ¢ s 2 s e 2 s e e . . (22b)

total beam and occurs mostly in the channel:
I(‘-> e + Tf +\)e . - - » - - . . - . . . . .' - - - - . » (23)
For . initial energy spectra of pions or kaons W(E]) it is
easy to find the energy spectra of neutrinos.
e WE )

N d v 2 P o|
,Ev o ~;,N,APv o f

The energy spectra of neutrinos, generated in the above manner,

for energies up to 20 GeV [1] are shown in Figure 7-1. For beams

of neutrinos of energy greatér than 20 GeV (such as are produced

in the Fermilab [20]) the energyjspéctbavare shown in Figures 7-

3, reference f25], and 7- H reference [26].

The break in the neutrlno spectra is the result of contribu-

tions of neutrlnos from the channel denoted by Equatlon 17).

The spectrum of neutrinos producing muons emerging out of a

ground target is shown in Figure T-2.

7.2) Neutrino Beams from Accelerators.

Neutrino beams are generated in the following stages:

1) Protohs, accelerated in an accelerator, impact on a thin

N ¢ 25 8

'The maximum flux of electron neutrinos is several percent of the
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Figure. 7-1 ENERGY SPECTRUM OF NEUTRINOS FROM A 70 GeV ACCELERATOR
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Figure 7-2 Differential Spectrum of Interacting Fermilab
Neutrinos Producing Muons Which Emerge From
the Berm at the Bubble Chamber Site (1.4 km
From the N-¢ Proton Beam Stopper). Based on
the Fermilab Neutrino Flux by Malensek, Feb.
1979 (400 Meter Decay Tunnel, Two Horn Wide
Band Focus).
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ﬁarget generating a secondary beam of hadrons.

2) These secondary hadrons are separated by signs of charge
and by momentum with the help of a magnetic transport system. i

3) Monochromatlzed secondary partlcles are fed into a decay t
Ntunnel (0 4 km in. the case of the Fermllab NQ beam) where the
 react1ons in Eqpatlons (16) and (17} take place, and the neutrlno.
beams appear and propagate through the tunnel. -

i) The mixed beam falls on a thick filter whlch absorbs the -
i:femainingjhadran'and muOQS'from decay reactions (16) and (17).
At the aéceleratbr, beamsvare created ﬁith a widé‘rahgevbf'band
widths. In the wide band beams focus is obtained with the help of
“magnetiq horns" which select partic;es of a like sign of charge.

A Narrow band beams are formed from speéiaily.prepared chrom-
aticized beams of hadrons and are subsequently focused. After
the .second: focus and momentum selection, the beam has a narrow
momentum spread Ap/p ™~ 0.05 and a narrow angular dlvergence of
0.14 milliradians. The overall intensity of the narrow band is
100 times. less than the wide band, but it is several times more
effective due to better angular and enefgy‘charaeteristics,

The intensfty“ of wide band beams in"*the interval of
2 x 10-3 radlans consists of 1070 neutrinos at an average energy

‘of aboat 50 GeV [147T.

7-3) Transport of the Hadronic Beam and its Collimation.

A neutrino beam directed towards Lake Issyk-Kul will be
obtained by bending a collimated beam of secondary hadrons which
are transported and decay into neutrinos and other charged par-

ticles in a vacuum decay tunnel.
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The length of the vacuum tunnel should be no less than one
kilometeb with a radius 15 - 20 centimeters. If there is no vac-

uum, the neutrino beam weakens by a factor of three because of

P

»

-~

degradation in energy by interactions of secondary particles with

'f,aif:nuclei in the decay tunnel.

8.) 'Cosmic—Ray Neutrinos.

8.1) Generation of Neutrinos by Solar Flafes,_,

A detector with a mass greatervthén"106'tonsvéllows the
ﬁkdetéction of muon neﬁtrinos generated by inteﬁse sqlarkflares.
The neutrinos arise from the interactions of protons, acéelerated
to high engrgies in solar flafes, with atomic nuclei near the
solar surface. Detection of solér flare muoﬁ neutriﬁos makes'it
possible to search for neutrino oscillations with periods of sev-
eral minutes, and also to study questions of phe physics of the
solar flares such as the time for acceleration of particles to
high energies during flares; the time of their diffusion in the
corqna,,andxother«questions;

As was. noted by B. E. Ponteeérvb,{private~c§mmunication),
the magnitude of the flux of muon heutriﬁosj fr0m‘ fhe'vsuny ié
o clqsely tied with the flux of other particles,'charged»and'neu~7"'
ﬁral, which in turn are"easiiy observedw in partiCIe expepia 
vments; Taking into accouhtkthét for muon neﬁtrihos generated by
the channel in Equation (16), the intensity is approximately
equal to the intensity of photons generated in the reaction:

O 3
We note two special classes of solar flare events, those from:

a) the generation of protons emitted from flares on thevvis—

ible side of the solar disc.
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b) the generation of protons from flares on the opposite
side of the solar disec.
Case b) is more favorable for detection. The solar flare

particles generated on the other side of the solar disec produce a

‘sharper pulse of neutrinos. Howeverr those whlch come to the

| magnetlc fields arriving in a wider time 1nterval at the earth"'

atmosphere, thereby produclng a w1der and more dlffuse beam of

neutrlnos, w1th a. lower slgnal to noise ratlo.

The nunmber of neutrlnos from flares on the opposite 31de of

the sun will equal: ,
~ N (E ) N (E) o '

e e T T vV T
Kv(gv) = Np(ﬁ) Np(E)’ N"T(E-n_) -' L A ' ¢ s oL * & o o’ * & w = -(26)

where Np (E) = differential spectra of prbtons generated during
solar flares [1]. N and Nu are the number of pions and the
number of muon néutrinos respectively.

The estimate of muon neutrinos is carried out by assuming

~ an-isotropic- distribution of protons: during flares and assuming

.that_the energy spectra of the protonS'at?the sogrce~cankbe writ-

ten as:

-~

N, (E67'=“N0 AE;Y' e e e e e e e e P e s e w (27)

p‘,
where Ngiz total number of protons genérated from a solar flare,

Eo is the proton energy and y 1is the spectral index. Let
f(%T,BO) be the probability of a proton of energy Eo ppoduciné a

pion of energy E7r

. dE ‘
dN_(E.) =Ewp\:, EE,, O)[El} dE_ ..o L (28)
- ,

o

~r

: earth from“the visible ‘sidé diSperse in the»"lnterplanetary“:f 
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Then : ,
. -y
A o’ Leuydu |
N; — S e e L L L(29)
u=E/E; Jf(u)du =N B0,

/M) = N (R, )NOAE ' <§ uY %) 3 % 10 2( =3) . ... .(31) "
kaanalogous calculatlon glves~ _ , - | . ” )
| N (>0. 5 GeV)/N (>0.5 GeV)= (1/Y)(23*fM )Y 1"'6x10 (y 3)..(32)

~ andffom (31). and (32): | | |
| N, (>0.5 GeV) = 2 %10” N o. 5 GeV) . . ... ;.; .. £33)
~In such a manner the 1ntegra1 flux of neutrinos w1thAenerg1es
greater_ than 0.5 GeV generated durlng solar flares, will Vlie

7~ within the Iimits: _ | | | |
&V(>o.5 Gev) = (1025 5 1931y
corresponding to the integrated flux of protons for typical
: flares of:

Ny (>0.5 GeV) = (1028 5 103%)

: 9 ) The Event Detection Rate.

9.1) Geometry of the Neutrlno Beam in the Locale of the Detector.‘

The sensitive volume of the detectOPWISVTBO'X 180 x~}80 m3;-

Twhere‘the height is 180 meters.  The area of the detector is-
A4 = 32,400 m?, and its radiu; is R = 100 m.. Wlde band beams,
khaving‘an angle offdisperSién 2 x 10’3 radlans, w1ll'appear as a;
circular spot of radius Ry, * 2 x 10'3 X 9 x 103 km = 18 km from
2 the axis of the beam, so that the area of water illuminated by
the beam is A, = 1018 km°. The portion §W = A /A intercepted by

the detector is:
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§W, = 3.24 x 1072 yu2/1018 km® = 2.9%4 x 1077 . ... . . (34)

For narrow-band beams the portion intercepted will be

greater because the angle of dispersion 0, =1.4 x 107" radians is

‘smaller. Thus R ax = 1. 31 km.

Sy = (3.2h x.10'2km )f(s 41 km*) = 0.60 x T0° ISR

‘-Thus, the. fractxonal.number of neutrlnos in the narrow-band beam
  ‘ 1ntercepted by the detector is about 200 tlmes more than those
| 1ntercepted from the w1de—band'beamsf Slnce the total number of
;5:5  ‘neutrinos. 1n the w1de band beam is about 100 tlmes more than the
-A .narrow-band bean,. the number 1ntercepted from the narrow band
beam is about two tlmes greater at the same average energy than

| fromvthekw1de band beam.

9.2) The Number of Interactions in the Detector from Accelerator

Neutrinos.

result in equation (15) Vit is possible to find the number of

For each calculatlon there are tuo. varlants of the neutrlnob

Using the estimates given by Equations (34), (35) and the

1nteractlons 1n the detector with the area stated in Sectlon 9 1.

£

detector geometry and two;varlants of’the beam. As anﬁexample we f

Vdiscuss”the«oase,whenithe height of the detector,;h, is,30 meters

‘acting within the array is given by Pi = hﬁ;v where‘{v,\the neu-

trino interaction mean-free path is given by Equation (15). Then
the number of muons per pulse from (50 GeV) neutrino interactions
is given by :

Ny, = (Iv)z 5ww(3-103 grlcmZ)/(3.2 x 1012 grams/cmz)

= (I)0 8W, 0,94 x 1077« v v o v e e e L (36)

~ with a wide-band bean. 'The.probability,kPi; cf‘a“neutrino inter—-
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where wa is the fractional portion of the wide-band beam‘inter-
cepted by the array and (IQ)g = the number of neutrinos per pulse

in the wide-~-band beam around the beam center.

~

Then:

V N = = 1010 y 0,29 X 10“‘ x 0. 94 x 10 9 o 00027u /pulse (37)

For a detector 6 X larger (180 m) the rate increases to
‘1 4 x 10~ 3 u/pulse. ) o | R

‘ Dlsou331on of the case of a narrow-band beam. : ‘ R

2)?
‘5

3
= (I )g §_§—.1-9E o —(108}x(o 94 x 10° ) x (0.60 x 10
Yim™ v 3.3x10 , 10°

- 20 A B ‘ . o T n ‘; :

0 56 X 10 -3 u/pulse ’
These estlmates are con31stent w1th scallng the event rate from

1l

the Bubble Chamber site to the Lake Issyk Kul target (6 Megaton)

This gives 1.7 x 10-3 urs per pulse (consisting of 1013 protons).

Daily Rates:

If the beam pulseS‘ are delivered jévéry\“TS‘ seconds, _and
taking into oonSLdePatlon that in 1982 and 1983 the energy of ‘the
';proton will increase- about. two and half tlmes and since the cross
‘”sectlon of the neutrino 1nteractlon Is proportlonal to the
Venergy,w‘the; raté“ Will. lncrease by at least two and a haIf”
'ﬁiiﬁes, This 1is beéause the multxgllclty,_qf_ char'ged .,paﬂr“tlcles
dgivinggrise ﬁouﬁéutrinoé»slowly‘incréases wiih,energy (as 1ogE§,«
Then the number of events to be detected will beAincreaSed_agi

least linearly with the energy. We estimate that
‘th (2.5) x .56 x 10-3 x  5.76 X 103pulses/dayg 8.1u 's/day...(38)

will be generated in the 1 megaton array. In the (180)3m3 full

scale "calorometric" array the rate is increased to 48 n 's/day.
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Additional muons will be generated in the portion of the ~

earth .immediately below the lake bottom. Scaling the (3~210u's
per mz—pulse of 1013 400Gev protons on the Nf target emerging

from the berm at a point 1.4 km from the NZ target, will yield §~
1.1-93.3x1€¢ 8u s per mz—pulse at Issyk-Kul 9 370 xm from the N .

- target. Hemice over a detector area (180 m,) (19- 62)u s per day
 shou1d betbbserved emerging from the lake bottom for accelerator

. cycie timesm of 10 seconds and beam intensities of 1x1013, ¢
‘“pulse..a<ﬂecay tunnel and a beam 1nten51ty 2. 5x hlgher would tend
' to increasse the rate to 120~a390 p's per day. - o
/ “¥he rratio f of muons emerging from the lake bottom to thev

u's per

,to thez mumber of muons generated in the neutrlno water target
‘can be estimated by noting that the average energy of the interac-
ting patrinos is about 80 Gev (Figure 7-2) and about half the

energy ges to the muon‘in the charged-current interaction.py ence.
the effECatlve lake bottom neutrlno target thlckness is the range

of a &% ¢iev muon in earth. ~
™ies the ratio fu is given by:
iiﬂ /@ h <......................................(38)
wherezl . is the height of the detector in meters. o
| ‘o, is the density of the lake bottom earth.
- ¥ is the range of the 40 Cev muon in the lake bottom,
' ~: is the denSLty of water.
'?agg‘ je 10nlzat10n loss of the muon as 2. 2 Mev /gm/bm in the
Ia , crom;j> : rﬂgm/Cm as the density of the lake bottom
eati:  .d h I80m ( the calorometrlc version cf‘BATISS) then:. .
g .= 1. 2 e e e (3802
?mrﬁ&' nrner versions of the BATISS neutrino detector the ratio
inceEas: 28 as the inverse power of h. A thin array would be
moreeffidicient for detecting the charged-current component of
the “~am I"interactions but would not be able to observe the
mm§~'tm_ddependence of neutrino oscillations.
32Xl of the versions of the neutrino detector the number
of onsmemerging from the bottom is greater than the array events.

9.

L

e Mumber of Interactions in the Detector from Solar Neutrinos.
using a method analogous to that used to obtain equations

nd @?2) we can find the number of muons generated during
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the period of a flare and detected by the underwater array.
Instead of a beam of protons with a constant energy as is the
case in an accelerator, the differential spectrum of protons in

solar flares giving rise to muon neutrlnos is a power law spec-

trum dN- KN% E” Y dE | These protons produce neutrlnos in the::.“

‘solar atmosphere in nuclear 1nteractlons. ‘~‘”'v‘ IR D
The number of muons, Nu, generated by the hlgh energy solar
neutrinos and detected in the water target 1s [1}

dw (2) N.(E )...sdet'

/d(dW (E )) =

(¢ +h )c N dE -
, 2 det” "v'A
,3rMﬁwmmu,“_ o dE (E % AﬂRsolar o kgr;fwwfj
where {M/x~"%w“~~ S T T T ‘HA_N;},
/E % v,~and N = 10 32‘p when the svpectral 1ndey

=3 and N = 10 34N; when Y = 5. . . ... ... ... .39

where 2 = path of muons in the ground target, h is the height of

the-detector and Ny = 6 x 1029 is the total number of nucleOns/m3

in the water target detector.

.

For flares in which the number of high energy protons gener-

ated is Nb = 1033 :»10345’between one to one hundred,neutrino
: events will be detected respectlvely. .
It has been estlmated that the frequency of such solar flares

L is about onerper year f11

10.) Background.

10.1) Muon Cosmic-Ray Background.

The dependence of the muon beam intensity on the thickness of
earth traversed has been studied by several groups [19]. At a

depth of 500 meters of water the intensity of cosmic-muons is
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dN (5 x 1Ougrfcm2)= 7x10'6(cm2-sec-str')‘1

8

In a detector of area S = 10 em® , the rate is:

N = 7 X 102 w's/(sec-str.)

7!
for an area, S = 3.4 x 108
N, = 2. K x 103 H's/(sec str)
» ]fay or;gln, 1nclud1ng those generated by cosmlc~ray neutrlnosg}f
‘will be distr;buted~un1formly 1n‘t;me whereas the<neutr1no beam 
from the accelerator is time modulated such that‘ité charged;
cﬁrreﬁt muons can ﬁe gate—Selectea aIIbwsAalhOét compléte éliminQ

ation of the cosmic-ray background.

10‘2}‘Neutrino Badkground.
The limits of the cosmic-ray neutrino background for vuare

shown in Table 10.1 [19].

Table 10.1 Flux of Neutrinoé from CoSmichais

Ev#(MeV)w ~ L' Flux (cmg"/s’.ec'),""'}w
L . V 2 -4
| >1100 . f1x10°
e 21,000 I =sxa0f
210,000 . Z5x10%

The flux of cosmic-~ray neutrinos is about the same‘ as
the flux of cosmic-ray muons. The flux of antineutrinos
would usually be less than that of neutrinos and in any

case would not exceed the bounds in the table. The flux from

-,

Taklng into ‘account the fact that fluxes of muons ‘of cosmic~ ,”
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the beam over a 20 us (single turn fast spill at FNAL) time gate
will be many orders of magnitude larger. This can be seen from a
comparison of the spectrum of accelerator neutrinos, Fig. 7-3,
with the spectrum of cosmic-ray neutrinos given by 40.a,b,c,d below.
The standard spectrum of cosmic-ray neutrinos is approxi-

mated by the following analytical forms [19]:

)
I (E) = |1.85 x 107%(0,08 + }3:\,)"2'8 (1 > 10GeV), . . (%£0.a)
AY oK
6.65 x 1072(1.1 + B)7>"% (10 > 100GeV) . . (40.b)
.
.
I (E,) = |7.65 x 10"2(0.37 + Ev)"3'75 (1 > 10GeV) . . (40.¢)
AY] <4 . )
1.48 x 1072(3.5 + E)7°7 (10 > 100GeV), . (40.d)

. (Ev) are the differential spectra (in units
v

where I'Irv(E\)) and I
of the number of neutrinos/(cmzsec~str—GeV) vhich rise from 7 -~

and U decay respectively.

10.3) Natural Radioactivity Background

This background is generated by the Cherenkov light produced
by decay products of trace radiocactive elements dissolved in the
lake water. It is produced either directly by electrons from
Beta decay or by Compton scattered electrons. The radioactive
background can be greatly reduced bf requiring two or three-fold
coincidences among adjacent modules. The probability of chance
coincidence is small because the natural radioactivity of the
lake is not great. Further discussion of the natural radiocactive

background due to specific isotopes is given in reference f27].
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11.) Synchronization of Detector and Neutrino Source Clocks

During the winter and spring of 1981 the BRISK-BATISS
Neutrino Telescope at Western Washington University was operating
with a source-detector event clock synchronization of + 18 ms.

An inexpensive technique was developed to transport time using
the telephone. 'This level of accuracy is theoretically useful

in reducing background in the telescope due to chance coincidence

by single cosmic-rays to about 1 event per year for four-fold
coincidence events. Rates (%50/day) of four-fold coincidence
events were observed,most of these are due to air showers.
Large variations have been observed depending on whether the
FNAL or the BNL accelerators were operational. These results
of the feasibility study are discussed in'thevattached paper
"Search for Neutrino-Like Events 2,750 km from the Source"
(their exact nature is, however, unknown) which reports an
excess of about a few neutrino-like events per day when the
FNAL is operating.

11.1) Synchronization Constraints for the Experiment.

Since most of the electronic modules chosen for this experi-
ment have about one nanosecond rise time ébilify. a system of
recording clocks, drifting by no more than one nanosecond in-
between times of checking of readings of source and detector
clocks,are needed to optimize the physics. If the checks are
made once daily then clocks with a stability &t/t = 1.2 x 10“14
must be used. If the stability is betterithan 10"14 10nger'
intervals between checks are possible--a highly desirable
situation. ‘ '

The initial feasibility studies were carried out whth the
assistance of Carroll 0. Alley and his Quantum Electronics Group
of the University of Maryland. We feel confident that, properly
funded, the necessary levels of stability can be achieved by their
group in this experiment.

e et R A S R

e g R



11.2) Mass of Heavy Neutrinos from Delays in Transit Time.

Let t,, be the transit time for a particle traveling at the

¥
speed of light. Assume that a neutrino, under study, has rest
mass E, and therefore will travel with a velocity v which is
slower than the speed of 1light in a vacuum. As usual
let B = v/ec. Let L be the distance between the neutrino detector
and the neutrino source.

Then the relation between the transit time t,, of a heavy and

ty of a massless neutrino between the same two points is:
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- 1
t:\) - 8 . » . » » . . . . - * . . » - . Y . - - - . » . (u1)
Then the difference in the transit time At between the

heavy neutrino and the massless neutrino is:

1
-_- —-— : o— e 1 L] . » . L ] . - . - - » E ] - L d
At tv 1-,Y (8 )tv .. (82)

In this experiment we propose to measure At and derive or
place an upper 1limit on the mass of a heavy neutrino. Once At
is measured B can be found from (42) above. However B is related
to the rest mass of the neutrino and its total energy by the
relationship:

- - 2
8 ﬂn\/i S (EJJEDT « - e e e e e e (83)

where Ev is the energy of the neutrino which can be‘determined
from the measurement of the hadronic shower and the energy of the
muon (from the range and from secondary electromagnetic inter-
actions) and can be as low as the minimal detectable energy of

2

the neutrino. Let E_ /c” be the rest mass of the heavy neutrino.

In the case where Ev>> Eo we obtain by a Taylor series expan-

sion of (43) and use of (42):

2 2 :
At = Yy [Eo| . 1 |% (44)
"'2— E—' '2'5 E . . - . - » - - - - -« - - - - - - .
v v

For a chord line distance of 9,370 kilometers, a tau neutrino
with energy Ev = 2 GeV, and a rest mass EO = 10 MeV we have a

very long delay, viz.:
At(nS) = 390ﬂS . » . . L] » . . . - . * . L] . » . - - . (uua}

A 500 KeV rest mass neutrino with 2 GeV total energy will lag 1

ns behind a bucket at the location of Issyk-Kul.
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In general, solving (44) for E, we have

E, = Ev\/zg?t e 1Y)

Insofar as the uncertainties in the measurement of E,» E, , At

and L are small compared to the quantities themselves then the

fractional error in Eg is given_by the relation

6Bo = ¢, 1l 6At _ 1 8L . . . .. ... .... .(453)
T, E tzae -z T f oot

Here, the error 5 depends on the errors:on the right and the
‘ o

latter are dependent on the muon and hadron shower energy deter-
minations, time measurements, -beam conditions and geodetic
measurements.

In general we will measure tog the time difference of the
event from the nearest bucket. However, the true transit time

difference will be:

Atg' = tok + RTRF . . - - . . - - . L] - » . L . Y . . (l‘l5b)

where £ is an integer to be determined and Tpp = 18.3 ns the
Radio Frequency period--the time between buckets. The At of a
second interaction, which falls out of the bucket time window,

will be given by:

Atn = ton + HTRF . - - - . - . . - . - - - - - » - - - » (QBC)

If the beam consists of only one heavy neutrino, both events must

give the same EO in equation (45). Equating the two solutions to
(45) we can find the integers n and £ by solving the following

equation:

n - a + bg . - . - - - - - - » . - » . - » - - . - - - (u’5d)
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where a and b are determined from the experiment and are given
bys
| 2
az (B o /E; )" (to e /Tre) - (ton! Try)
2
b= (Evg/Evn)
The smallest pair of integers f£and n satisfying (45d) is taken as
the solution to (#45d) which in turn gives the transit time delay

from equations (45b) and (U45c). The transit time delays thus de-

termined give the mass of the heavy neutrino from equation (45).

12.) Cherenkov Light Detection.

12.1) Transparency of Lake Issyk~Kul.

The water of Lake Issyk-Kul is famous for its "saturated"
blue color. This implies,'first of all,‘that the lake does not
contain &ellow matter, and Sécbndly, that:there is not a great
quantity of suspended particlés. It is known that both the
yellow matter and other suspended matter provide strong absor@—
tion in the blue parts of the spéctra [161]. Consequently,
absorption of Cherenkov llight in Issyk-Kul's water is not

great. It is possible to consider the "optical transparency" of

the water to be about that of distilled water, that is, the coef-.

ficient of absorption is about C = 0.02 m-! for A = 476 nano-
meters (the average wavelength for Cherenkov radiation).
Information about transparency is obtained with the help of
the Sechi disk. Measurements show that the coefficient of atten-
vation of light in water, through scattering and absorption, is
not great. In reference [17], the relationship between the

absorption of 1light, in units of "e", and the depth Z of

~—
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disappearance of the disc is written as:

0.15

Z = —-—d-v— . » - . » - » . . . . - L3 - - . . -

... (46)
A
By the scale of V. V. Shulekina for Issyk-Kul Vv

. 3. Then
the coefficient is calculated by Equation (46) and found to be

L]

1]

1.1, and for Issyk-~Kul will give the exponential coefficient of

absorption of light as:

N 1.1 0.04

- - -1 ’ .
Ko =7 meter = 00T L LD

~In reference [18] it is shown that the Sechi disc disappears
behind upward scattered light; Therefore, equation (47) gives
the coefficient "Kn", which determines the absorption coefficient
of light from dispersion, and the exponential attenuation coeffi-

.cient "K"., The attenuation coefficient becomes K ==~0.()6m'1 and

the corresponding attenuation length is:

1.1 .
K 0.06 V »
Results of an expedition to Lake Issyk-Kul in 1980 to deter-

= 17 MELErS  « v v v v o v o v e e e e e . . (48)/
mine the absorption of light in its water showed that the bean
attenuation length was 15 meters to 21 meteré, at depths from 10
meters to 650 meters. . A '

The absorption of light is weakly dependent on depth. For
depths of 150 meters to 600 meters the coefficient of absorption
practically remains constant. The source of light was a light
emitting diode. The radiated light had a wavelength the same as
the average wavelength of Cherenkov light.

A photomultiplier, model FEY 49, was used to detect the pho-

tons. A schematic of the instrument which was used to measure
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the transparency of the water is shown in Figure 12:1. "a" = the
schematic of the module, "b" = the block diagramvof the elec-

tronic and electrical parts, "e" = a longitudinal cut of the

cable.

12.2) Photomultiplier Sensitivity to Cherenkov Light.

Cherenkov radiation may be measured by photomultipliers dis-
tributed in "the lake water. In the large, recent models, the
minimum detectable flux of Cherenkov light approaches

= 0.08 photons (cm"g) to 0.03 (cm"2). For example,>the

(ny)min
type FEX 495 photomultiplier made in the USSR, is sensitive to a
flux as low as 0.08 photons/cm?., The more recent RCA 4522, made

in the USA, is sensitive to 0.03 photons/cmzo

We now estimate the flux of Cherenkov light generated by the ~
muon and the hadronic shower components of the neutrino interac-

tion. Let'Eh be the energy in GeV of the hadronic shower and let

H
estimates of the flux of photons from the muon N (photons/cmz)

E. be the energy in GeV of the muon. Referring to figure 12.1-2

; : H
and the ; flux of photons from the hadronic shower
NYh (phOtOnS/Cma), are given by Equations (49) and (50).

N ) = L/(2 vtan@ch) D (49)

where L is the number of Cherenkov light photons emitted per unit
path length of the muon;‘
9, the angle between the muon trajectory and the direction of

%

the photon,

Dn is the impact parameter of the muon. ~”
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where Ej; is the ionization loss for relativistic particles in
water:

‘p is the density of water,

A9 is the anguiar spread in the Cherenkov light generated by
the hadronic shower in water.

Dh is the impact parameter for the showen‘
Assuming L = 200 phoﬁons/cm:

1 gram/cm3

p = o
E; = 2 x 1073 GeV/(g/cmz)
A8 = 0.2 radians
we have:
N'Yu = (35/%) photons/em® . . . . . . . . .. . . L. . .(51a)
NYh = (53 x 103Ethi)photqnsfcm2 c v e s e s e e . . .(51D)

- Equations (51.a) and (Sl;b)‘are good‘approximations to the flux

of photons‘up to the attentuation length of Cherenkov light in
Issyk~-Kul water. | 1

Equation (51.a) is valid for low energy muons from acceler-
ator neutrino interaétions. For the cosmic-ray muons with
Eu > 1,000 Gem:generatibn of Cherenkov light from electrons and
electron positron pairs from bremsstrahlung and direct pair
production processes must be taken into account.
| Coincidence techniques can be used to separate Cherenkov
light from the random signals from the background of residual
sunlight at depths around 500 meters in Lake Issyk-Kul. Further,
the lake has no known bioluminescent organisms to produce addi-

tional background which is important in underseas detectors.

~’
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13.) The Detector.

13.1) The Location of the Detector.

Batavia is located about 30 miles west of Chicago and has

the following geographic coordinates:

A= 81°50t N, and ¢ = 88° 15 W.

Lake Issyk-Kul is located in the Tién—Shan mountains and is about
70 kilometers from Alma-Ata. The surface of the lake is at an
elevation of 1609 m. above sea level. The staging area has the
following geographic coordinates:
A= 42° N, and ¢ = 78° E.

The thhoughéthe—eahth cord line distance between Batavia and
Issyk-Kul is 9,370 kilometers. The trajectory goes through
intermediate layers of the earth but does not, unfortunately,
touch the core. The distance of closest approach to the center
is 4.8 x 103km [3]. The average density of earth along this path
equals about U4 grams/cm3 (in the core the density is 8 » 1
grams/cm3), and the average thickness of the matter traversed is
about 3.7 x 109 grams/cmZ. A calculation utilizing the charged-
current interaction :cross-section of neutrinos with nucleons
shows that 0.1% of the neutrinos are-absorbed. About 0.03% are
scattered out by the neutral-current interactions. |The time of
flight of the neutrino is 0.0312 seconds.

The maximum depth of Issyk-Kul is a little greater than 700
meters; the water contains a small quantity of suspended matter;
the lake does not freeze. More than 1/3 of the surface afea of
the lake covers water depths greatér than 500 meters. At the

southern shores near the local ports of Akterek, Koltsovka and
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almost to Tamgi, deep water fields are located only 4 - 8 kilo-
meters from the bank.

The railway runs up to the Lake Port Ribachi (about 30 km
from Tamgi, the planned staging area for BATISS). There are also
motor roads and air transport to Port Ribachi. From Port Ribachi

to any place on the lake there is complete water access by large

ships and also paved roads.

13.2) Module for the Detection of Muons at Large Depths Under

water.

13.2.1) Soviet Version.

In reference [3] the results are shown from a Soviet module
which was used to measure the transparency of water and intensity
of background radiation of Lake Issyk—Kﬁl. Figure 12-1 is a
diégram of the Cherenkov Light Deteétor module used ﬁo cérfy out
these measurements. The figure shéws the fbllowing eléments:

1) photoelectron multiplier.

2) electronic diagrém of amplification and pulse fﬁrmer.

3) high voltage multipliers.

4) ,electrical powerAsﬁpply. |

5) amplitude ahalyzer.

6) timing organization.

7) information storage.

8) remote programming and control.

9) the module and additional equipment for the measurement

of the transparency of water using light emitting diodes.

s R e i U R i e i e e



13.2.2) The American Versions.

a) The first version is a sphere made of borosilicate
glass. The module can be dismantled into hemispheres and is
shown in Figure 13.2-1.

b) The second version is a metal-glass module in a
cylindrical form. The cylindrical module contains three photo-
multipliers; and information from each photomultiplier is
collected upoh a pre~selected coincidence among the photomulti-
plier tubes in the casing.

Figure 13.2-2 shows the layout of the cylindrical module.
From an examination of the various designs of neutrino detector
modules we find that the module with the largest optical area is
spherical or cylindrical with hemispherical caps. In this form a
cylindrical design with an opaque partition between the two
clusters of three photomultipliers (looking in opposite direc-
tions) is used. Such a module is depicted in Figure 13.2-3. The
advantage of a cylindrical module is the simultaneous and inde-
pendent detection of the neutfino particle by the lower hemis-
phere and the cosmic-rays by the upper hemisphere.

Using a three-fold coincidence aﬁong the lower or the upper
photomultipliers as a trigger will nearly eliminate events due to
the dark current electronic noise of the photomultiplier. Fur-
thermore, the three photomultipliers increase the reliability of
the module and allow an accurate calculation of the detection
efficiency of each photomultiblier tube [20].

A working trigger signal from a module will consist of a two-

fold majority coincidence between any two photomultipliers in the
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Figure 13.2-1 Schematic of a Spherical Module

i+, 2', 3',1, 2, 3 — Photomultipliers
4', 4 — Electronic Circuits
5 - Electrical Penetrators
6 - Water Gaskets
7, 7' ~ Holding Bands

g8, 8 — Turn Buckles
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Figure 13.2~2 Schematic of a Cylindrical Module

1,

2,

G

- Photomultipliers
- Module Electronics

- Signal and Power Penetrators
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module which point in the same direction. The probability of a ~’’
noise signal from two-fold coincidence (within a 3 ns time inter-
val) among any of the three photomultipliers in one modulé is
relatively small: the order of 0.3 per second if the tube rates
are running at 10"4 Hz. In addition, the requirement of a coinci-
dence between adjacent modules reduces the noise events to about
one per yeaf. The cosmic-ray muons are expected to trigger the

module at a rate of 15 Hz.

(13.3) The Number of Modules in the Neutrino Detector.

Thevmaximum spécing between the modules may be established
from the minimum detectable fluxes of the photomultipliers to be
used in the array. The detectable fluxes of the Cherenkov light
depend on the impact parameter, the azimuthal and polar angle of
the particle and the attenuation length of the various components
of the Cherenkov light in Issyk Kul water. For coﬁditions when
D < B (the attenuation length of 1light) and the particles are
parallel to the normal of the face of the photomultiplier tubes,
we estimate D, the spacing of the module in the array.

For photomultipliier tubes with a threshold:

(Ny)min = -03 photon/cm?® and hadronic showers of energy

Ey = 40GeV we have: ’ ’

(35/.03)cm = 12 meters . . . . . .

i

A €723
(53 x 103Ehf.03)1/20m = 84 meters. . . . . . . (53)

(Du)max

(Dp)pax

For photomultiplier tubes with a threshold (NY Jmin = -08 .

photons/cm? and hadronic showers of energy Ey = 40GeV we have:
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(D

wimax = (35/.08)cm = 4.4 meters . . . . . . .. .. (52a)

(Dh)max‘ (53 xk103Eh/.08)1/2cm = 52 meters. . . . . . (53a)
Since three photomultipliers are to be located in each module in
the detector the maximum detectable distance for muons is
increased by a factof of three in equations (52) and (52a). If
the spacing‘of the modules is set by requiring "certain" detec- '
tion of the muon then the shower component will be easily de-
tected. We note, however, that Equations (53) and (53a) over-
estimaté the maximum detect;ble impact parameter since the para-
meters are much greater than the attenuation length. Future cal-
culations will take into account the effects of attenuation
lengths and their dependence on the wavelength, apd specific
photomultiplier design. This information will be useful in re-
construotingAthe shower axis and shower brightness in order to
estimate Ep andevh (the angle between the incident neutrino and

hadronic shower axis).

13.4) Geometry of the BATISS Detector.

The geometrical layout of the detector must be such so as to
be easily assembled and disassembled. A lightweight hexagonal
structure with modules located at each of the vertices and one in
the center are planned as the basic structural elements of the
detector. The hexagonal section is constructed of three trian-

gular frames fastened Dbetween themselves with intersection




1, 2, 3, 4, 5, 6, 7
1-3-4; 1-5-6; 1-2-7
2-3; 4-5; 6-7

—
Figure 13.4
Schematic of a Section (Within a CGangleon).
A Section is Composed of 7 Modules.
- Modules
- Triangular Construction Elements
- Ribs Joining the Triangular Elements
~Total Rib Length = 12 & = 180 m
Number of Interfaces = 7
For AL.= 15 m o
Geometrical Area Ag = 585 m~

Cne MNuon Sensitive Area AS =

3 xqr x (15 + 12)2 = 6,870 m?

Geometric Volume:
Vo = 2x2/3 A = 158,280 mJ
[
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fasteners as is shown in Figure 13-1. Each arm, a hollow tube
which may be uséd for carrying the signal and power cables, is
equal to the length of a "rib" of the hexagon.

The entire array consists of 108 hexagonal sections. Each
section will have a maximum sensitive area for detection of muons
in the amount of 6,362 m? (a circle of radius 45 m). The geo-
metrical area of the section is 675 m2. They can be assembled‘
into an array in se%eral ways.

The length of the hexagon's ribs is determined by the weakest
signal sought in the detection of muons of low energy, such as
those generated by the interaction of solar muon neutrinos with
water,

The clarit& of the water coupled with the design of the
module suggests a spacing (rib length) of 10 to 15 meters.

The following four variants of the groupings of the sections
are considered:

1) 18 Gangleons each with 6 layers of hexagonal sections.

2) 27 Gangleons each with 4 layers of hexagonal sections.

3) 12 Gangleons each with 9 layeps of hexagonal sections.

4) 9 Gangleons each with 12 layers of hexagonal sections.

So it will be necessary inany case to manufacture 108 hexa-
gonal sections. Since there are seven modules in every section,
the array will consist of a total of 756 modules. Hence, the
array will consist of 2,268 upward looking photomultipliers, and

a like number looking downward.

13.5) Calibration of Location of Modules.

To utilize the 18 ns rf structure of the beam in a search
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for heavy neutrinos and to study geophysical phenomena it is nec-
essary to know the absolute location of the modules. While the
supporting structure is "rigid" it 1is expected to settle‘with
time and therefore it is necessary to monitor the positions of
all of the modules. The absolute location of the modules will be
aocoﬁplished by three separate calibration procedures which are -
to be followed in the experiment. They are described in the

following sections.

13.5.1) Geometrical Location of the Modules.

At the time of the detection of a neutrino interaction it is
necessary to know the poéitions of all of the modules to an
accuracy of less than two centimeters relative to a set of fixed
bench>marks.driven‘into the bed rock beneath the detector. Since
the array is "rigid," position transducers need be placed on only
a small number of widely distributed modules, Either sharp light
or acoustical pulées will be transmitted then received‘ from
benchmarks. The transit time of the pulses to the respective

modules can be used to determine theA; coordinates - of the

module.

13.5.2) Electronic Transit Time.

The voltage between the face of the tube and the first dynode
must be held to a high level and isolated from variations imposed
on the remaining dynodes, in order to hold the pmt signal transit
time constant while being able to independently adjust the over-

all gain of the photomultiplier. A set of strategically placed

"bluish green" light emitting diodes are to be used to help check
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on the electronic transit time of photomultiplier signals in each

of the modules.

13.5.3) Consistency Checks.

Cosmic-ray muons passing through the array can be used to
monitor the relative geometrical and electronic position of the
modules, On the average the muons will define straight 1line
trajectories and the times of arrival of the Cherenkov light
pulses can be used to calculate the pmt "electronic" signal delay
and the relative geometrical locations which are required to

yield straight line fits to the muon trajectory.

13.6 Detector Components.

13.6.1) Programmable High Voltage Sources.

The high voltage for the photomultipliers is obtained from alow
voltage electriéal feed to the photomultipliers, which is then
converted by means of a transformer to the high voltages required
to operate the pmt. One low voltage power cable supplies the six
photomultipliers in every module. Photomultipliers of the type
FEY-49 or of the type RCA-U4522 are used in the current prototype
modules. For both of these types of photomultipliers high vol-
tage from 1,700 to 2,500 volts are necessary. Both modules have
been tested and operated to 2,000 foot depths of water. One was
successfully tested in the Fermilab N# beam line.

The necessary current required to supply the photomultipliers
is dependent on the voltage thresholds required to operate the
discriminators and coincidence circuits. About 0.1 ma to 0.3 ma

per pmt is required for the contemplated electronics. 1In such a
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manner six photomultipliers will draw .6 to 1.8 ma of DC cur-

rent. On the average the high voltage on the photomultiplier is

about 2,000 volts. From this it follows that using one high vol-

tage transformer per module, it must operate at a power level

from 1.2 to 3.6 watts, or on the average of 3.0 watts. (In the

R

USA off-the-shelf high voltage DC transformers of the type VENUS

satisfies these demands.)

13.6.2) Underwater Transmission Cables.
The current 'BATISS ‘test “telescope uses  "hard "wired" tech-
niques to select particles from the FNAL. This requires a

substantial amount of cable. While our designs can be directly

Jexpanded‘towthe large ugdérwétef,ébray,,itwmay p§‘mébe efficient‘

(if phactical)*\tovcoh&ider alternate technidues;> -SOmergenefal 

requirements are  developed for such a new system in the para-

graphs below.

13.6.2~1) Interface$.

The interfaces for the c¢onnections of module outputs to

underwater transmission cables and. the various other array

components (such as the module's cables to the minicomputers)

must meet the following criteria:

1) They must be capable of easy connection and disconnection
in the field.

2) The interconnection must be capable of operating under
pressures of no less than a 1,000 meters of a column of water.

3) The interface must be able to connect several photo-

multiplier cables in one operation.
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13.6.2-2) Electrical Conductors.

The underwater cable must carry an electric current for
supplying power to the photomultipliers and the data acquisition
module, and it must also contain the signal transmission line for
information from the module to the minicomputer. This would
require a four conductor cable where every conductor is isolated
and shielded. | |

The following information must be transmitted by the cables:

1) Signals transmitted from each photomultiplier to the
Qomputer. One is uéed to measufe the amplitude of thé éhérénkoQ‘
light, a second the time of arrival. Usingvthévtimevéf fecording
of . the light  pulses, information from the other two
- photomultipliers, a}cbincidence‘requiremept‘éan'be established so
_és té excludeAbackgrqﬁnd signals,from;the(photomulﬁipliefé.V

2) Signals from the coincidence unit in the module are fed
to a minicomputer.

3) A signal must be‘transmitted éohveyihg the address to the
module.

4) The electrical power will be supplied by a separate and

fourth conductor.

13.6.2-3) Optical Cables.

This version utilizes laser diodes which transmit light over
an optical cable. Optical cables exist which can transmit the
necessary information for 2 km; electrical shielding for these

conductors is not necessary.
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13.6.2-4) Information Transmission Cables.

The cable transmitting information from the minicomputer to
the on-shore data analysis computer must have three lines: (1) to
supply the electrical power; (2) to carry information, (3) to
control the minicomputers, which in turn control the module

status.

13.6.2-5) Interconnection Cables within a Section.

The cable from every section to the minicomputer must have a

minimum of 28 leads unless multiplexing can be carried out at the

central module of a section.

13.6.2-6) Total Cable Length for the Array.

The amount of cable required for the operation of the detec-
tor array depends on the specific system'chosen for theltransmis—
sion and multipleking of the data. Several systems are under
consideration. The minimal amount of signal transmission cable
is given by the following.

1) The cable from ‘the shore to the minicomputers is
‘20 km (array to shore) x 9 (gangleons) = 180 km.

2) The cable from each sectioﬁ to the computer is 1,500
meters for one gangleon. Therefore, 1.5 km x 9 (number of gan-r
gleons) = 140 km.

3) For each section it is necessary to have a minimum of 105
meters of cable. Altogether the BATISS neutrino detector is
composed of 108 sections. For all the sections it is necessary
to have 11.34 km of cable for the section plus interconnection

between sections amountihg to 233 km of cable.
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4) In every module there are six photomultipliers. Alto~
gether there are 4,536 photomultipliers. Each photomultiplier
requires 3 meters of co-axial cable. Therefore, the total length
of cable required for all modules is

L = 4,536 (photomultipliers) x 3 (co-axial cables) = 14 km
of cable. Thus about 440 km of signal quality cable are needed
for the array.

5) In the neutrino telescope now operational at Westerﬁ
Washington University, selection of signals with a proper time
sequence corresponding to through-the-earth events ié not carried
out byAcomputer sbftware as planned for BATISS, but by means of
insertion of calibrated delay cables into the lines leading to
the coincidence unit. These "trim" delay lines make the signals
which are generated by a muon from the direction of the FNAL
arrive simultaneously at the coincidence unit. The coincidence
unit then provides the master trigger for the TDC and the ADC
start gates. A similar version for the BATISS experiment would
require an additional 2.5 thousand km of signal cable. Hence, é
computer software prograh trigger selection is advocated for the
large Issyk-Kul neutrino detector parficularly for the cosmic-ray
portion.

In conclusion, the minimum total length of all various types

of cable required for BATISS will be on the order of 500 kn.

13.6.3) The Electrical Power Requirements.

The source of the electrical power for the photomultiplier
must provide a highly stabilized voltage. The voltages needed for

the associated equipment are:
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+4.5, +6 , +7.5, 9, =+12, =24 Volts.

About 2.3 kw of power are allocated for the high voltage for
the photomultipliers. About 5 kw of power are allocated for the
elecronic modules. About 25 kw of pOwer'are allocated for the 36
minicomputers. |

In such a mannér a power supply (for an array located deep in
water) must be able to deliver 32.5 kilowatts' of power. The
necéssary power for the large land based computer will be about
three kilowatts.

If we include various other sources of power demands associ-
ated with the BATISS experiment a total of 35 to 38 kilowatts of

power is required to operate the experiment.

14.) Data Generation and Analysis.

14.1) Experiment Data Flow.

The organization of the data flow in the BATISS experiment is
depicted in Figure 14.1-1. Two types of time synchronized data
are required to be accumulated. = First the conditions of the
neutrino source and second, the detector response. The
underwater Cherenkov 1light detector is depicted in the upper

central portion of the Figure.

14.1.1) Neutrino Source.

The neutrino-source data acquisition system is shown in the
upper left hand corﬁer of Figure 14.1-1. At the time of each
delivery of the neutrino beam information on the time of extrac-
tion of a particular bucket for each pulse must be recorded to at

least one nanosecond of time jitter and to a comparable accuracy



RIC-1 - Dpata Trans. | Saﬁeﬁiigi’ e Data - 1r-Y I
|V Source ! o ' Receiver| -
; —1 7V Source | clock -
Monitor — RIC=2 RTC-3 IF-T |
Link
éunggi?on Underwater CL Detector
Tgle;ga e C-R Data Gen, [ AcC Y Data Gen,
‘ Y - Y ~
. t > Experiment EV
' ’ S Time Synchronization
A IF-CR | . | 1F-5 | EEv ]
Y / .
‘ Detector Y
v Cc-R Data [ . Status
' PMT, Volt, Rate ' 4 N
Y Position 4 EV Data Y
2 —— 1 ¥
IFf ™ EF | LTF
L 3
BATISS BATISS
Experiment; IF-C Experiment < <IF~T1
cRMonitor ¥ Monitox

=P

Software Development
Y EV Analysis

=

Software Development
CR EV Analysis

BATISS GCLOBAL DATA FLOW DIAGRAM

e

Figure 14,l-1

The meaning of the abbreviations are:

RTC

e —— -t

‘Real Time Clock, IF Data Interface

Module, EV = Event, CR Cosmic Ray, CL = Cherenkov Light,



in the absolute time of extraction. It would be worthwhile to
put this information on the Fermilab data logger for permanent
storage.

Transmission of a Fermilab prepulse signal, prior to the fast

N@ spill will allow the detector to be gated to record only those

e’

pmt pulses when the N@ neutrinos are passing through the detec~

ter. If a single turn extraction is used, an automatic reduction
of noise‘by a factor oftone million is possible.

It is also desired that the essential information for the
extracted beam, 1its intensity and energy be‘ transmitted in
between deliveries from Fermilab.

Essential equipment should include a highly stable clock, a
data recorder ahd a transmitter. A satellite is proposed to
transfer time between the neutrino source and the detector and to

serve as a data transfer point.

14.1.2) Neutrino Detector.

14.1.2-1) Cosmic-Ray Data.

The data flow from the detector is broken down into three
components. The first is the flow of data from the upward look-
ing portion dedicated to the study of high energy cosmic-ray

muons and low energy (few GeV) solar flare neutrino interactions.

14,.1.2-2) Accelerator-Neutrino Data.

The second data flow channel from the BATISS detector is from

the downward looking portion dedicated to the detection of accel-~

erator-neutrino events. In this case the trigger signal for the

array can be very simple. A prepulse signal can be used to gate
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the CAMAC data acquisition modules to accept only those (pulses
from the photomultipliers) which occur during the passage of the
neutrino beam. A master clock pulse giving the time of an epoch

'is fed into the modules of the array to be read by the array
clock. The time of arrival of pmt pulses relative to the array

clock is then recorded.

14,.1.2-3) Array Monitor Data.

The third component of the data acquisition system of the
'array consists of data determining the status of each of the
photomultiplier tubes and the relative position of the modules
amongst each other. Control signals can be sent to the modules
in the array to turn off defective tubes or to adjust the photo-
multiplier tube voltages to improve efficiency.; Adjustments are
needed to offset changes in tube efficiencies or signal transit.
times in the tubes.

Data from é separate module-position calibration system also

flows along this path.

14,.1.3) Data Network.

As indicated in Figurel4.l-1 ‘the data flow amongst the
various components of the experiment can take place with the aid
‘of a network of minicomputers which interact with each other via
telephone lines, satellite links and direct cables.

About 36 minicomputers will be required to carry out the
detector data collection on a real time basis and three more for
the monitoring of the neutrino sources, the time synchronization

system and a reference telescope such as the one 1located at

Western Washington University.
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14.2) The Underwater Cherenkov Light Detector.

A methodology for the selection of data in BATISS is now

discussed.

14.2.1) Accelerator-Neutrino Detector.

For the case of the Accelerator Neutrino Detector the data
acquisition criteria are extremely simple. The array can be
gated to accept only those events which occur during the expected
time of passage of the neutrino beam from the accelerator. The
FNAL regularly generates pulses of neutrinos 2 ms in duration for
Bubble Chamber exposures. Since these occur in cycle times, Tcy’
of around 10 second spacing, the background rejection is a factor
of 5,000.

Single turn extraction of the Main Ring Beam takes 20us and
would have the advantage of a higher rejection in the background,
on the order of 5 x 10°. In a 20 ps time period we expect to
receive about 2 noise pulses per pmt on the average and occasion-
ally a signal pulse. Hence, the timing prepulse from the
accelerator could serve as the master trigger to initiate ADC of
signals from every photomultiplier in that time period. On the
average 756 x 3 x 2 = 4,536 tube pulses are expected to be
recovered from the array in the 20us period.

The long time period between the accelerator-beam deliveries
could then be used for a search and én analysis of recorded neu-

trino interactions.

14.2.2) Cosmic-Ray Detector.

The data acquisition procedure for the upward looking portion



of the array, consisting of 2,268 pmts housed in 756 modules is
expected to be more sophisticated. It has to pick out high
energy cosmic-ray muons and high energy muon interaction
events. The master trigger must be pbovided from an internally
generated fast trigger.

Such a trigger may be provided by an extremely bright pulse
generated by the products of a high energy intéraction or by a ’
very high level of coincidence among the modules in the array
corresponding to the traversal of a muon through the entire
array. A muon must have a minimum of 36 GeV energy to overcome
the ionization loss to get through the array.

From measurements of the underwater depth intensity distri-
butions [36]1, [37] we estimate a rate: |
I, =6.32 x 107 ;;§¥fzg x1.8x1.8x 10% x 10% = 20 x 10%u"s/sec.
with an energy greater than 36 GeV. Hence, in a day about
1.8 x 109 events could be recorded allowing for an extremely sen-

sitive measure of the anisotropy of cosmic-rays.

14.3) Block Diagram of the Data Acquisition and Processing

System.

The data acquisition and processing system for experiment
BATISS 1is determined by the quality and amount of information
necessary to achieve answers to the physics and geophysics ques-
tions stated in the preface. The system must be able to process
and record the following information.

1) The absolute time of arrival of a pulse from a photo-

multiplier with an accuracy better than or equal to one nano-
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second at the module and no more than 6 to 8 nano-seconds at the
final destinétion where the information is recorded and analyzed
by a number-crunching computer. The times of arrival of pulses
relative to a neighborhood trigger pulse should be accurate to
50 ps.

2) The address of the module and the photomultiplier gener-
ating the pulse. o

3) The amplitude .of the signal pulse recorded at the
module. The Cherenkov 1ight»intensities,Aiﬂqv from a single
particle ranges from one photoelectron from the most distant muon
to about 300 for a muon passing through the center of the tube.
That from an electromagnetic or hadronic shower is about U400
times greater.

The organization of the data acquisition system for the
underwater neutrino detector is discussed in terms of 'a hierarchy
of the grouping of the detector modules for the fourth variant of
the detector array. These groupings begin with the two pair of
three each of photomultipliers in a module, then groupings of 7
modules into a hexagonal section, then grouping of 3 sections
into neighborhoods, then grouping of 4 neighborhoods into gang-
leons and finally the grouping of 9 gangleons into the detector
array. The detector data acquisition hierarchy 1is shown in

Figure 14, 3.

14.3.1) Module Structure.

The basic module consists of 6 photomultiplier tubes (pmt's),
three "looking up" (to observe cosmic-rays and their interac-

tions) and three "looking down" (to observe accelerator neutrino

~’
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| DETECTOR DATA ACQUISITION HIERARCHY |

* An identical data acquisition hierarchy applies to the
set of 756 x 3 downward looking photomultipliers.
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events). The basic schematic of the electronics for one of the
sets of pmt's within a module is shown in Figure 14.3.1 below.

Its relation to other modules in the neighborhood of the array is

shown in Figure 14.3 4.

14.3.2) Module Grouping and Address Structure.

14.3.2-1) Address.

The photomultiplier tubes within each module are labeled

P1...Pg with Py = uq, Py = u,, Py = uz. Here, uy, up, and ug
label those looking up. The three downward looking portions can
be labeled as Py = dy, P5 = dp, Pg = d3.

The next grouping (Figure 14.3.2) consists of the set of
seven modules, one at each of the six points of a hexagon and one
in the center. The grouping considered as a unit is called a
Section. Each module in the section is labeled as M, with k =
1...7. Thus, each section consists of 21 photomultiplier tubes
"looking up," and another 21 tubes "looking down." The address
of each pmt is given by MPph,k= 1...7, n = 1...6.

It is convenient to group twelve such sections into a unit,
called a gangleon. The sections can.be stacked so that the axis
of the gangleon is parallel to the flight path of the accelerator

neutrino, This configuration provides a high muon signal rate

for modules along the string.

Continuing, it is natural to label the sections as Gisj

(where G; labels the gangleon (i = 1...9) and Sj (3 = 1...12)

labels the section within the gangleon Gi' Nine such stacks can

be grouped together to form a six million ton neutrino target-

detector.



.69

DC Voltage Converter
R 1
T—“—[igzj Power Line % U io neighborhood

PMT Cathode ‘ :
VP | \1—,‘ Zr—y—> 2
ot M R 1 %]__U Buffer to neighborhood
/|§\‘ | N Amplifier
LED _
L 3
\ uffer iohb h d
1: N Amplifier to neighborhoo

Early Stage iModule Bulkhead

The rest of the 5 photomultiplier tubes and outputs are
not shown.

line (1) Low voltage dc power line to PMT High V. converter
(2) Signal line for low amplitude Cherenkov light

events.
(3) Signal line for high amplitude Cherenkov light
: events.
DC—>DC Low to High Voltage Converters—— —_ ___ __ __ ¢
Photomultipliers RCA 4522 — — — — — — — — — 2
FEYW95 — — — — — — — — — -4
% Buffer Amplifiers — — — — — . . __ __ __ __ _3»o
Penetrators 500 -_ Y — — — — — — 12
High Voltage — — — — — — — — 6
Housings — — —— — . . __ _ _ . _ — 6
Signal Cables to Neighborhood Intelligence Center:
12 signal lines each 2%, meters long = 242,=360 m.
high voltage lines each 2%, meters long = 122,=130 ms
490 m.

Figure 14.3,1 MODULE ELECTRONICS

One possible configuration using "off the shelf" hard-
ware is shown above.
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Thus, the general address of each module will be labeled as
GiSij and therefore, the complete address for each
photomultiplier tube will be Aj jyn = GiSijPn with (i = 1...9, J
= 1...12, k = 1...7, n = 1...6).

14.3.3) Trigger Hierarchy.

Each physics experiment (accelerator-neutrino, cosmic-ray -
muon or proton decay) requires its own special trigger signa-
ture. Here we consider a "muon trigger" in detail which is used
to signal an accelerator or cosmic-ray event.

For the purpose of defiﬁing a muon trigger, it is convenient
to process data from a group of three adjacent sections. Let the
set of three sections be called a neighborhood (see Figure 14.3-
3). The overall electronics and their relation in a neighborhood
is shown in Fig. 14.3,4.

We define a muon ¢trigger whenever three or more modules
within a neighborhood produce a signal within the transit time
period of a relativistic particle passing through the
neighborhood. This coincidence time period will be = 90 ns.
Since the two or three fold coincidence rate within a module will
provide a cosmic-ray muon signal at a rate of about 15 per second
the overall neighborhood trigger rate because of its larger area
will yield a higher signal rate of about 105 u's per second.
Pairs of muons with much less than the separation length between
the modules can be detected by an examination of the signals from
the sets of TDC's which are triggered by the event. Pairs as

close as one foot can be separated from each other.
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Figure 14,3 U4, Neighborhood Intelligence Center

The Intelligence Center monitors and controls the high
voltage supplies to the photomultipliers, provides electronics
power, digitizes the time and amplitude of the PMT signals, tunes

up the signal delays so that a precise programmable trigger
signal c¢an be generated and communicates with the array
processor.

#of # of outputs/

PART channels channel
(a) AM Fast buffer amplifier 126 2
(b) DS Fast discriminator 126 2
(e¢) GG Gate generator 126 1
(d) LD Logic signal delay 252 2
(e) TDC Time to digital converter 126 -
(f) ADC Analogue to digital converter 126 -
(g) PML Programmable multi logic unit 126 1
(h) CC CAMAC crate controller 1 -
(i) 8D Serial line Driver and converter

to optical transmission 1 2
(j) GG Gate generator 126
(k) ADC Analogue to digital converter 126
(1) PVS Programmable DC Voltage supply 126
(m) External data line '
(n) Full powered CAMAC crates
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14.3.3-1) Neighborhood

The parts for each neighborhood are listed below in Table
‘1}4.3.3—1.
Table 14.3.3-1

Parts List for One Neighborhood

1. Upward looking pmt's 21 x 3 = 63 pmt
2. Downward looking pmt's, 21 x 3- = 63 pmt
3. Number of modules, T x 3 = 21

4, Mixers T x 3 =21

5. Cable Length(4 signal

lines for each pmt) 7208 = 10.8 km

6. Interfaces ‘ 21

T. Ribs‘ 50

B. Power Cable. A three conductor power cable for each
of the pmts is required. A total 1length of 3.15 km for one

neighborhood is needed for this purpose also.

14.3.3-2) String Array.

One of the directions of symmetry of the array happens to be
very close to the incident neutrino beam direction and hence the
direction of the muons from the chargeducurrent interaction.
total of 9 x T = 63 strings of modules can be found which line up
parallei to the axis of the neutrino beam in the full scale
array.

A string, consists of 12 Cherenkov 1light detector modules
along a line parallel to the line connecting the centers of the
sections. The modules are spaced a distance of 15 meters, which

is less than the absorption path of light in the water. This
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configuration suggests a "hardware" technique for a signature due
to "on-axis" muons, This is accomplished by adding a delay of
1/3go to the signal cable of the module up stream relative to
the immediate downstream module. Hence the signals from all of
the modules along the string, due to a muon travelling upward at
the speed of 1light along the axis of the string, will arrive
simultaneously at the coincidence unit located at the top.k

A trigger signal, generated when three or more coincidences
occur from among the 36 photomultiplier tubes of a string within
a time interval of 45 ns is required to start the TDC's clocks
and ADC's charge integrating process. Later an examination of
the photomultiplier data by an on-shore computer will use the
pulses from each string to reconstruct the straight 1line
trajectory corresponding to a particle traveling at the speed of
light up through the string array. Data from one string will
determine the direction of the muon to within the azimuth
angle. By comparing data from two strings the trajectory will be
determined to within two lines lying on the intersection of two
cones and the data from the third string will produce the unique

solution.

14,3.3~3 Gangleon.

Signals from the seven strings in one gangleon are controlled
and processed by one minicomputer. A three-fold or higher
majority logié coincidence from the outputs of any of the
photomultipliers in a string can be used as a string trigger.
The outputs of all 63 strings can then be sent through a mixer

the output of which can be used as a gangleon trigger. This
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gangleon trigger is used to digitize the information from all of
the photomultipliers in the array.

This array trigger scheme requires the use of electronic
logic delays of about 1.6us for the outputs of all photomuliplier

tubes before they are time digitized.

1&;3.3~M Transfer of Array Information.

After a master trigger is generated, the time of arrival, the
amplitude, and the address of all of the signals generated within
the array "looking time" interval are transferred to an on-shore
mass storage devicé. This mass storage device then feeds the
information to a number-crunching computer where software pro-

grams analyze the data.

14.4) The Detector Data Acquisition and Processing System.

The data acquisition system consists of two main components,
one designed to acquire and process the cosmic-rays which arrive
at unpredictable times, and the second to acquire and process the
accelerator neutrino events which arrive at predictable times.

It would be desirable to record the times of arrival and the
amplitude of all of the signals above the one photoeiectron level
from each of the photomultiplier tubes in the neutrino detector
array. Since the array consists of about N = 5,000 photomulti-
plier tubes, each of which produces pulses at the rate

I

Rl = 10 Hz, this would require that the data acquisition system

have a signal data throughput capacity Ci = NRi, or 50 megahertz

or 100 megabytes (for 16 bit data word lengths) per second.
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The data acquisition system consists of two components.
First, the set of all CAMAC modules which convert the
5 x 103 X TOH pmt signals into computer compatable data and
second, the set of minicomputers which multiplex the acquired
data and feed it to a larger capacity computer for data
processing.

By requiring a twofold coincidence between any pair of
signals from the 21 modules in a neighborhood, the array trigger
rate due to cosmic-ray muons is reduced to 4,000 events per
second. Tﬁe Cherenkov light from a single muon traversing the
entire array will kproduoe detectable signals in about 100
photomultipliers. Hence, a data acquisition system with a
throughput rate of about 4 x 10° pmt signals per second is
required. If each event must contain information about the am-
plitude and relative time of arrival and 2 byte words are re-
quired for both, then the cosmic~ray data throughout will be 1.6
megabytes per second.

One example of an adequate minicomputer system is the DEC
VAX-11/780. This minicomputer has a 1.35 megabyte per second
data transfer rate capaéity and a fouf gigabyte virtual memory
capability for operation of memory and software. An alternative
data acquisition system utilizing the SEL 32/87 ccmpufer model
3820 is depicted in Figure 14.4-1., It has a 3.2 megabyte per

second transfer rate.
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14.4.1) Preliminary Processing:

s

The programs for the reconstruction of the event must give
the trajectory of the muon (born in a chargzed - current neutrino
interaction) and the development and the total energy from a
hadronic cascade from the array data.

The basic array data consists of the set of amplitudes and
the times of arrival of the Cherenkov light signals from a large
numher of modules. Preliminary processing by the underwater
detector computers and onshore computers will select enriched
neutrino interaction events. The event enrichment programs
require that the ohshore computer sarrys out a zreat number of
elementary computations betwéen beanm spills. Some of these are:

1. Time Differences

Differences in the arrival time between signals or pulses
from pairs of pmt tubes possessing a signal must be computed.
Using the FNAL or BNL prepulse as a trigger the array can be
gated open for a period of 20 us (FNAL) or a 3 ps (for BNL).
About two signal pulses per time gate are expected to be produced
in each pmt invthe 20 ps spill and about 0.3 in a 3 us wide
gafe. A great many of the pulses will be noise signals which

can be filtered out before permanent storage of the data.

The number of subtractions, Ns' which need to be carried out

is:
756 N 5 o 6
N, = :%§=1 Tij = BF 5=1Cti-t5) = (756)°(3)“% 4 x 10°. . .14.41




This operation must he carried out between the deliveries of the
accelerator heams. 1In the case of the BNL this is 1.4 seconds

and the FNAL abhout 15 seconds (for the tevatron it will be 60

seconds).

2. Speed of Light Data Cuts

A large number of logic operations must be carried out on
the Tij in order to filter out noise pulses. Each siznal pair
must satisfy the criterion:

T' . _<_ C- . . . . . . » » . . . . . - ] . . . . . . 01!"'01:""2

where Cij is the time it takes for a particle traveling at the
speed of light to traverse the distance hetween a pair of modules
i, j. In general, only about 7 x 12 = 84 modules (one gangleon)
are expected to satisfy the criteria, but for exceptionally high
energy interactions it is conceivable that signals from nearly
all 756 modules will satisfy the criteria.

Hence, the number of logic operations, Nc, at this stage

is expected to be about:

N, = (756)% & 5.6 x 107 .+ .o+ .o+ . .. .. 1D



3. Straicht Line Fits to the Muon Trajectory

The next set of operations is derived from the algorithms
yielding trajectories of‘muons from the straight line fits to
the TDC’(time to digital converter) data. Trisonometric and
other functions must be used to secure a best fit to the
kinematic parameters of the event. Hence, it will bYe necessary
to implement highly efficient software programs to hold down the
number of computer operations to about 107 per event.

L4, Detailed Analysis of Selected Events

About 120 accelerator neutrino events may be expected each
day. The enrichment programs are expected to yield about 300
candidate neutrino events in a day.

These will require longer event reconstruction programs taking
about an order of magnitude longer period of time to process

than the subtraction matrix or the Boolean operations of equation
14.5-2. A powerful on-site computer dedicated to the detailed
analysis of the selected events could carry out the analysis in
between spills. If the data are to be analyzed in between

beam spill periods then it will be necessary for the selected
computer to carry out about lO? arithmetic operations per second.
Bothe countries possess such computers.

When the accelerator is not generating beam, the neutrino
detector array can accept cosmic-ray neutrino data. About 300
cosmic-ray neutrino events may be expected each day. These may
be used to extend the studies of atmospheric neutrinos carried

out by the BAKSAN neutrino detector.



15.) Budget Estimate.

15.1) Estimates of the Materials Cost of the Mechanical

Structure.

The basic structural elements are corrosion resistant dur-
aluminum tubes each 15 meters long. About 6,000 structural
members are needed for the array. Assuming a cost of $3/meter
the structural material will cost $270,000.

 About 756 module to array interface structures are also
needed. At $30 an interface we estimate a cost of $22,680. 1In

addition, welding supplies, bolts and anti-corrosiqn elements are
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also needed. These supplies should total about $25/module which

amounts to a total cost of $18,900 for miscellaneous materials.

In summary the material costs for the structure are:

1) 6,000 structural members each 15 meters long  $270,000

2) 1756 module to array interface structures 22,680
3) anticorrosion metals, bolts, welding supplies 18,900
$311,580

15.2) Estimates of the Cost of the Electronices in the Data
Acquisition System. ‘

These estimates are made for an array consisting of 756
modules. Each module consists of six photomultipliers, three

" looking up and three looking down. The data acquisition system

determines the time of arrival of a Cherenkov light pulse, the
amplitude and the address of the photomultiplier. The total cost
is estimated to be $11,650,000 for a specific system using off-
the-shelf hardware as listed in the table below. Costs are in
1981 dollars.

1) Amplifiers LeCroy 612A 12 Channels with x 10 amplification.

756 modules x $1295/unit (108 sections) $979,020

2) Analogue to Digital Converters.

LeCroy 2282 48 channel 1 ns resolution 217,350
LeCroy Systems Processors, 4 units € $1,500 . 10,000

3) Time to Digital Converter. 1 ns resolution

LeCroy 4291B 32 channel drift chamber TDC

$3,000 | (4536 pmt channels) =$3,000 x 142 425,250
unit } (32 channels/unit) ,
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Coincidence Units.

LeCroy 380A: 108 sections x 2 units/section
Alternate: 216 sections x $1095

6,912 channels 756 up

2,268 channels 756 down

Diseriminators.,

LeCroy #825
Quint risetime disc $1450 x 756 modules
Alternates: model 77705 32 channel ($700)
142 units + 14 = 156 at $710
High Voltage Supplies.

HVL032A 32 negative outputs @ $5,700

Alternate: $80/channel for Venus x U536

Cables.

500 km € $ 3,000/km
Total for ADC, TDC, Power, cables.
Multiconductor cable

Photomultiplier Tubes .

RCA U522: 756 x 6 = 4,536 x $800
FEY 49: 5,000 @ $200

Mini Computers.

KS 8030 @ $12,000 x 10 units

Alternate: DEC PDP11 €@ $20,000 x 10 units

10) Time Synchronization System.

f/-\ ‘
u)
5)
6)
7)
8)
9)

P

5 Hydrogen Maser Clocks @ $300,000

Total Electronic Equipment Costs

Cost Using Alternate Equipment

236,520
(25,869)
(25,869)

1,096,200
(110,760)

873,600
(362,880)

1 500,000

3,628,800
1,000,000

120,000
(200,000)

1,500,000

$11,650,000
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15.3) Costs of Electronics for the Hexagonal Sections.

This electronics will assemble and sort signal pulses prior to
recording by the array computer system. Below is a detailed 1list

needed for two sections. The total cost for the complete array is

given in section 15.2

Description Price #Units ~ Total
1. TD811 8 channel each (E.G.G.
CAMAC Time Digitizers $1,400 11 $15,400
2. 2259A 8 channel each (Le Croy
CAMAC Analog Converters) 1,400 11 15,400

3. RCO14 (E.G.G. CAMAC Real Time
Clock) - Interface between array

and atomic clock 1,500 1 1,500
4, LG105/NL (E.G.G. Linear Gate/
' Stretcher) 1,000 81 81,000

5. 81-input coincidence units with
presetable plurality selection

. (Custom) 2,000 1 2,000
6. 621BL (Le Croy Quad Discriminator)
} discrimators/Unit 1,195 1 1,195
7. 1 - 11 Fanout (Custom) 1,000 2 2,000
8. 1 - 81 Fanout (Custom) 2,000 1 2,000
9. Model 2000 Canberra NIMBIN 738 10 7,380
10. Environmental Protection for above
- (Circuit Board Coating) ’ 1,000
11. CAMAC Circuit to sense ambient
light levels 1,200 1 1,200
12. Total - $130,075

15.4.) Cost of On-Shore Data Processing Systems.

The following is an estimate of the cost of the on-shore data

processing systems using the Digital Equipment Corporation VAX 11

computer as an example. The SEL may be better and less expensive.

I. VAX 11/780 Package.

This is to be used at the detector site
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for data acquisition and processing.
Fully configured 13 Mbytes, 256 Mbytes

disk, tape drive 125"/sec.

II. VAX 11/750 Package.

To be used at WWU for accelerator
neutrino data analysis. CPU BUSS
capacity of 13.3 mbytes/sec.

1) 11/750 wup with 512 Kbytes of MOS.
2) LA38 Decwriter console 24 Kbytes.
3) RKO78-11 Controller and drive. Two

RKO7 disks each 28 Mbytes of storage.

4) QDO01-AD VAX/VMS operating system.
5) Unibuss Adapter

6) Subtotal

Peripherals.

1) TUS8-N tape cartridge drive. 2,048
records x 128 bytes
2) VT100-AA video terminal

Mass Storage Devices.

3) RMO5-BC (256 Mbytes)

4} TEUT7-CB master tape, 200 Kbyteé/sec
40 Mbytes/reel

5) TU77-AF slave tape

6) LA120 terminal

7) Subtotal

IV. Maintenance Contract.

1,500

2,150

39,140

35,000

23,000
2,950

257,000

89,900

103,740
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12 Mo. @ $710/Mo.

CPU Options.

1)

2nd memory controller for 11/780, 74
Megabytes, 4096 Kbytes

2) 7 units of 256 Kbytes of mass memory
each $9,100

3) FPA floating point accelerator for 11/780
Requires 0.8 u's for a + or - and 1 u's/
degree of polynomial.

4) Multiport memory option

5) 7 units of 256 Kbytes of mass
memory each $9100

6) User control store 12 Kbytes

7) Battery backup pack

8) Cabinets

‘9) Subtotal

Input-Qutput.

1) DMR 11-AA interface serial line
interface ]

2) MAT80-AA mass buss adapter 32 byte
with silo data buffer

3) LPA11-K front and back

4) Three modems Bell Telephone module
208 @ $400 each

5) Unibuss adapter (18 bit) - DZ11-E

15 NPR with a 4-16 bit buffer € 1.35
Mbytes/sec.

26,600

63,700

10,000
37,300

63,700
10,700

1,250
17,840

4,200

37,300
5,000

1,200

4,300

8,520

231,090
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~6) 2 Com Data model 370E2-42 Phonem

VII.

@‘337. WWU, FNAL

7) TI 765 Terminal - modem

8) Subtotal

Software.

1) DECNET

2) MUX200/VAX Multi-terminal emulator
QEQ70-AY for Cyber series CDC 6600
with IBM Standard Protocol for 200
UT Mode 4A communications channels

3) VAX11-3271 Protocol emulator |
for the 11/780 processor

4) VAX11-2780/3780 Protocol emulator
for IBM Standard protocol

5) FORTRAN Compiler

6) VAX 11 DSM data management system

7) Engineering Graphics Utilities

8) Subtotal

VIII. Array Processor.

IX.

Floating Point Systems

Unibuss 100" Ribbon Cable BC11-A5
Unibuss Repeater (One for each 50 feet)
Coaxial Cable 1000"

Subtotal

Documentation.

1) VAX-11/780 Hardware Documentation

2) Maintenance Documentation Service

774
3,029

3,100

8,100

7,500

5,900

8,050

12,000
2,500

644

680

100
4,800

55,803

47,150

4,424
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3) Source Listings
4) FORTRAN, Documentation
5) Subtotal
X. Supplies
1) Disk packs RKOTK-DC @ $430 x 10
2) Disk packs PRO5-P @ $1,450 x U
3) Magnetic tape, 9-track, 100
tapes @ $30 ea
4) Cables
5) Busses

6) Subtotal
XI. TOTAL

XII. SUMMARY OF EQUIPMENT COSTS
1) Structural
2) Electronics
3) Computer
TOTAL

Total Administrative and Salary
Bending of the FNAL Neutrino Beam

Total Project Cost

25,

4,
5,

3,
5,
5,

$ 311,580
10,586,740
896,465

10,000,000
40,000,000

000

78
29,978

300

800

000

000

000
23,100
$896,465

$
11,794,785

$61,794,785
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