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ABSTRACT 

We consider the implications for neutrino 

astronomy of the concept of using the ocean as a 

particle-detector of very large mass, by utilizing 

the Cerenkov radiation produced in it by charged 

particles. 
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SUMMARY 

We consider the possibility of using the ocean as a neutrino 

detector; neutrino-produced interactions result in charged par- 

ticles that generate Cerenkov radiation in the water, which can 

be detected by light-gathering equipment and photomultipliers. 

The properties of the ocean as seen from this standpoint are 

critically examined, and the advantages and disadvantages pointed 

out. Possible uses for such a neutrino detector include 1) the 

detection of neutrinos emitted in gravitational collapse of 

stars (supernova production), not only in our own galaxy, but 

in other galaxies up to perhaps twenty-million light-years 

away, 2) the extension of high-energy neutrino physics, as 

currently practiced up to 200 GeV at high-energy accelerators, 

to energies up to 50 times higher, using neutrinos generated in 

the atmosphere by cosmic rays, and 3) the possible detection 

of neutrinos produced by cosmic-ray interactions outside the 

earth's atmosphere. The technology for such an undertaking 

seems to be within reach. 
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A. INTRODUCTION 

Ever since Reines and Cowan first detected the neutrino 

emi.tted in beta-decay,' neutrino detection has proved to be a 

valuable and important technique in particle physics. Neutrinos 

are uncharged, massless particles with spin l/2, that manifest 

themselves only via the weak interaction that characterizes the 

family of particles called leptons. That family also includes 

the two charged particles electron and muon, which apparently 

differ only in mass and the fact that the muon is unstable. 

Unlike the photon (which is also massless and uncharged) the 

neutrino (v) is not identical with its antiparticle (G). A 

different kind of neutrino is associated with each charged lep- 

ton. Exactly how a muon neutrino (vu) differs from an electron 

neutrino (v,) is not definable except in terms of the interac- 

tions of the particles. The so-called "charged current" inter- 

action, in which a lepton is required to change its charge in a 

leptonic interaction (e.g., 3 + p + n + e+; a 5 becomes a posi- 

tron), was the only one known until it was established (in the 

last few years) that there exist also "neutral current" interac- 

tions,' in which neutrinos collide with nuclei, but no charge 

exchange occurs: e.g., V + nucleus + v + nucleus + K, etc. 

Very recently, a third class of interactions involving only 

leptons, and of great importance to astrophysical processes, 

was detected: i.e., ce + e -+ '3e + ee3 

Because it is both neutral and weakly interacting, the 

neutrino occupies a unique place in the universe. It offers 
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the only rapid mode of transfer of energy from the interior of 

a star. Low energy neutrinos can escape from the interior of 

a star, without interacting at all, while a light quantum takes 

perhaps lo7 years to diffuse out. The detection of neutrinos 

emitted from stars is thus of unique interest, since it opens 

a window on stellar interiors, otherwise completely inaccesihle. 

However, neutrino astronomy is still in its infancy - or more 

accurately, still unborn, since to date the unequivocal detection 

of neutrinos from a star has not yet occurred. As we discuss 

later in this paper, very high energy neutrinos also interact 

weakly, and so readily reach us from the remote galaxies. 

The detection of particles via the weak interaction is ex- 

perimentally difficult. In a relatively favorable case, that 

of absorption of an electron antineutrino (ve) by a proton, with 

a threshold at 1.8 MeV, the cross-section is only 2.4 x 1O-43 cm2 

for a 3 MeV je. Thus the mean free path for such a low energy 

neutrino is about 100 light-years in liquid hydrogen. The detec- 

tion and study of such neutrinos require a combination of high 

fluxes and very large detectors. Antineutrino fluxes of 2 x 10 13 

cms2 set-l have been achieved at reactors. The nearest star, 

our sun, produces a Ve flux at the earth estimated as 6 x 10 10 

-2 cm -1 set , equivalent to 25 watts per m2. R. Davis and his 

collaborators at the Brookhaven National Laboratory have been 

searching for solar neutrinos with a lOO,OOO-gallon perchlor- 

ethylene detector at a gold-mine in Homestake, S.D. for many 

years, so far without success. Their absence is proving to 

be somewhat embarassing to theoretical astrophysicists.4 
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The detection mechanism is the reaction 

v + 17c137 -+ MA' 37 + e- e 

The radioactive Ar 37 is collected and counted. A deep under- 

ground site is necessary to avoid the production of the same 

end-product by fp,n) reactions induced by cosmic-ray muons. 

Cosmic rays interacting in the earth's atmosphere produce 

mesons (pions and kaons) which decay into muons and neutrinos. 

These neutrinos have been observed in a South African gold-mine 

by a collaborative group from the University of California 

(Irvine), Case-Western Reserve University and the University of 

the Witwatersrand.' The results were corroborated by an Indian- 

Japanese-British group working in the Kolar gold fields of 

India.6 

DUMAND - Project DUMAND, which is an acronym standing for Deep 

Underwater Muon And Neutrino Detector, is intended as a further 

step in the direction of establishing exp‘erimental neutrino 

astronomy. Still in the formative stage, DUMAND is the out- 

growth of informal conversations in the last few years among a 

number of cosmic-ray physicists interested in muon and neutrino 

detection. At first the idea of a large underwater Cerenkov 

detector, in which the light produced by fast charged particles 

in the ocean produces electrical pulses from photomultiplier 

tubes, arose in connection with the problem of determining the 

muon depth-intensity curve in a well-specified medium. Depend- 

ing on the confidence with which one believed either the 
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spectrum or the energy-loss mechanism, the measured curve 

relating the two could be used to deduce one or the other. 

Having thus imagined an underwater detector it was natural 

to consider using it for neutrino detection. Three ways of 

using such a detector have so far been suggested: 1) the 

detection of neutrinos, from gravitational stellar collapse 

(GSC), of energy somewhere between 10 and 100 MeV (the energy is 

not well-known), not only from our own galaxy' but from other 

galaxies up to perhaps 2 x lo7 light-years distant, 2) the 

detection and study of the high-energy tail of the neutrino 

spectrum (above 1 TeV) produced in the atmosphere by the 

interaction of cosmic rays; and 3) the detection of very high 

energy neutrinos produced by collisions of cosmic rays with 

protons and photons in interstellar and intergalactic space. 

The feasibility of achieving one or more of these exciting 

goals has yet to be demonstrated; the DUMAND program is designed 

to identify, and if possible, solve the manifold problems 

associated with such a demonstration. 

For the sake of ready reference, we have assigned acronyms 

to these three experiments as follows: 

1) UNDINE - UNderwater Detection of Intergalactic 

Neutrino Fmission. 

2) ATHENE - ATmospheric High-Energy Neutrino Experiment. 

3) UNICORN - UNderwater Interstellar Cosmic-Ray 

Neutrinos. 
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B. UNDINE: 

THE DETECTION OF GRAVITATIONAL STELLAR COLLAPSE 

I. Neutrino Detection Mechanisms 

The detection of a low-energy (lo-100 MeV) neutrino flux 

must proceed either through the scattering or absorption of 

neutrinos, with the detection of a charged secondary particle. 

The best reaction, for which the cross-section increases as E2 

in the energy region concerned, is the conversion of Te to e + 

and Ve to e-, (the inverse of electron capture) according to 

the usual charged-current weak interaction: 

7 .+p+n+e + 

and 

V e +n+p+e- 

(la) 

(lb) 

These reactions can occur with bound nucleons as well as 

free ones; but in that case they may be inhibited by the lack 

of available phase space for the product particles. Thus a 

tightly bound nucleus, such as the abundant oxygen isotope in 

water, 0 16 , is a particularly unfavorable target. The cross- 

section is extremely low until the energy is well above thresh- 

old; in the case of 0 16 it does not approach the free nucleon 

cross-section until above 50 MeV. 

The coherent scattering reaction 

V e + (Z,A) -+ (Z,A) + Ve (2) 
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whose cross-section is large for high A, and which proceeds via 

the neutral current interaction,8 is important in stars because 

it enables neutrino momentum to be efficiently transferred to 

the target nucleus. However, a momentum of, say, 20 MeV/c in 

a heavy nucleus corresponds to a kinetic energy in the keV range 

or less, and is worthless in a Cerenkov detector. 

Thus we see that electron neutrinos, ve, in the energy 

range below, say, 30-50 MeV can be detected in water only 

through scattering by electrons,' for which the cross-section 

is small: u -1O-43 cm2. Antineutrinos, on the other hand, are 

absorbed on protons, according to Eq. la. The hydrogen in the 

water is thus the effective detecting medium for Te up to 50 

MeV or so; above this the 0 l6 begins to contribute. 

For muon neutrinos and antineutrinos, the charged-current 

interaction cannot contribute until the neutrino energy passes 

the threshold for muon production, 105 MeV. Below that only 

the scattering due to the purely leptonic interaction is 

effective. Though the cross-section is much smaller than the 

inverse-capture reaction, this may be more than compensated 

by the larger number of electrons than free protons (10 rather 

than 2 per molecule of water) and the larger flux of ve, vu, 

and 3 ~ which may be produced in GSC.9 

For simplicity, we will consider only the signal from 7 e 
above 2 MeV, via the reaction la, which yields a fast positron 

capable of producing Cerenkov light. A 20 MeV positron will 

have a range of about 12 cm in water, and will produce about 

6000 quanta between 250 and 600 nm. 
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F;e inquire next as to the flux and energy of the neutrinos 

to be expected from gravitational stellar collapse (GSC). 

II. Neutrino Emission from Gravitationally Collapsing Stars 

(Including Supernovae) 

Gravitational collapse (see Fig. 1) occurs when a massive 

star, of mass above the so-called Chandrasekhar limit (1.2 

solar masses) runs out of nuclear fuel. The internal electron 

degeneracy pressure is then insufficient to restrain the 

gravitational force, and a collapse ensues. 

Current pictures of GSC" envision the process as occurring 

in two stages, involving different neutrino production mecha- 

nisms and luminosities; in addition there are numerous varia- 

tions due to differing initial composition and mass. The main 

features are constant however, since they refer to the inner- 

most core. 

When the collapsing star reaches a density of about 2 x 

lO"g cm , -3 electron capture by protons from the Fermi sea of 

degenerate electrons, which is now filled to about 25 MeV, 

gives rise to a burst of about lO52 ergs, comprising 10 57 elec- 

tron neutrinos of mean energy about 10 MeV. This "neutroniza- 

tion" process, in which all the nucleons are converted to 

neutrons, (e- + p -+ n + ve) lasts at most a few hundredths of 

a second. The mean free path of the neutrinos is comparable to 

the stellar radius, and the emitted neutrinos undergo elastic 

coherent scattering from the heavy nuclei in the stellar mantle, 

via the neutral current interaction. This may perhaps be the 

long-sought mechanism whereby momentum is transferred to the 
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outer layers of the star, producing in at least some cases the 

spectacular supernova explosion, like that responsible for the 

expanding envelope surrounding the Crab supernova of 1054 A.D. 

However, it is not known whether all gravitational collapse is 

accompanied by visible supernova explosion; current evidence 

seems to be against it. 

Following the initial neutronization, the gravitational 

collapse accelerates. Within a few milliseconds the star 

collapses to essentially nuclear density, near 10 
14 -3 

g cm 

ending either as a neutron star or a black hole. At the end 

of the collapse, the temperature becomes very high (lOlo K or 

higher), and about lO53 ergs, ten times as much as in the first 

stage, is liberated as neutrinos, formed by thermal processes. 

Thus the emitted neutrinos are produced in pairs, of antineu- 

trino and neutrino, of electron and muon type; and the mean 

energy is initially probably higher than in the first stage 

(though depending critically on the temperature at formation.) 

The initiation of neutrino production may be accompanied by core 

"bounce" in which the sudden hardening of the core at nuclear 

densities results in the incoming material bouncing back, per- 

haps several times, until finally damped. 

There is unfortunately no agreement among theoretical- 

astrophysicists as yet, concerning the spectrum and luminosity 

of the second neutrino burst. For one thing, in the collapsed 

state the neutrino mean free path is now much shorter than the 

stellar radius, and the neutrinos may lose much energy before 
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leaking out: the walls are always thin at low energies because 

of the behavior of the cross-section with energy. 

Figure 2 shows a set of neutrino spectra calculated by 

J. Wilson, of Lawrence Livermore Laboratory.' 

III. DUMAND and GSC 

If one calculates the efficiency for detecting 10 MeV 

antineutrinos, one sees immediately that very large targets are 

necessary. The detection efficiency is proportional to the 

flux F (neutrinos cm -2 ) in the GSC pulse, the proton detector 

mass Mp and the antineutrino cross-section U, which for free 

nucleons and energies above 6.MeV or so is" 

a = 7. x 10 -44 S2 cm2 (3) 

with E in MeV. The resulting average number of antineutrino 

interactions, N, is given by 

N = 6. x 10 29 F cl M 

= 4.2 x lo-l4 Mp :: E2 

. 

where % is the proton detector mass in metric tons. If we take 

ci = 14, then the Poisson distribution statistics tell us that 

the probability of seeing an event with 10 or more interactions 

is 0.85. Assuming that 10 interactions provide adequate iden- 

tification, the required detector size for E = 14 will be given 

by 
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MFE2 = 3.3 x 1014 (4) 

TABLE I. 

MASS OF WATER REQUIRED TO SEE 10 INTERACTIONS, 

PER GSC EVENT, WITH 89% EFFICIENCY, WITH FLUX FE2 

FE2 (cmm2 MeV2) M (metric tons) 

lo* 3.0 x lo11 

lo6 3.0 x log 

lo8 3.0 x 107 

Expected Neutrino Fluxes - Assume as a first approximation, the 

emission of all neutrinos (V,, Ue, Vu, Gu) to be equally prob- 

able, with E,, = 20 MeV. Then the flux of each kind of neutrino, 

at a distance of 2 x 10 7 light-years (2 x lO25 cm) is 2.5 x lo5 
-2 

cm , yielding a value of FE2 8 of 1. x 10 . This corresponds to 

a required water mass of 3.0 x lo7 tons. As mentioned earlier, 

we neglect the possible contributions due to Ve, v ,,, and ii lJ 
scattering by electrons.$ 

Detection of Antimatter Galaxies or Stars - As we have noted, the 

two stages of neutrino emission are distinguished both by the 

type of neutrinos emi-tted and by their time, and perhaps energy, 

distribution. In stellar collapse in ordinary matter, the 

second stage electron antineutrinos are the primary signal 



source. However, should any GSC or supernova within the 20- 

million light-year range of the detector consist of antimatter, 

then the first stage emission, due to antineutronization - i.e., 

positron capture by antiprotons - would consist of antineutrinos 

rather than neutrinos, and both stages of the collapse would 

be detectable. Provided the two stages can be distinguished 

by different time and/or energy distributions, our detector thus 

provides a method in principle of searching for antimatter in 

neighboring galaxies (as well as our own). The method is unique 

in that it relies on the detection of distinguishable neutral 

particles. The existing (negative) evidence concerning the 

existence of antimatter in the universe is derived from a) 

charged-particle searches in the cosmic-ray primaries, which 

are impractical at high energies: or b) annihilation products 

like gamma-rays; but these have so many possible sources that 

their origin is difficult to determine. 

Source Intensity and GSC Rate - In order to estimate the number 

of GSC events that would be seen in a detector of the size 

envisaged, we need an estimate of the rate of events within 

range of our detector. This estimate is at best a very uncer- 

tain one; it contains three factors, none of which is accurately 

known. They are 1) The number of galaxies within range; 

2) the rate at which supernovae are observed in neighboring 

galaxies; and 3) the ratio of the number of neutrino-emitting 

GSC events to visible supernovae. 

Estimates of the first of these differ by factors up to 
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1700; we adopt a value based on the actual counting of neighbor- 

ing galaxies, namely 2500. For the second, for which rate 

variations reach a factor of 100, we again adopt a mean value of 

one per thirty years per galaxy. For the third, about which we 

have only theoretical estimates, we adopt the conservative 

value of unity; Taken together this yields a predicted event 

rate of -80 per year, one every 4.4 days. 

IV. The Ocean As a Neutrino Detector 

As soon as one is several hundred meters below the surface 

the light intensity has decreased to the background value: 

the light attenuation length near the surface is less than the 

20 meters we hope for at great depths; so that at 1 km, the 

light attenuation will exceed 1022. 

Counting backgrounds in the ocean will include cosmic 

rays, the radioactivity of the seawater, and bioluminescent 

light due to the ocean flora and fauna. To decrease the first, 

we need a depth of at least 5 km; Figure 3 shows the attenua- 

tion of the muon rate with depth for detectors with areas in 

the range 103-lo6 m2. At 6 km, a 3 x lo7 ton detector would 

have a cosmic-ray muon background of about 0.4 set -I, a 

comfortable calibration rate. 

Bioluminescence exists at all depths at which it has been 

studied and though it dimishes with depth and undoubtedly will 

be present at 5-6 km as well. We propose to make studies of it 

as part of the site selection procedure: but since the time 

distribution of the light from bioluminescent sources is 
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entirely different from that from cosmic rays, we do not anti- 

cipate difficulties in distinguishing the two sources. 

Ocean Radioactivity - Finally, the radioactivity of seawater 

provides an irreducible minimum to the counting rate of a‘ 

photomultiplier. There are two independent sources of background 

counts: the first is the beta-radioactivity of the water, which 

is primarily due to K 40 , which has an intensity of 13 disinte- 

grations set -1 per liter. The other is the gamma-ray background 

(manifesting itself as Compton electrons) due to neutron cap- 

ture in seawater, primarily the fraction captured by C135. The 

neutrons (and also some prompt, or nearly so, gamma-rays) arise 

from the minute amount of uranium found in seawater, namely 3 

micrograms per liter. Most of these neutrons arise from spon- 

taneous fission: some come from the (u,n) reactions induced in 

a few nuclides present in seawater, by a small high-energy frac- 

tion of the alpha-emitters of the uranium decay chain. 

The effect of the rather high counting rate due to K 4o is 

to make mandatory the use of coincidence techniques. The 

potassium beta-rays produce only a few photons: so the~effic- 

iency of detecting them is low, and only very rarely would two 

coincident detectors detect the same decay. Even without the 

K40 decay, the very low rates needed in individual modules, as 

we will show, would demand coincidence techniques. 

The effect of the neutron-induced gamma-ray activity (and 

also that from spontaneous fission) is to impose an energy 

threshold on detected electron pulses. The energies of the C135 
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capture gamma-rays range up to about 8 MeV, and a threshold in 

that neighborhood will be required to keep the background rate 

in each module to a low enough value. Thus we see that ocean radio- 

activity prevents us from detecting neutrinos below 10 MeV or so. 

Detector Logic - We envision the 3 x lo7 tons of ~ocean subdivided 

into a large number J of similar modules, each of dimensions 

limited by the light attenuation to be of the order of the 

attenuation length, 20 m. A single module might then be a 20 m 

cube, or ca 10 4 tons, and the number of modules J about 3000. 

In order to obtain an unequivocal signal from a GSC, we should 

require a minimum number of neutrino interactions - say, 10, for 

each event. As noted above, the mean number required to yield 

a detection efficiency of .9 for 10 or more events is 14. The 

estimated duration of neutrino escape from the thermal stage of 

the GSC is 0.1 set (a value which, as one might surmise, is 

also open to question.) If we now require that any 10 of J mod- 

ules fire within a time t, the random background rate of lo-fold 

coincidences will be (JNt)", in which we have already fixed J 

as 3000 and t as 0.1 sec. If we set the background rate at 10 -8 

-1 set , we find that JNt must be 0.16 set -1 , giving N = 5. x 10W4 
-1 set . This rate is remarkably independent of the order of 

coincidence and of the required background rate. Thus indivi- 

dual module counting rates near 10 -3 -1 set are needed, and these 

can only be obtained by coincidence methods. 

Optical Collection Efficiency - The total number of Cerenkov 

quanta produced between 250 and 600 nm by a 20 MeV positron 

(created by antineutrino absorption) is only about 5500. In 
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order to produce a reliable threshold coincidence in each module, 

at least 60 quanta will need to be collected, so that the overall 

light collection efficiency must exceed one percent. The attain- 

ment of such a high collection efficiency appears to require the 

use of wavelength shifting and trapping techniques, which will 

have to be applied on a new and very large scale (see Fig. 4). 

V. Gravitational Collapse in the Local Galaxy 

A supernova, or a gravitational collapse in our own galaxy 

would produce a far stronger signal than the ones we have been 

discussing at a distance of twenty-million light years. Our 

galactic center is only 30,000 light years away, and reducing 

the required size of the detector to as little as sixty tons 

would allow one to see GSC events from our galaxy. Such "small" 

detectors are being planned or built by several groups," and 

at least one very interesting event has been observed.'" The 

one worm in this apple is the anticipated rate of GSC in our 

galaxy: one in 30 years if it is similar to its neighbors. Only 

7 visual supernovae have been observed in the last 1500 years;13 

all but one of these were in the immediate galactic vicinity 

of the sun, most of the galaxy being obscured by dust. There 

sun are consequently grounds for'hoping for a higher GSC rate. 
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C. ATHENE: HIGH ENERGY MEUTRINO PHYSICS 

From our knowledge of the cosmic ray muon spectrum, we can 

predict with fair accuracy the neutrino flux due to interactions 

of cosmic rays with the atmosphere. The energy spectrum extends 

to very high values; but the flux falls off very rapidly with 

increasing energy. 

The advent of the Fermilab 500-GeV accelerator has given 

us accelerator based neutrino data to over 200 GeV. The accuracy 

and detail of accelerator measurements, whenever they are 

possible, far exceed that obtainable with any conceivable cosmic 

ray experiment. In planning a cosmic-ray measurement on neu- 

trinos, one would do well to consider only energies which appear 

to be inaccessible to accelerators. 

In the immediate future the Fermilab accelerator can be 

raised to about 1000 GeV, or 1 TeV, by the use of superconducting 

magnets. The following stage at Fermilab is undoubtedly some 

application of the accelerator to the production and use of 

colliding beams; but colliding beams, though they raise the 

center-of-mass energy of a collision, do not produce neutrinos 

of higher energy in the laboratory than the colliding particles. 

To get neutrinos above 1 TeV, a still larger accelerator will 

have to be built. Fermilab Director, R. R. Wilson, has proposed 

an internationally sponsored 10 TeV accelerator; "it will cost 

a billion dollars, ten trillion volts 'twill give." If past 

history is a guide, the gestation period of such a suggestion 
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after the physics community lines up behind it, will be at least 

5 to 10 years - even more if economic conditions remain unfavor- 

able. 

Thus, a high-energy neutrino experiment in cosmic rays 

would have to offer valuable information in the range well above 

1 TeV, and preferably above 3 TeV in order not to be overtaken 

in the next 20 years. There is important knowledge to be ob- 

tained in this energy range. If, for example, the total cross- 

section for neutrinos in the l-10 TeV range could be measured, 

one could tell whether the proposed 37 GeV charged intermediate 

boson exists; if it does, the cross section would stop increas- 

ing linearly with energy at about 2 TeV. Another parameter well 

worth measuring would be the relative abundance of neutrino 

absorptions in which zero, one, and more than one muon are 

emitted. This would give the ratio of neutral to chargedcur- 

rents and give data at higher energies on the recently observed 

events in which two muons are produced, and currently tentatively 

ascribed to strongly interacting particles (hadrons) made up 

of quarks, having a new quantum number called "charm".'.' 

I. Neutrino Flux 

The detection of high energy neutrinos is very easy 

compared to supernova neutrinos, but unfortunately, the flux 

is low. Figure 5 shows the number of interactions to be 

expected per yearI from cosmic ray neutrinos in detectors of 

2 x lo7 and 10' tons. The cross-section is assumed to be 

u = 0.8 x lO-38 Ev cm2/nucleon (5) 

with Ev in GeV.17 
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Each event produces a hadronic shower of perhaps 10' quanta 

or more, so that there is no problem of detecting individual 

events; only the question how to extract sufficient information 

from an event. There is no serious background for such events: 

bioluminescent light sources give comparable amounts of light, 

but extended over periods approachingone second. Good time 

resolution among many detectors is the key to selecting high 

energy neutrino events. An economical arrangement to give 

the desired information still remains to be designed. 

II. Measurements Required for ATHENE 

If we examine the detectors used by the two high-energy 

neutrino counter groups that have been working at Fermilab on 

detecting and measuring neutrinos in the lo-200 GeV range for 

the last few years, it becomes clear that the requirements for 

getting good data include the following: 

1) Knowledge of the neutrino momentum and direction. 

2) Measurement of the energy and direction of the 

hadronic cascade produced by the neutrino. 

3) Identification of the outgoing muon (or muons), and 

experimental certainty of the absence of an outgoing 

muon when it does not appear. Only when this is 

attained can neutral current events be identified 

correctly. 

4) Observation of the sign, direction, and momenta of 

the outgoing muon(s). 
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It is possible to do experiments without all these data; 

but the greater the fraction obtained, the more useful the 

information becomes. 

In the ocean, which of these must we abandon, and which 

can we hope to achieve? We consider them in turn. 

1) We cannot have for cosmic rays the a priori informa- 

tion on neutrino direction or energy given by the accelerator 

beam. However, a downward-directed neutrino originating in 

pion or kaon decay above 1 TeV or so, will frequently be 

accompanied by the muon with which it was born. At these high 

energies that sister muon will scatter so little that even at 

5 km depth it will be only a few meters away. In that case, 

the neutrino direction will be that of the muon within a 

milliradian or so. 

2) The direction of the hadronic shower core is most 

important. We must collect sufficient data on the Cerenkov light 

cone to obtain its axis. Multiple sampling of the cone is 

therefore necessary: See Fig. 6. 

3) The outgoing muon (or muons) can be identified as such 

by its great range. Its sign is inaccessible to measurement; 

its energy may not be. Transition radiation detectors have 

shown themselves useful in the appropriate range of gamma, 

total energy divided by rest for energy) electrons. A set of 

foam radiators (filled with He at ambient pressure), and very 

thin scintillation crystal x-ray detectors (NaI or CsI) deposited 

on transparent plastic sheets provide a conceptual detector 

potentially capable of 10 or 20% accuracy. 
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From this we see that for ATHENE it is important to leave 

the direction of the primary Cerenkov cone undisturbed; UV wave- 

length shifters are out. On the other hand, wavelength shifting 

in a plastic light-guide collector is still both permissible 

and desirable. 

I-t thus appears that the requirements of UNUINE and ATHENE 

may be difficult if not impossible to reconcile. It may be 

necessary to use different arrays. 
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D. UNICORN: HIGH ENERGY EXT-RATERRESTRIAL NEUTRINO EVENTS 

As pointed out by Berezinskii and Smirnov," high energy 

neutrinos (> 10 12 ev) are produced by p-p collisions in inter- 

stellar or intergalactic space. Even higher energies (> 1017 

ev) neutrinos are produced by the decay of pions from the col- 

lision of protons with the 3O I< relict radiation from the big 

bang. Events of such prodigious energy are relatively easy 

to detect, but they are very rare, and would require a detector 

mass in the vicinity of 10' tons or more to yield a rate of 

several events per year. We are still at the very beginning of 

consideration of this problem; we do not know whether these 

events are distinguishable from ATHENE events. 
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E. OCEANOGRAPHIC CONSIDERATIONS 

The 1975 DUMAND Summer Workshop" considered at length the 

problem of installing, supplying, and collecting data from a 

detector array at a depth of 20,000 ft; it also considered 

possible sites. Among the sites selected as most promising (sub- 

ject to verification by measurements and soundings) is one in 

the vicinity of the Hawaiian islands, where an abyssal plain 

at 20,000 ft. is close offshore. Apparatus has been operated 

at such depths, but never so much of it for so long a time (a 

duration of 5 years was postulated.) It was the consensus of 

the oceanographic experts that, though it entailed a considerable 

challenge, there is no reason one cannot design and build an 

array to work unattended at these depths for several years, with 

power supplied by a cable to a land base, which would also 

carry back the data. 
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F. STATUS AND PLANS OF DUMAND 

Interest in the DUMAND idea was evidenced by discussions 

at the XIV International Conference on Cosmic Rays at Munich, in 

the summer of 1975. Further discussions are expected at the 

Neutrino Conference in June 1976 at Aachen. Such interest may 

result in the establishment of a collaborative international 

effort. 

1976 Summer Workshop - At present the DUMAND project is an 

informal voluntary association of scientists and engineers 

interested in the aims and methodology of the project. Only 

the U.S. part of the project has been formally organized, to 

the extent of adopting a constitution, electing a steering 

committee," holding regular meetings, and planning and exe- 

cuting experimental work. The project has at present no ex- 

plicit funding: its members are supported by other means. 

However, a second Summer Workshop is planned, to be held at the 

University of Hawaii, in Honolulu, September 6-19, 1976. It 

is expected that this Workshop will advance the aims consider- 

ably, since it will be considerably larger than the first, and 

will be international in scope. It is expected that it will 

be supported in part by several government agencies. 

The major purpose of the Workshop will be to establish 

the feasibility of at least one of the three projects identi- 

fied to date. By this we mean the following: 

1) For UNDINE: we hope to make sufficient progress to 

decide whether a supernova detector is technically feasible; 

failing that, to identify the additional information needed to 
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make that decision. In this case there is no question concern- 

ing the desirability of the scientific objective, but only about 

the techniques. 

2) For ATHENE: Here there is no problem in principle in 

observing the events. Instead, can we design an experiment that 

will yield data sufficiently interesting and unique to make the 

effort worthwhile? 

3) For UNICORN: The problems combine those of UNDINE and 

ATHENE: we know neither the source nor the techniques. Per- 

haps, driven by the uncertainties in our knowledge, some of us 

find the blend of elementary particle physics, cosmic ray 

physics, and cosmology most fascinating to contemplate. 

In any event, it is evident that these projects share many 

common features and problems, and that progress in any one area 

will benefit all three. 

In addition, there will of course be further considerations 

of the oceanological and marine engineering aspects of the 

project. It is hoped that underwater measurements near Hawaii 

of water transparency and bioluminescence will be in progress 

some time this year. 
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FIGURE CAPTIONS 

Fig. 1: Schematic representation of the successive stages of 

nuclear burning leading eventually to gravitational 

collapse in a star of about 7 solar masses. The 

values of t, which differ by a factor of lo3 from one 

stage to the next, indicate the order of magnitude of 

the duration of each stage of the burning. The 

gravitational collapse follows on the exhaustion of 

the nuclear fuel, and involves only the inner core 

portion of the star; the outer mantle does not par- 

ticipate in the collapse, being too far away. 

Fig. 2: Neutrino spectrum predicted by J. Wilson (private 

communication, 1976) for the later stage of gravi- 

tational collapse, when thermal processes control the 

neutrino production and emission. 

Fig. 3: Inten$ity of the muon spectrum crossing detector areas 

from lo3 to lo6 square meters, as a function of depth 

in the ocean. 

Fig. 4: General principles of efficient light collection from 

a weak pulse of Cerenkov light emitted by a low-energy 

positron produced by antineutrino reaction with a 

proton. A detector module, about 20 m on a side, con- 

sists of an array of streamers of very thin plastic 

(mylar, cellulose acetate, etc.), coated with a layer 

of wavelength shifter (WLS) which absorbs UV and 

fluoresces near 470 nm, where the water transmission 
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is best. The WLS is sealed to prevent dissolving it. 

The resultant long-range isotropic blue light is 

picked up by the light-trap (LT) - a plastic light guide 

containing a fluorescent material - which once again 

isotropically reradiates the light at a longer wave- 

length - perhaps 500 to 550 nm. A fraction of this 

light is trapped within the light-pipe by total inter- 

nal reflection and is adiabatically conducted to the 

phototube cathode. Thus a multiplication of effective 

photocathode area by a factor from 100 to 1000 can 

possibly be attained. 

Fig. 5: Expected cosmic-ray neutrino counting rate. These are 

integral counting rate spectra, showing the total 

rate for all particles of the given energy and above. 

Curve A gives the rate for a detector of 2 x lo7 tons, 

B for a detector of 10' tons (one cubic kilometer). 

The data were calculated using the intensities of 

muons of Ref. 14, and the interaction cross-section of 

Ref. 15. 

Fig. 6: Schematic representation of a cosmic-ray neutrino event. 

The incoming neutrino is often accompanied by its muon 

twin; at the energies in question the two have the 

same spectrum and practically the same direction, and 

the muon scattering in 5-6 km of ocean is only of the 

order 10 meters at 3 TeV. The cascade produced by 

the neutrino contains perhaps 10' quanta, whose direc- 

tion are determined by a Cerenkov cone around the 
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shower axis, most particles being closely axial until 

they are quite Slow. The ellipse which represents the 

intersection of this cone with a detector plane of 

arbitrary orientation with respect to it can be 

detected for 40-50 meters; enough data are required to 

define the cascade adequately. In addition muons 

produced in the neutrino interaction (P,, etc.) must 

be counted, identified, and if possible, measured in 

energy. A sign determination does not seem possible. 
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