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A Study of Neutrino Interactions in a Large 


Water Target at Great Distances from the 

Neutrino Source 


P. Kotzer - Scientific Spokesman 

An experiment is proposed which will (a) search for electron-muon 
neutrino oscillations, (b) measure the neutrino nucleon differential 
cross section at the highest energy available, (c) measure the velocity 
of neutrinos to a precisionof one part in 106, (d) search for neutrino 
decays. 

We propose a new neutrino beam at FNAL, using a thin underground decay 
tunnel two km long, to illuminate a 4 x 106 ton water target-detector lo­
cated about 2750 km downstream. While several sites for the detector 

have been considered, the most likely present candidates are Dabob Bay 
in Puget Sound, and off the continental shelf in the Pacific Ocean. 

At a primary accelerator proton energy of 400 GeV, the calculated 
event rate is 0.7 neutrino interactions per 5 x 1013 protons on target. 
This is to be compared with 0.061 neutrino water target interactions per 
FNAL pulse assuming the current neutrino beam intensity, a 0.4 km decay 
tunnel, about 2 x 1013ppp, and 1 interaction per 17 tons of target 1.4 

km from the Al block pion and kaon generator. 

Hence we anticipate 0.27 million interactions in one month's running 
time in the new beam line. This will allow us to measure the difference 
between the squares of the mu and electron neutrino masses to about 
5 x 10-4 eV2. The sensitivity parameter x/Pv of the proposed experiment 
for detecting neutrino oscillations is on the order of 103 meters/MeV. 

We estimate that we will need about one month's beam time dispersed 
over a year in order to test the water target detector. We could be 
ready for the tests early in 1978. 
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I. INTRODUCTION 

We propose to study the properties of neutrinos by observing 

neutrino interactions at very large distances from the point where 

they are created. The main topics of interest are neutrino mixing and 

decays, the neutrino masses, lepton number violation, the number of 

different types of neutrinos and the velocity of neutrinos. The novel 

feature of the experiment is the use of a massive water target with 

Cerenkov light detectors. 

A. Neutrino Mixing 

The poss; boi 1 i ty of neutri no osci1l ations was fi rs t proposed by 

Pontecarvo1• He later pointed out2 that such oscillations can in part be 

responsible for the greatly reduced electron neutrino flux from the sun in 

the experiment of Davis et a1 3• Since then a number of different theories 

of the weak interactions have been formulated which require lepton number 

non-conservation and hence imply neutrino oscillations if neutrinos have 

a small but finite mass. 

Several authors4 propose gauge theories with V+A currents in addition 

to the usual V-A, new leptons and finite, unequal masses for neutrinos. 

In these theories the separate conservation of fA and Ii: lepton 'numbers is 

violated and ~t:->J,. oscillations take place; the oscillation length is given 

by ic -:::: 4x.fA where f-J is the neutrino momentum and..6. ; s the di fference of 

the squares of the v~ and v~ neutrino masses. In this theory the lepton 

-number.-violating decays (such as f-'rli) are many orders of magnitude larger 

than in a pure V-A theory; nevertheless the predicted rates are well below 

the current experimental upper limits 5• 

Bilensky and Pontecorv06 propose a theory in which v~ and v~ (which 

participate in the weak interactions) are orthogonal combinations of two 

massive fields (with masses m and ml). 
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In their scheme neutrino beams are no longer described by stationary 


states. rather they oscillate with an oscillation length La. The lepton 


number-violating decays are suppressed to first order by a cancellation 


(technically similar to the suppression of strangeness changing neutral 


currents in the GIM scheme) yielding an estimate of the decay ;t...",.e'i many 


orders of magnitude below the current experimental upper limit. 


Finally we mention that Bjorken and Weinberg7 propose a simple SU(2)XU{1) 

gauge theory with several scalar boson doublets in which muon number is con­

served by the intermediate vector boson interactions but not by effects of 

virtual scalar bosons. In this theory reactions such as v,.-t-"'~¢+N'and 

~.->4~ would occur at a rate that is superweak. Their estimate for the rate 

fI~I!.'Y is very close to the present experimental upper limit. 

Quite apart from the theoretical uncertainties, there are a number of 


considerations which make an experimental study of neutrino oscillations 


desireable: 


(i) 	due to the rather large upper limits on the neutrino masses, it is 

not possible to rule out neutrino oscillations. 

(ii) 	the result of the solar neutrino experiment indicates that either 

our understanding of the nature of neutrinos is incomplete or that the 

theory describing .~~ generation by the sun is incorrect. 

In this experiment we measure the Vr charged current event rate at 


FNAL (I FNAL ) and at a point 2750 Km away. The rates in the absence of 


oscillations should be related by 


IWASH Mr2 

where m,r (M.R) are the mass and distance to the detectors at FNAL and 

Washington. 
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Since the beam consists mostly of Vi"- (",,2% v~), v.t..~.Jr oscillations should 

cause a decrease in the rate of v~ charged current events detected at the 

remote target. 

In particular the ratio IWASH/IFNAL may be energy dependent (if for 

example the oscillation length is as given above) and therefore will give an 

indication of the mechanism by which V}4 depletion takes place. 

B. Neutrino Velocity 

If the neutrino is massless. then the special theory of relativity 

requires that it travel with the speed of light. We propose a direct measure­

ment of the neutrino velocity with a precision of 1 part in 106• This degree 

of precision might be attained because the 53.1 MHz radio frequency acceler­

ating system at FNAL delivers protons to the production target in bunches 

about 1 nsec in duration and 18.83 nsec apart. For sufficiently high K, r.r 

momenta the difference in velocity of the parent mesons and the decay neutrino 

can be neglected. Thus the uncertainty in the neutrino velocity 41/~ ~~t/t 

where Jt< tO~4icand t=2750 Km/c giving &-% v-o 10-6. If the ~ velocity were 

significantly different from the velocity of light, the times at which V 

interactions occur in the detector would be delayed with respect to a clock 

pulse from the accelerator. Techniques exist for making such precise correla­

tions. While a very accurate determination of the velocity is possible, no 

significant improvement is possible for the neutrino mass. 

II. DISCUSSION OF THE APPARATUS 

We propose to build a new neutrino beam at FNAL that will illuminate a 

water target of about one million tons at a distance of 2750 Km. The large 

detector is necessary in order to compensate for the small solid angle inter­

cepted at FNAL. The proposed technique allows us to detect interactions in an 

underwater derector of this size at a reasonable cost. In addition a smaller· 
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detector is needed close to FNAL in order to measure the 	interaction rate at 

the 1abora tory. 

In subsequent sections we describe a preliminary design of the beam, the 

expected event rate and the effect of v,.F*V~ osci llations for ~ = (m~ -m~ )= 

2 ~ e 


0.01 eV , the characteristics of the detector and backgrounds. 

A. Neutrino Beam 

We have made Monte Carlo calculations of the neutrino flux and event rates 

at 	the water target for several lengths of decay tunnel and the 2 horn focusing 

a 
4-

106train. For a 2 Km decay tunnel with 5 x 1013 protons on ton water target
" at 400 GeV we expect 1.8 events/pulse. 

A plot of the flux as a function of the length of the decay tunnel is shown 

in Fig. 1. We assume a 2 Km decay tunnel for subsequent calculations. In 

Fig. 2 and Fig. 3 we display the calculated "'J&- flux and event rate as a function 

of energy_ For the event rate in Fig. 3 we have assumed a 10 sec duty cycle 

and about a month of running time. giving a total of 6.4 x 104 events. 

The effect ofJ,..~ Y.2 oscillations is tCl reduce the event rate by the 

factor 0.5(1~cos2flX/Lo) where x is the distance from the accelerator to the 

detector (2750 Km) and L.,= 2.:;i<;1t( J£.(~<lV)/~(~..,t1). 

For a 4 =(m~-m~) of 0.01 ei, the number of events with energy 
I" o\!. 

greater than 10 GeV is reduced by 53%. The effect on the energy distribution 

of the observed events is given by the dashed line in Fig. 3. We note that 

even in the bin from 90-100 GeV, the event rate is reduced by 10% and corre­

sponds to a 7 standard deviation effect. 
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B. Characteristics of the Detector 

In this section we present arguments in support of the feasibility of 

detecting and studying accelerator-produced neutrino reactions at sites in 

the ocean thousands of Km distant fron the accelerator. We will show how the 

proposed detector (employing 1811 diameter spheres strung over 1 Km) may be 

able to detect /,F' accelerator neutrino-produced muons per pulse. 

The crux of the argument is the use of the charged current component of 

the weak interaction, the directivity of the v,.. beam and the use of a string 

of widely spaced, compact underwater modules aligned in the direction of the 

accelerator-produced neutrino beam. The energy of the muon is inferred from· 

its rang~and the energy of the hadrons is deduced by means of a stacked hex­

agonal array of counters. Fig. 4 is a schematic of the system. 

In the following sections we propose a three phase program leading to 

the detection and study of accelerator neutrinos in the open ocean at one of 

several possible sites. Particular attention is given to the Puget Sound site, 

where existing facilities and closeness to the University may reduce costs 

considerably. 

1. Neutrino-Nucleon Cross Sections 

The neutrino-nucleon interaction cross section over the energy range of a 

few to a few hundred GeV ;s linear in the energy of the incident neutrinos7 

and has the form 

0"''\1 N =0.75 x 10-38 cm2 Ey 10 GeV~' E'I/ ~ 200 GeV (1) 

Where Ey is .the neutrino energy measured in GeV. In over 75% of the interactions 

a muon carrying about 50% of the incident neutrino energy8.9 emerges from the 

*debris of the interaction products. 

* see footnote on next page •n 
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NEUTRINO SOURCE AND OCEAN NEUTRINO DETECTOR 

A neutrino beam oroduced at the Fermilab near Chicaqo is detected 
at the Puqet Sound test site by the Cerenkov liqht produced by the 
muon from the charqe current component of the weak interaction 
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Figure 5 

NEU'lIRINO BEAM DETECTOR ARRAY 

The linear neutrino beam detection array consists 
of several modules aligned along the direction of 
the neutrino beam. The signature of an event 
consists of the sequential detection of the 
Cerenkov light intersecting several of the modules 
as indicated. 
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!='iaure 6 
THE CERENKOV LIr,HT CONE 

The fiqure shows four modules which will intersect the expandinq 
conical rinq of Cerenkov liqht produced by the mu meson. The max­
imum detection ranqe R~, of the muon is determined by the minimum 
triqqer level (#p.e. per module) and the order of coincidences 
required for determination of the event. The spacino between the 
modules is q;ven by R~/n, where R~is the ranqe of the muon and n 
the order of coincidence of the event. Six other parallel strinqs
(not shown) can serve to define the hadronic shower enerqy as well 
as the muon traiecto~y. 

H shower 

trajectory 
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The produced muons. which generate Cerenkov light, retain nearly the 

direction of the incident neutrino and have a long range in sea water (see 

Fig. 5). By detecting the amplitude and arrival time of the Cerenkov pulse 

from both the hadronic cascades and muons, we gain the enormous sensitive 

volume needed to detect neutrino beams deep undersea and remote from their 

production site (see Fig. 6). 

2. Target and Detector 

We propose to detect the interaction with a linear array of spherical 

modules (each of which contains several conventional photomultipliers ar­

ranged in a spherical configuration) lined up along the direction of the 

neutrino beam as shown in Fig. 5. The muon trajectory can be reconstructed 

from the amplitude and arrival time of the Cerenkov pulse at each of the 
** modules. By arranging for a spacing between modules to be about equal to 

*** the hadronic shower length, a master trigger in one module responding to 

the bright light from the hadronic shower can be used such that low level 

pulses (about one photoelectron) from distant muons can be used to recon­

struct the trajectory and thereby gain enormous target volumes. 

* In antineutrino interactions the emerging muon carries away 75% of the 
energy of the incident neutrino; this would require 50% fewer modules in the 
detector. However s this must be weighed against the loss in interactions-­
the total cross section would be down by 1/3 over the neutrino-nucleon cross 
section. The ratio of the neutral to the charge cross section has been 
measured by Mann et a1. to be 0.28. 

** Two are needed in coincidence to infer arrival from FNAL (if modules are 
gated) and four are required to obtain the muon trajectory. See appendix III. 

*** The full length (in units of grams/cm2) of an electromagnetic-hadronic
cascade as a function of energy Eo (in units of GeV) is given by: 

L = 554 + 634 (log Eo - 1) (but with large fluctuations). 
Thus ,for Eo = 100 GeV. L = 12 meters in sea water. 
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The fact that the neutrino-produced muons will be coming along the 

horizontal (actually 130 up from the horizontal if we use neutrino beams from 

the FNAL) and that the modules can be gated to the beam (with appropriate syn­

chronization between the array and accelerator clocks) means that the back­

ground due to multiple muon cosmic ray showers and accidentals can be elimi­

nated.* Techniques for eliminating the background due to tube noise are dis­

cussed in the Proceedings of the First Summer Workshop on Project DUMAN 01°. 
In the single string model, the number of target nucleons is contained 

within a cylindrical volume of length L (the length of the string array) and 

radius ~ given by the maximum perpendicular distance from the detector string 

at which the muon can be detected. The number of target nucleons is then given 

by N = rr f\n2 LA, where A is Avogadro's number and ~ and L are given in centi ­

meters. 

To estimate ~ we assume as a working number that the muon generates 500 

**photons per centimeter pathlength in seawater, that the overall spectral 

attenuation length is 20 meters and that the spherical detector modules each 

contain three 511 diameter photomultipliers. 

* A small contribution to the background from atmospherically produced 

neutrinos is expected but can be eliminated by gating if necessary. The 

neutrino energy is expected to be much lower than the accelerator energy. 


** The number of photons radiated per unit wavelength dN/dA by a particle 12 
moving with velocity v=~c in a medium with index of refraction n is given by : 
dN/d,,\ = 2f<"c;( {(1_(j'\}l)-2)/",2 where <X. is the fine structure constant and ...€ is the 
path length over which the radiation is emitted. The equation predicts muons 
will emit about 360 photons per centimeter over the s11 photocathode response 
region (300nm - 650nm) and 670 over a typical bialkali region (200nm - 600nm).
Though the wavelength shifting properties of seawater due to dissolved organics 
such as chlorophyll, are expected to compensate in part for losses in trans­
mission in the ultraviolet, losses due to reflections at the glass-water inter­
face, and absorption by the glass housing should bring the number down to about 
500 per centimeter for impact parameters as high as 20 meters. 
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If the photoconversion efficiency is 10%, then we find a signal level 

1.1 photoelectrons per module generated by a muon 12 meters distant from the 

string detector. A string array 1 Km long would thus be associated with 

N = 2.7 x 10
35 

target nucleons or 4.5 x 105 tons of water target. The optical 

transmission data given below are taken from Jerlove and Nielson "OPTICAL 

ASPECTS OF OCEANOGRAPHY", 1974. 

i='IG 7 

c 
m-1 

0.1 

0.01 

30C 400:______________5_0_0__________6_0_0________ 700 

Fig..'. Attenuation cun'cs in tho HNI.I· ultl'rLviolcl Hnd in Hto vi"ihJe part of the 
IiP('n! nUll. 

A J,(·llobl(··Saint Gllil;. (I !l[i:j) , I'ai II kngl II: ·100 CIll; 

X •• Jl u) !.mi. ()(13·1) ( )!Il i)). ) l.l t h IPll gt II: :ml ('m; 

o RulliVIt1i ()!J(i:lj, Jl"th h'llg!h: 132 ('m; . . 
0-- Cia 1·),l'·.lHlIH:S( 1 !l3!1), pnt It It'nglh: Wi (',Ill (CI'I"'!-IlJl 11IH'd t Him); 
o· _. JIlIll('.-;·Bil'gu (l!J:IS), path I,'ngth: Hi ('111 (HiI",:!' liIH'" t.n),,·). 

'J'olnl I:C'Lti('I'illg eodTh·i.'IIL for PUI'(: wall'l' !lIld PIII'O H('a WU.\('I' 11..,\ n fUlwtioll of 
wu"c1cugt.h. nccol'lling to Tahl!' ,I. 



II I. BACKGROUND CONSIDERATIONS 

The successful operation of a linear neutrino detector array depends on 

a thorough understanding of background in the Cerenkov mode of detection of 

neutrino interactions. There are five principle sources of background in­

volved in this experiment: 1. sunlight, 2. trace radioactivity in sea water, 
* 3. cosmic ray muons and neutrinos, 4. bioluminescence and 5. tube noise. 

The problem of sunlight may be eliminated by running at night and/or by lower­

ing the array below the penetration level of sunlight. The problem of handling 

tube noise and trace radioactivity may be solved by demanding coincidences 

among several segments of the photocathode of the module as indicated in the 

Proceedings of the first DUMAND Workshop, and later expanded upon in the 

Proceedings of the second Workshop. 

The cosmic ray background can best be handled by using widely spaced 

modules and requiring coincidences among several of them. By choosing the 

appropriate number of coincidences, and gating the array information proces­

sing system to the 20~s FNAL beam spill, accidentals due to cosmic ray showers 

with high mu meson multiplicity will be insignificant. 

Much effort during the first phase study will be devoted to the problem of 

the bioluminescence background. That this may be a problem was demonstrated 

recently when we carried out a plankton tow of 25 m3 of seawater off the coast 

of Washington during the week of September 23-27. At least one flash per second 

was observed from the organisms taken up in the entire tow. If such light does 

not bunch up within the resolution time of the electronics it can be treated as 

additional background. Altogether the background problems do not appear to be 

seri ous. 

* Events due to the atmospheric cosmic ray neutrinos will be reduced by re­
quiring muon trajectories from the small solid angle from the accelerator 
beam and gating the information processing system. 

------------------- """"--"~" 
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IV. NEUTRINO BEAM LINE DESIGN CONSIDERATIONS 

The proposed design of the neutrino beam line is based on the use of 

neutrinos from1r and K decays. 

a. Fast Extractor 

We propose a new extraction system that will require a minimal amount of 

bending in the plane of the accelerator. A site service area, OE3 t would allow 

the beam to be extracted tangentially in the general direction of Puget Sound 

or the Solar Neutrino Laboratory. 

b. 	 Primary Beam Transport-Survey 

It is necessary to bend the neutrino beam to a declination angle of about 

12.10 below the horizontal to deliver the beam to Puget Sound (see figure 9) 

About 34 standard primary beam bending magnets would be needed to bend the 

beam along 211 meters of pathlength. The beam would be 22 meters below the 

surface at the planned target-beam dump area. 

c. Beam Dump and if and K Generator 

We propose to use improved beam dump and IT and K aluminum targets. At 

the dump it will be necessary to take the usual precautions to keep radio­

active contamination out of the water table. 

d. Focusing 

A two horn wide beam focusing system is recommended for this experiment 

in order to gain maximum beam intensity. 

e. Decay Tunnel 

The Smith Tool Company has proposed a method of boring the 2000 meter 

decay tunnel using vertical access shafts at either end so that the two tunnel 

segments meet in the middle. The first shaft, at the beginning of the straight 

decay tunnel t would be 22 meters deep and the one at the far end would be 508 

meters. 
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A one meter diameter tunnel 2 Km long would require the excavation of 

1.6 x 103 m3 of earth. At an estimated cost of $100/m3 this would entail a 

total cost of $160,000. Should the ground consist of sandstone, it may be 

possible to eliminate tbe tunnel casing. 

The long decay tunnel would substantially increase the neutrino flux at 

the higher energy end of the spectrum by about a factor of five over the 

present 400 m tunnel. This has to be weighed against the cost of increasing 

the primary beam intensity by a factor of five or increasing the neutrino 

interaction target mass by the same factor. 

f. Muon Monitoring Station 

Here it would be desireable to construct a parallel offset extension of 

the decay tunnel to provide access to two caverns at 10 mand 30 m for 

housing a muon monitor. A muon flux station at 10 m downstream from the 

17, Kdecay tunnel should see a surviving hadronic component reduced by about 

12 orders of magnitude, and a muon energy reduced by only about 5.6 GeV. 

Subsequent stations should yield measurements with only slightly contaminated 

muon fluxes. 

g. Neutrino Interaction Station 

It may be desireable, although it is not definitely proposed, to study 

neutrino interactions at an underground facility one kilometer or more from the 

end of the tunnel. This would require an additional vertical access shaft 

aboutS60 meters deep leading to a neutrino interaction station 10 x 10 x 20 m~ 
3Excavation m $ 

31. 2 x 2 x 860 m access shaft 3,440 585,000 

2. 10 x 10 x 20 m3 chamber 2.000 350.000 

3. Experiment facilities 102 tons } 



h. Synchronization 

Neutrino time of flight measurements can be carried out with the aid of 

cesium clocks, which are stable to one part in 1014. One clock and a comparator 

will be located at the FNALv·beam line and will record the times at which the 

20rs spillout pulse is initiated. A second, previously synchronized cesium 

clock at the ocean detector site will record the times at which the interactions 

are detected. Ten nanosecond synchronization would require weekly flights of 

the comparator clock between FNAL and the Ocean Detector. Systematic shifts 

due to relativistic effects will also have to be taken into account. 

The following costs are estimated for the time synchronization capability 

of the experiment: 

1. 4 Cesium clocks 32,000 

2. 10 roundtrips for clock transport 1,000 

3. Air travel for 1 scientist 1,200 
(3 trips) 

4. One man-month technician time 2,500 
36,700 



jL Water Target Detector 

The purpose of the phase II water target detector is to determine the 

energy of the interaction and whether it is produced by a muon or electron 

neutrino. The array depicted in Fig. 6 accomplishes this purpose to a large 

extent. 

The basic structure consists of seven parallel strings of detectors. 

The neutrino sees essentially a stack of 'plane hexagonal arrays of modules 

(as shown in the "front view" in Fig. 9 perpendicular to the neutrino beam. 

The spacings of the modules in the plane are adjusted to a distance 

slightly less than twice the maximum detectable distance of the closest 

approach of the muon (Rm) to a single module. In this way the array has an 

effective cross section area of a circle with radius 3 ~. 

Modules consisting of three 5" diameter photomultipliers facing the beam 

direction yielded an ~ of 12 meters. Hence. an effective cross sectional area 

of 4,100 meter2 is possible for the detector. A one kilometer long array then 

can have an effective target mass of about 4.1 x 106 tons. 

The development of a 38 cm diameter spherical photomultiplier as described 

in the first DUMAND Proceedings should allow spacings of 40 meters or more. 

The spacing between the planes is adjusted to break the detector into 

several functional parts. The first two planes can be used to anti-out any 

cosmic ray muons coming up from the direction of the beam. Though no such 

cosmic ray muons have been detected by other experiments, the large array 

should see these muons produced by atmospheric neutrinos. The next section is 

used as a Cascade Calorimeter in which the spacings between the planes are 

just short of the shower length (5 to 10 meters) in order to obtain several 

sample points in the hadronic shower. 

The remaining section of the array (third functional part) determines 
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the energy of the muon from its range. By extending the array to 1 Km, the 

energy of muons up to a 200 GeV limit can be determined. It may be possible 

to determine muons of higher energy from the fluctuations in the Cerenkov 

light produced by pair production and muon bremsstrahlung processes. This 

portion allows us to also determine multiple muon events (di and tri muon 

events) since the intensity of the Cerenkov light detected by the modules is 

directly proportional to the number of muons traversing the target. 

In Puget Sound it may be possible to string modules to 5 Km. thereby 

determining the energy of muons up to 1 TeV from a range measurement. 
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1lI Intercomparison With Other Proposed Detectors 

Although several proposals for large scale detectors 

of neutrino oscillations exist, we turn our attention 

toward the most recent description by Mann and Primakoff 

given in the Physical Review article appended to this 

proposal. We also include event rates expected if the 

beam were directed to the 610 ton Solar Neutrino detector 

of Raymond Davis Jr. although other descriptions and 

proposals exist, we have no further information concerning 

their characteristics. Table II gives the relative event 

rates of some neutrino oscillation detectors. 

Table II 


Relative Event Rates of Proposed 

Neutrino Oscillation Detectors 


Group lu. of-penn. r R.· Davis Jr. U of W & wwsc·-I 
I Quebec Homestake Puget Sound II 

.------.-+-----.--.....-...-----..-_.-.. -·-----·--f 
Target Detector Mass i 

in Metric Tons 2.1 x 102 6.10 x 102 4.1 x 106 


separation between 

FNAL neutrino source 1,000 Km 1,280 Km 2,750 Km 

and detector 


Event Rate Relative I 

to that proposed by 1 1. 77 I 
IMann and Primakoff 

L ,I 

Hence in a comparable running time (500 hours) and by 

scaling up from the Mann-Primakoff detector, we anticipate 

258,000 neutrino interactions. Taking into consideration 

the use of a 2 Krn long decay tunnel and a higher intensity 

beam, a substantial increase in the interaction rate is 

possible. 
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Comments Regarding the Feasibility of Construction, Deployment 


and Operation of the Underseas Neutrino Detector. 


Here in the Northwest we have a repository of underseas 


radiation measurements, dating back to the work of Sanderman 


Utterback in the 1930's. Since that time there has been a 


gradual expansion in underwater radiation experiments which 


includes a vigorous measurements program using bo~h manned 


submersibles, habitats (permanent underseas manned laboratories) 


and SCUBA divers. 


Some of our recent results on underseas radiation are found 

in the references of our published papers. In addition, we include 

a description of the Oceanographic Research Vessel, The Thomas G. 

Thompson (Appendix JI) which is being used in supporting studies 

and appears adequate for the purposes of deploying the final array. 

In addition, our experience with manned submersibles with 

manipulator capability gives us reason to believe they can inspect 

and make accurate adjustments to align the individual modules. 

One such submersible may be the Johnson SeaLink we now use, which 

is described in the Appendix IIIo The Applied Physics Laboratory 

of the University of Washington, in addition to being a valuable 

resource in the Marine Engineering aspects of our underseas 

research programs, is expert in underwater accoustics and can 

build and deploy systems which will monitor the position of the 

modules to less than 0.1 meter accuracy_ 

While there are several possible sites in the Pacific Northwest, 

such as Lake Chelan and the Pacific Ocean, we have tentatively 

chosen Puget Sound as the site of the detector. Should the 
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experiment and theory indicate search for longer oscillation 

lengths, the array is mobile and could be transported to some 

point near the sid,e of the earth oppositeto Fermi Lab (There 

is an island in that vicinity which could serve as a stagging 

~rea). We now indicate why Puget Sound appears as a suitable 

site for the detector. 

SITE SELECTION CONSIDERATIONS 

It will be necessary to conduct module and systems tests in 

the marine environment. Here we suggest that Puget Sound is the 

ideal site for this testing program. Additionally, Puget Sound 

would be an excellent location far the final experiment itselfe 

Puget Sound is the home of several organizations dealing with 

marine sciences and technology, such as NO~\A and the University 

of Washington; in particular, there are facilities in Puget 

Sound which can accurately locate the modules to a few feet of 

relative error. Furthermore, the Highline Diving School can 

regularly send divers to 200 feet underwater for deployment, 

inspection and repair of the shallower portions of the array 

(the difference in the vertical depths of either end of a one 

km long array is 210 meters)o A submersible can be used to 

service portions of the array. 



JIll 
EXPERIMENT SUPPORT STATUS 

The current underseas activities directly related to this 

proposed experiment are supported by the ONR. They include the 

construction and test (with Cosmic Ray Muons) of a small number 

of modules. In addition, we are continuing studies of the under­

seas cosmic radiation to 305 meters under NOAA sponsorshipo This 

program utilizes manned submersibles with manipulator (soft touch 

and working) and lock-out and lock-in capability to designated 

depths. Interest in providing logistical and other marine facility 

support has been expressed by this agency to the ONR. 

It is our understanding that the ONR is willing to support 

the entire underseas detector construction operation and deployment 

portion of this experiment. In addition, they appear willing to 

cost share the neutrino beam line facilities development. 
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The Pacific Northwest 


Underwater Target 


12.10 Declination Angle 
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2. 	 Beam Bending Tunnel 215 x 2 x 2 m3 * 146,000 

3. 	 33 Bending Magnets 
a. 	Standard for 400 GeV Beam @$10,000 330,000 
b. 	 Superconducting for the 1,000 GeV beam 


@ $20,000 ( ) 


c. Beam control and surveying 10,000 


4.1f, K Generator room 

a. 	Vertical access tunnel 22 x 2 x 2 m3 14,960

3= 88 m

b. 	 Target, Beam dump. water retainer, two horn 
focusing magnetic-narrow 	beam 250,000 

3 c. 	Generator room 3 x 3 x 15 m 23,950 

5. If, K decay tunnel 1 m diameter x 2 Km 340,000 
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3
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II.Phase II FNAL Underground \l Interaction Station 
3a. 	Vertical access shaft 2 x 2 x 8~0 m

= 	3,440 m 585,000 
3b. 	 Neutrino interaction chamber 10 x 10 x 20 m 350,000 

c. 	Neutrino interaction detector ( ) 
935,000 

Grand Total 2,669,510 

* All excavation costs are estimated at $170/m3 including decay tunnel costs. 

**Cost sharing with the sponsor'ing agency is possible. 
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Neutrino oscillations and the number of neutrino types* 

A. K. Mann and H. PrimakofT 
Department 0/ Physics. University of PennsylvcJnia. Philadelphia. Pennsylvania 19174 

(Received 7 July 1976; revised manuscript received 27 September 1976) 

A brief treatment of neutrino oscillations. generalized to an arbitrary number of neutrino types, is given as the 
basis for design of a feasible experiment to search for neutrino oscillations using the neutrino beam produced 
at a high-energy proton accelerator. 

INTRODUCTION 

It is generally assumed that the known neutrinos 
v., and II" (and Pe , P,..) have zero mass, although 
the present experimental limits1 are only 
m(II..) < 60 eV and m(II,,) < 650 keY. This physical 
assumption corresponds to the mathematical as­
.sumption that all terms involving neutrino fields 
if)~ in the world Hamiltonian are invariant under 
the transformation I/J~ - i'51/J~. 

There are a number of reasons to question the 
validity of rigorous i's invariance in addition to 
the loose experimental limits on m(lIe) and m(II.. ). 
.Even in the purely leptonic reaction ~+ - e+ + II.. + PIl' 

the i's invariance of the leptonic weak currents is 
experimentally verified (e.g .• by helicity mea­
surements) to no better than 1%, Le., 

l .. =~!! i'4i' .. [(1 + i's>+ (1- i's)Jl/Jv
" 

with 1(1 2 <0.01. In addition, there is a hint in the 
analysis of inelastic neutrino- nucleon scattering2 

that the hadronic weak current may have a right­
handed part, Le., ¥' !2i'4Ya(l- i'S)I/JQ1' where ifJq1 
and ~)q2 are quark fields; if this is true, the intro­
duction of lhe (~) ~i"1i',,(1- i's)¢v" term into 10' is 
perhaps more plausible. More generally, tha 
principle of i's invariance is at best Significantly 
more restricted than the analogous principle of 
electromagnetic gauge invariance. Thus, electro~ 
magnetic gauge invariance, which ensures both 
zero mass of the photon and conservation of elec­
tric charge, applies to all parts of the world 
Hamiltonian. But, as we have noted, i's invari­
ance is thought tp apply only to those parts in­
volving neutrinos, and is in fact further imple­
mented by the assumption that no terms exist in 
the world Hamiltonian which fail to preserve 
separately the conservation of muon lepton num­
ber and electron lepton number. In the same vein, 
since there are at least two nominally independent 
types of neutrinos, II. and II", with aSSOCiated 
charged leptons of very different mass, a situation 
In which both types of neutrinos have zero mass 
(and are therefore distinguished from each other 
;only by their leptonic QU'U1tUlll numbers) suggests 

15 

either a remarkable coincidence or some much 
higher symmetry in nature than we have hereto­
fore encountered. 3 In this conjectured "super­
symmetry ," zero- mass particles might form a 
unique family, independent of their boson or 
fermion properties, distinct from the conventional 
separate families of bosons and fermions all with 
nonzero mass. 

Apart from the implications of nonzero neutrino 
mass for particle physics and field theory, there 
would also be significant repercussions in astro~ 
physics and cosmology, if only because the total 
number of neutrinos in the universe is expected 
to be large. 4 There is no reliable theoretical 
guide to the region in which to look for nonzero 
neutrino mass, but the importance of the question 
leads us to speculate on how to measure very 
small neutrino masses, say, ~ 10-3 times the 
present limit on m(lIe). Even a mass as small as 
10-1 to 10-2 eV would be Significant because it 
would point to an interaction responsible for that 
mass value and would possibly also signal a vio~ 
lation of the separate conservation of muon lepton 
number and electron lepton number. 

One possibility with regard to such a measure­
ment lies in the suggestion of Pontecorv05 that 
neutrinos of different types may exhibit oscilla­
tions of type as a function of time, similar to the 
oscillations between KO (strangeness = + 1) and 
KO (strangeness =- 1). Neutrino oscillations were 
discussed initially by Pontecorvo,5 and by Gribov 
and Pontecorvo,6 and more recently by Pakvasa 
and Tennakone,7 by Eliezer and SWift/ and by 
Fritzsch and Minkowski9 

; in addition, a general 
review of the subject has just been given by 
Bilenky and Pontecorvo. 10 Here we wish to con­
sider a realistic experiment to search for neutrino 
oscillations using a neutrino beam produced by the 
protons from a high-energy proton accelerator. 
This experiment, if it were to observe neutrino 
OSCillations, would lead immediately to three im­
portant results: (0 The mass of at least one of 
the neutrino types would be nonzero. (ii) the 
separate conservation of muon lepton number and 
electron lepton number would not hold, and (iii) 
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the total number of neutrino types would be deter­
mined. 

It is perhaps worth mentioning againS that any 
actual neutrino-oscillation phenomenon, e.g., 
II -v while undoubtedly associated with an oscil ­

'" .' . KOlatlon length much longer than that between 
and j{o, might conceivably provide another means 
of observing a CP violation and thus allow a new 
attack on that fundamental problem. Furthermore, 
the question of a neutrino with relatively large 
mass, capable of decaying to another (lighter) 
neutrinoll and (for example) a photon, will be 
addressed by the experiment considered here. 

THEORY 

In this section we give a brief account of the 
theory of neutrino oscillations. Our treatment, 
while generally similar to that previously devel­
oped in Refs. 5-10, does introduce several modi­
fications and also discusses the case of three 
neutrino types explicitly. In addition, we present 
some speculations on the lower limit for the os­
cillation length based on the experimental upper 
limit on the branching ratio for the decay 
",+-e++y. 

Let I"l) denote a state with definite momentum 
it occupied by a single neutrino of type ~; here 
"l;: II., or "l' or ilL or .. " SO that the states I"l ) 

are produced in the various known weak- inter­
action processes, e.g., 1f+- p.+ + "I" Further, let 
the states IIIi> (j = 1, 2.3, ... ) be such linear com­
binations of the states Ivl >that 

111 vJ> = (H<O) +ll(ll) IVi> =E JIVi> • (1) 

where If is the Hamiltonian of the world and H(l) 

is the part of II which is responsible for the neu­
trino oscillations. Since H(O) =H _ HU) is invari­
ant under I/'''l- ysl/lvl and conserves muon lepton 
number and eleclron lepton number separately. 
we have (v: Ill(o) 1v:> =p~ and (v: iH!Q) Ill ) O. Onn
the other hand, we shall assume that (Il: 111(1) III:) 
is greater lhan zero and (Il: rHm III.) is different 
from zero so that we shall conSider situations 
where lie' vI" ilL" •• are endowed with mass and 
where separate conservation of muon and electron 
lepton number does not hold. As we shall see, 
both of these conditions must be satisfied if neu­
trino oscillations are to occur. 

To proceed, we write 

1VJ) =~ I V()(lIll v,), 

I"') '" L: 1V_>{II/1 Iv,,) (2) 
/I 

=L: Iv.){v" Iv/I>* ,

• 


whence 

(E)f =(llf I(H<O) +HW) Iv() 

=L:1(IIJ lvl >12E " 
J 


(E)f ;: p~ + (vt IH'(l) Ivl ) , 


m(lIl ) ={(E)lh".o 

(3a)'" (II( IHm 11I()1>,,00 , 


E ,= (11,1 (H IO ) + H(o) IIIJ> 


= L: I(lit IV,)PI(E>t 
t 

+ L: '(Ill IVJ>*(v" IVJ)(Vr IHio IV,),
(,,, 

E J={ Pv2 + [m(v,)p} 112 

=p~+{lIlIH (1) IV,), (3b) 

(3c) 

and 

P(V,,; 1111(;0)=1(11" le-UHvl)r' 

= L: l{v"IIIJ>1 2 
1 {vJ lvr>12 

J 

(P(II. it I"l; 0» . ::: L I(v" IvJ )1 2 1( Vi I"l ) I 2, ., lime • ..,rage J 

(4) 

where P(v" ; t Ivt ; 0) is the probability of finding a 
neutrino of type 11 at time t in a physical situation 
where a neutrino of type ~ is present initially. We 
see trom Eq. (3c) that if each of the m(II:) vanishes, 
each of the m{II,) will vanish as well; under these 
circumstances each of the E_ - E J must also van­
ish and, as seen from Eq. (4), neutrino oscilla­
tions will not occur. Conversely, if neutrino 
oscillations do occur, at least one of the oscillation 
frequencies 

(E.-EJ) ~ (1/2Pv)[m(v.)+m(v,)] [111(11_)- m(v,)] 

must be nonzero. and this implies [again according 
to Eq. (3c)] that one or more of the II/(I)~) are non­
zero. Similarly. if each of the (lie jllm Ivn> in 
Eq. (3b) vanishes, III:>, III,,), ••• can be identified 
with IVi)' Iv/I)"" , and again [as seen from Eq. 
(4)] neutrino oscillations will not occur. Thus, 
the other necessary condition for the existence 
of neutrino oscillations is the nonvanishing of at 

-----_._-----_.--' 
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15 NEUTRINO OSCILI,ATIONS AND 

least one of the <v, IHUl IV.,}. 
We now specialize our results to the cases of two 

and three neutrino types: v, =II. or v.. and Vi =v. 
or v". or vL' Considering first the case of two 
neutrino types and parametrizing the <II, IIIJ } 

as 

11.1 111) (1I.11I:»)=(cosO sino), (5) 
( 

{II"./ Ill) {II.. / 112 ) - sinO cosO 

we have, substituting Eq. (5) into Eqs. (2), (3a), 
and (3b), 

IIll) =III.) cosO + III..) (- sinO) , 

Iv2 ) =III.) s1nO+ III..) cosO, 

III.):: IIll) cosO+ Iliz) sinO, 
(6) 

III".)::: / Ill) (- sinO)+ Ivz> cosO, 

m (II.> =Hm (111)+ m (v2)]+ icos20[m(vl ) - m(v2)] , 

m(v".) = Hm(1I1)+ m(v2)] - i cos20[m(1I1)- m (112)], 

m(lIl) = Um (II.) + m(lI.) I+ i cos2 O[m (II.) - m(lI.)J 
- ! sin20l11e.. , (7a) 

m(1I2) =Hm (11.)+ ,u(v.)] - icos20[ m(lIe) - m(lI.)J 
+ i sin26m ... , 

(7b) 

while substitution of Eq. (Th) into Eq. (7a) [cor­
responding in the general case to substitution of 
Eq. (3b) into Eq. (3a)] yields 

tan20 m. " (8)
- m(lI..) - m(II.} 

Further, substituting Eq. (5) into Eq. (4), and 
using Eq. (8), we obtain 

{P(II..; ti".. ;0) time ....... 


1 1 ( 111",.2 \ 
:: -'2 (m(II..)-lII(v.)J2+m./ ), 

with the oscillation frequency given by Eqs. (7b) 
and (8), as 

TilE NUMBER OF' NEUTRINO ••• 

1 
:: 2p" [m(II".)+ m(II.)] 

x ([m(II.. ) _ m(lIe)]: +m./ph. 

(10) 

Equations (9) and (10) show explicitly that 
. P(II.; t III.. ; 0) ::: 0 and no oscillations occur if 

m(II".)=m(II,,)=O, or if m ... =O [with m(II..).;tO and 
m(II.) .;to]. 

Again, conSider the particular values: cosO 

=sinO=.1n. In this case Eqs. (7a), (7b), (9), 

and (10) become 


m(lIe) =Hm(1I1)+m(1I2 )] =m(II".) , 


m(1I1 )=m(II.. )-1 m... , 


m(II:)=m(II".)+! m ... , 


P(II.; t IV"jO)=Hl- cOS(E2-El)t] , 


P(II.. ;t III.. jO)=Hl+cos(E:-El)tj, (11) 


{P(lIe;t III.. ; 0» tim........,. :::{P(II,,;t 1",,;O»t"'''_''' 

1 

::: i, 

Equations (11) desc ribe what might be called the 
"maximal" oscillation situation in the case of 
two neutrino types, 1. e., the situation in which 
(P(II.. ; t III.. ; 0» time .verage has its maximum possible 
value of t, 1. e., 1/(number of neutrino types). 

We consider next the case of three neutrino type 
. types. As an example, we assign nwnerical 
values to the {II, IIIJ } as follows: 

__1 _I_ 
0n .f2 

1 1 1'" 
.f3 .f3 /3 . 

__2_1 1 
J6 .f6 .f6 

(12) 

Then, substituting Eq. (12) into Eqs. (2), (3a), 
(3b), and (4) we have 

19 

http:sinO=.1n


........ , ............... \--,. '~"'-. ·A.,...u...r_~-""''''''''.~IM rt ,..'i:i'''''O''''bt... ... ... ""1 ""'_· ""·"" - ·•... · ·""'WW ..-"... ........ r.'._-.'«t'IIl·Ii;"'~
( ...........--.~..... - ............__...... tflliola "....M* ' ...·.. ........ ...............__...· ......... .... ..... _IiIM r_·r__ 


A. K. MANN AND658 

11I1>=III.>(-J)+III,.)./}+IIIL >J • 
1112> '" III,.) vi + I ilL >(- J) , 

1 1 1 
I liS) = III.> 12+ 111">13 + I ilL) ..[6 , (13) 

111.)= 1111)(-A-) + 1"3) J · 
111 

111,.)= 1111) 13 + 1112) 13+ 1113> 13 ' 

IIIJ= 1111) Js-+ 11I2)(-J)+ /113) J, 
m(II.,)= ![m(1I1)+m("3)] , 

'\ 
m(II,.) = Hm(1I1)+m(IIZ)+m(1I3)] ," , 
m(IIL) = ~ [m(II)+4111(1I2 )+m(1I3)J , (14a) 

m(1I1) =! m(II,,) + t m(II,.) + ~ m(1I L) 

1 1 1 
-..[6 m""+mm"L-m»lU' 

f 
m(1I2 )=tm(II,.),dm(IIL )- ds m,.L' (14b)! 

1 

I 


m(1I3 )=im(lIe)+im(II•.)+ ~ m(IIL)J 
1 1 1 

+.f6 m.,,. + m m"L+.ff2 mu • 

while substitution of Eq. (14b) into Eq. (14a) yields 

m (1I.)=m(II,.)=m(.IIL) , m,.L=O, (15) 

so thatj 

I 

m(1I1 )=m(II,.)- ~M, 


m(1I2 ) =m(II,.). (16) 


m(1I3) =m(II,.)+ ! M 


where 


Further. substituting Eq. (12) into Eq. (4) yields 

P(lIe;t III" ; 0) = t[1- cos(El - E 1)/] , 


P(IIL;I III,.; 0) '" t[1- ~ COS(E2 - E 1)1 


- j COS(E3 - E 2)1 


+ tCOS(E3 - E 1)1] • 


P(II,.; 1 III,. ;0)::: t [1 + ~ COS(E2 - E 1)t 


+ t cos(E3 - E 2)1 

+ i cos(Es - E 1 )1 J , 

....,. ,- ­

15H. PR1MAKOFF 

{P(II.;t III,.; O»umo.vcrago ::::{P(IIL;t III,.;O)}/.limuw:,. 

={P(II,.;I III,.; O»'imelYorago 


:: t. (17) 

E -E i!! -i- [m(1I2 )+m(1I1)] [m(1I2 )-m(1I1)]2 l p~ 

1
Es-Eli!! 2P~ [m(1I3 )+m(1I1)] [m(1I3 )-m(1I1)] 

1 =2P~ [2m(II,.)] (M). 

Equations (12)- (17) describe a "maximal" oscil ­
lation situation in the case of three neutrino types 
since 

{P(II. ; t I11,..0» tim••.."ago '" {P(IIL' till,. ;O»tlmU1mago 

={P(V,. ; t III,.; O»time average 

=1/(number of neutrino types). 

Also, Eqs. (15)- (17) show explicitly that 
P(ve;t I",,;O)=P(IIL;I 1",.;0)=0, and no oscil ­
lations occur if m(II..)=m(II,,)=m(IIL)=O[remember 
that m(II),m(1I2 ),m(1I3 ) are each ~OJ or if M=O 
[with m(lIe) = m(1I,,) = m (IIL) '* oJ. 

Finally, we present some conjectures on the 
lower limit for oscillation length. Confining 
ourselves for the sake of simplicity to the "maxi­
mal" oscillation situation in the case of two 
neutrino types, we attempt to estimate an upper 
limit on the quantity {[m(1I 2»)2- [m(1I1»)2} which 
enters into the expression for the oscillation 
frequency E2 - E l [Eq. (11) J. We do this by con­
siderat ion of the radiative weak decay IJ.+ - e+ + y. 
Thus, if II" and II" were identical (II,. '" 1101;: II), 
this decay might be expected to proceed at a rate 

where T" =2.2 X 10-6 sec is the muon lifetime.12 

On the other hand, if muon lepton number and 
electron lepton number are separately conserved, 
r(lJ.+ - e+ +y) must vanish. However, if 11,,- V6 

oscillations take place. IJ.+ - (~. + y might also be 
expected to proceed at a nonvanishing rate, 
r'(IJ.+ ':'c++y; 11,,- II..), with the relation between 
r(lJ.+ -e++y; v" - v.) and r(IJ.+-e+ +y; 11,.=11.) 

given by 

http:lifetime.12
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(18) 

Here .,.'" is the average time that the neutrinos, which we assume mediate the IJ. - e transition, are present, 
and the form of p(II.;tlt'",;O) is supposed to be specified by Eq. (11). Evaluation of the integral yields ap­
proximately 

H(E,-E )T"'P== r(J..I.+-e++y; " 1l -1.)

1 r(IJ.'-e+ +y; II", '" II,,) 


.~ r(IJ.'-e'+y; exper,limit) = 1.5x10-8(T u )-1 =6,5xlO'e (19)
(~/IT) (Tilf i . (ahr)(~I1)-1 ' 

where 

E2- El e! -W {[m(1I2)J2 - [m(1I1)p} 

e! 1'" {m(1I2W- [m(1I1)]2} , 	 (20) 
2 

with p" the average momentum of the mediating neutrinos and Z· the average linear dimension of the region 
within which these neutrinos are confined. Equations (19) and (20) give (restoring the appropriate IXlwers 
of 11 and c) 

[m(1I2>F- [m(1I1)p~ 7x 10'3 {C~.) (C2~.)' 	 (21) 

and if Re( lie 11/(1) I"",> .p..- 0 -! m ell e! m (II,,) =(1I1l 1H( 1) 1"1l) I .. =0 [which corresponds to m(1I1) 5!! 0], Eqs. (21) 
and (11) yield in addition 

(22) 

From Eq. (21) we obtain at once the upper limits on the " 1l-lle oscillation period and oscillation length. 
We have from Eqs. (11) and (21) 

(23) 

and we implement this last equation by considering various possible values of T· and Z"'. One possibility 
is suggested by a lowest-order perturbation treatment of a model where the neutrinos (and the vector 
boson tv+) which mediate J..I.+ - e+ + y undergo the sequence 

p,+- Vil + W+ -Vil + tv+ +y ___• '17.+ tv·+ y- e+ + y . 

.. II. "Il-V" 


oaclUaU 0115 

This yields 	 pIe, in the case that T" and I" are assumed to have 
their maximum" reasonable" values, Le.,T* ""II/{(m WC2)2 + (C1I/Z .. )2Jll2 + (cli/Z")} 
1''' '" Til = 2 x 10'6 sec and Z· '" I.. '" uppe r lim it on the 

and (Ii/Z"')==mwc, Le., T""'(Z"/c)"'(Ii/m wc 2
) radius of the muon ::::to'Z(Ii/mllc) = 2 X to-l~ cm. 1S 

=1.3 x 10'26 sec for mw= 50 GeV/c2,13 whence, (Here Z'" is the length which determines the devia­
using Eqs. (21) and (23), we have {[IIl(lIz)]2 tion of muonic QED behavior from that of a pOint.) 
- [m(1I1)fJiI2;;; 4 GeV/c2 and lo.c(P..);z 3 X 10'13 em These values for T" and I" lead to a'very small 
for P.. =20 GeV/c. Obviously, these limits are not upper limit, ([m(vz) F - [Ill (II) ]2}l/2::; 0.15 eV/c2, 
very helpful since we already know from experi­ and a very large lower limit, Zosc(Pv);;c- 2000 km 
ment that Z""c(Pv == 20 GeV/c);;C- 2 km (Ref. 14) and for P = 20 GeV /c. We also mention that a lowerv 
thus {(IJI(112)j2_ (1I1(IJ1)V}1/2$5 eV/cz. A possibility limit some 30 times smaller than this, Le., 
of a very different kind is suggested by the idea Z""e(P.. ) ;;C-70 km for p_ = 20 GeV /c. is obtained if 
that dynamical constraints may exist which permit one assumes To.:::: T ... and l* == length characteristic 
the neutrinos that mediate IJ.' - c· + y to remain of the weak interactions = (G/ricp/2. Thus, none 
confined in the region of linear dimenSion 1" for a of our speculations on the lower limit of the oscil ­
time "'''» Z.. / c" This inequality holds, for exam- lation length (at P .. :S 20 GeV/c) appears to be 
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significantly larger than the distance between the 
accelerator and the (distant) detector (~1000 km) 
contemplated in the next section. 

We conclude lhis account of the theory of neu­ so that, under these circumstances,
trino oscillations by emphasizing that the time­
averaged oscillation probability for a fixed neu­
trino momentum P.. [Eqs. (4), (9), (11), (17)] is 
equal to the average of the oscillation probability 
over a broad neutrino momentum spectrum 
N(P.. ) at a fixed time t, Le., at a fixed distance x 
between the neutrino detector and the accelera­
tor.16 More precisely, this equality holds if 

=0 

= I-I:. I (JI~ III1)(11" 111.)*(1'1111,)(11.' 1I~>*eHE"(~,, )-Bp" )JtN( P")dp,,. (25) 
o I •• 

Accordingly, for a broad-band neutrino spectrum, 
the neutrino- momentum- averaged oscillation 
probability will not vanish at any detector­
accelerator distance >losc«P.. }) as long as the 
neutrino oscillations actually occur. 

EXPERIMENT 

Arrangement of neutrino beam and detectors 

To be concrete, consider an experimental 
arrangement as in Fig. 1 with detectors I and II 
separated by X= 103 km, approximately t of the 
earth's radius. To reach detector II the neutrino 
beam must initially be directed about 78 mrad 

VERTICAL 
I 

VERTICAL 
II 

NOT TO SCALE 

FIG. 1. G<-omclry of a reasible experiment. If the 
distance bctwP('n dl'tcctors [and II is 1000 kID, then Cl' 

'" 0.078 rad nnd ~ '" 19 km. R E is the radius of the earth 
&:: 6.4 xl03 km. 

below the horizontal. It will emerge at detector 
II directed 78 mrad above the horizontal. As 
shown in Fig. 1, the sagitta between the earth's 
surface and the beam path is 19 km. To form the 
neutrino beam from the decays of secondary 
mesons produced by a high-energy proton beam 
requires a free region about 1 m in diameter and 
roughly 200 m long, which would therefore have 
its downstream end 15 m below the horizontaL 
A typical neutrino beam produced by, say, 300­
GeV protons has an angular divergence of about 1 
mrad. Hence, at a distance of 103 km from its 
source, the beam has a radius of 1 km. 

There is no special requirement on the neutrino­
beam energy, although lower energy is somewhat 
favored. The total cross section for II-nucleon 
interactions rises linearly with laboratory energy 
E.. , which accordingly increases the observed in­
teraction rate at detector II as higher-energy neu­
trinos are employed. On the other hand, the 
oscillation length [Eq. (23) J also increases linearly 
with E", which leads to the possibility of violating 
the condition ~E.. /(E,.)?::losc«E..»/x if too-high­
energy neutrinos are employed. In addition,. the 
"on" time of the beam should be as short as pos­
sible to minimize the background at detector II. 
This will be discussed in more detail later. 

Interaction rates at detector II 

Each of the detectors I and II must be capable 
of detecting electrons from I/,,-induced reactions, 
II, + N - a- of hadron 13 , and muons from III' - induced 
reactions, III' +N - jJ.- + hadrons, where ill is a nu­
cleon. Weak neutral-current reactions, that may 
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in some detectors appear as ve interactions, will 
be discussed in the section on backgrounds. A 
realistic area for detector II is 10 m x 10 m, 
with about 220 metric tons of ve·detecting capacity 
and 220 metric tons of v".detecting capacity. 
Hence detector II subtends 0.32 x 10.4 of the neu­
trinobeam area at detector 1. 

(a) 1/ only II. and II" exist and "maximally" 
oscillate one illin alloiller [Eq. (11), At a detector 
(the equivalent of detector 1) in the Fermilab v 
beam, at present, one observes about 30 muons 
from II" - induced events per metriC ton of detector 
per hour, Thus at detector II one might expect 30 
muons!(metric ton x hour) x 220 metric tons 
x 0.32 x 10'4", 0.2 muon/hr, and ::0.005 electron/ 
hr, if Tosc» til , because the number of II.'S ini­
tially in the beam" is S2 x 10'2 times the number 
of v" 'so For Tosc« til, we should observe 0.10 
muon/hr and 0.10 electron/hr. In a 500- hour run, 
we obtain 51 muon events and 51 electron events, 
if oscillations are present, to be contrasted with 
100 muon events and less than 3 electron events 
if no oscillations take place. 

(b) I/nelt/rinns other than lie and v" also exist 
and II" maximally oscillates into all the others 
[Eq. (17)1. As discussed earlier, if there exist 
a tolal of 1l different but communicating neutrino 
types, all of comparable mass, the expected muon 
and electron count rates in detector II are more 
complicated but still quite distinctive. We assume 
the additional neutrinos vL' IIL" • •• to be associ­
ated with charged heavy leptons of mass 
mL ,1n L,,. •• ;;;: 1.5 GeV, which will decay both 

I 
I leptonically and semileptonically with a lifetime 

<10'11 sec. These leptons will be produced by the 
interactions of ilL' IIL', . .• in detector II through 
ilL +N - L' + hadrons, etc. The leptonic decay 
modes, L-- P.-+V.. +IIL andL--e'+17 +vL , willoc­e 
cur with approximately equal probability and there­
fore cOlltr ibute to the observed muon and electron 
events in detector II in the same ratio as the muons 

! 
and electrons that come directly from vu and v. inter­
actions in detector II. The semileptonic decay 
modes, L - - IIL + hadrons, will make negligible 
contribution to the observed muon and electron 
count rates. Thus, if the purely leptonic branching 
fraction is/, we again expect the observed number 
of muons and electrons to be equal to each other 
but given by N" =N. = (No!n)(l + (n - 2)//2], where 
No is the total number of muons that would be ob­
served in detector II in the absence of oscillations. 
We plot in Fig. 2 the ratio N,,/No against the num­
ber of different neutrino types n for different val. 
ues off. We conclude from Fig. 2 that. if oscilla­
tions are observed, and if/sO.5 as expected for 
the Icplonic decays of heavy leptons,La it is possi­
ble to determine n if IZ is large, say ;;;:5, and to 
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,I I I I 

1.00 Nfl/No -
\ 

0.75-\ -

0,50­ '~f0,75 ­
0,50 

0.25 - . 0,25­

I I I I 

2 3 4 5 

NUMBER OF NEUTRINO TYPES 

FIG. 2. Plot of N". the number of observed muons if 
oscillations occur, divided by No, the number of ob­
served muons if no oscillations take place, against 
number of neutrino types n for different values of the 
leptonic branching ratioI, The value of N"IN0 at n ., 1 
corresponds to no neutrino oscillations. 

set an upper limit on n if n is smaller than 5. The 
accuracy with which this is done depends on the 
uncertainty in No I. which would be directly deter­
mined by measurement in detector I. 

Apparatus 

There are a number of possible detector 
arrangements that would satisfy the relatively 
simple requirements of this search for a signal 
of neutrino oscillations. The apparatus described 
here has been constructed for and in part tested 
in previous neutrino experiments. 19 It provides 
a definite deSign of a feasible experiment that 
incorporates adequate reliability and redundancy 
in its performance. 

The basic idea is to use a target-detector that 
serves as the target for both v. and v" interac­
tions. It is also the specific detector for the v" 
interactions. Immediately downstream of the 
target is a 1-m-thick iron wall. the rear surface 
of which is covered with large-area liquid scintil ­
lation counters (see Fig. 3). The iron wall ab­
sorbs all hadrons and electromagnetic radiation 
produced in the target but permits muons of en­
ergy greater than about 1 GeV to penetrate to the 
scintillation counters behind it. Thus a count in 
the downstream counters in time coincidence with 
both a count in the target-detector and a gate 
from the accelerator sel'ves to identify muons 
from v.. reactions, v" +N - p.' + hadrons, in the 
target. In contrast. a count in the target- detector 
representing the deposition therein of more than 
a tew GeV of energy in time coincidence with a 

http:experiments.19
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(0 ) SIDE VIEW ( b) FRONT VIEW OF B 

-
11__ 

BEAM 

-I /--.SlNaE 1- SINGLE JA B A rMOOULEIGROUND________________ CHANNEL 
LEVEL 

-II-1m 
FIG. 3. Schematic diagram of the apparatus. (a) Here A is a liquid sctntallator anticounter (if necessary). B is the 

target-detector, C Is a 1-meter thickness of Iron, and D Is a liquid scintillator counter to record muons that pass 
through C. (b) Front view of the target-detector showing a possible geometric arrangement of tndlvidual modules. 
Many but not all photomultiplier tubes are also shown. Observe that the fiducial area can be varied horizontally and 
vertically by Including more or fewer of the individual channels in each module. 

gate from the accelerator, and the absence of a 
count in the muon identifying counters, is the 
Signal of a £Ie interaction, £Ie +N - e-+ hadrons, in 
the target-detector. 

The 220-metric-ton modular target-detector 
might consist of 28 modules in two arrays of 14 
modUles as shown in Fig. 3. Each module has an 
area of 4 m x 2 m and is apprOXimately 8 metric 
tons in weight. A module contains alternating 
thicknesses of lead sheets and liquid scintillator 
to form a very efficient (~14A"ad) electromagnetic 
shower d~tector. The total thickness of the double 
array in Fig. 3 is, however, about one absorption 
length for strongly interacting particles, and will 
certainly be penetrated by muons with energy 
greater than about 0.5 GeV. 

A v,.,induced reaction in the target-detector 
will give rise to an average deposition of energy 
in the target-detector (E Z),. about equal to the 
energy carried by the neutral-pion component of 
the hadronic cascade, Le., (ED),. =0.25 Ev. If 
". interactions with nucleons have the same essen­
tial nature as v,. interactions, then (Ez)e"' 0.75 Ell' 
since the energy spectrum of the ve induced by 
oscillations should be the same as that of the 
original ",., and the energy of the outgoing elec­
tron will on average equal 0.5 E". Thus an addi­
tional signature of a statistically significant sam­
ple of £1.- induced events due to oscillations would 
be the ratio (ED),,/(EZ),. '" 3. This is a useful check 
on the experiment, and is particularly important 

in discriminating against the background of muon­
less (i.e., weak-neutral- current) events that will 
be produced by II,. interacting in the target- detec­
tor, as discussed in the next section. 

Backgrounds 

(a) Cosmic rays. It will be convenient and rela­
tively inexpensive if detector II can be located at 
the earth's surface, even if it is necessary to 
provide active (anticounter) shielding against 
cosmic rays for the entire detector. This depends 
on the magnitude and nature of the cosmic- ray 
background at the surface, the time duration and 
structure of the II,. beam pulse from the accelera­
tor, and the precision with which a timing signal 
from the accelerator can be brought to detector 
II. In the Harvard- Pennsylvania- Wisconsin­
Fermilab neutrino experiment19 at FermUab, the 
observed time- averaged cosmic- ray rate in a 
part of the apparatus with a geometrical arrange­
ment similar to, and an area t, that of the exper­
imental arrangement shown in Fig. 3 is about 102 

total cosmic-ray counts per second. To extract 
protons from over the entire circumference of 
the Fermilab proton synchrotron requires 20 
I-LSCC, which is therefore the shortest-duration 
accelerator pulse, apart from the rf structure of 
the beam pulse. G:orrecting for the ratio of the 
areas gives about 0.02 cosmic-ray count per 
shortest accelerator pulse for the apparatus in 
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Fig. 3, which indicates the feasibility of locating will be the result of geometriC detection ineffi­

detector II at the earth's surface, if only a mini­ ciency. This type of event will simulate a v.,­

mal amount of active shielding against cosmic induced event in the target-detector of Fig. 3. 

rays is provided. The actual background rate is Observe, however, that for these events 

further reduced by discrimination against the (EJ.,; 0.25E", as mentioned earlier, which will 

very low energy « 100 MeV) deposition in the aid in identifying them as spurious. Furthermore, 

target-detector of cosmic-ray muons traversing it is known20 that at FermHab energies 

it in favor ofthe larger deposition (G500 MeV) due 


It' = O'(v" +N - v.. + hadrons) to v-induced reactions. 0'( v,. +N - /.L- + hadrons) 
It is, nevertheless, worth noting that almost 

total active shielding against all types of cosmic- . =0.30 ± 0.03. 
ray events (showers as well as single muons) can In the 500-hr sample experiment given above, we
be accomplished with the anticounter arrangement might then expect 100 x (0.30± 0.03) = 30± 4 muon­
shown in Fig. 3, which will reduce the cosmic-ray less or spurious v., events, even in the absence of
background of all kinds by more than two orders 

neutrino oscillations. If oscillations and only two 
of magnitude. The upstream and overhead neutrinos are present, we would again obtain [as­
counters in Fig. 3 serve directly as anticounters 

suming a(vl8+N -ve + hadrons) =O'(v.. +N - v" + had­in the usual way. The downstream counters 'nlust 
rons)] 50 x (0.30 ± 0.03) x 2 =30 ± 5 spurious v"

be used to veto cosmic rays by a time-of-flight 
events. Hence, with no oscillations, No /N,.

discrimination against particles directed from 
:::. 33/100:::. 0.33, Le., :::.It', while with oscillations

downstream toward upstream. Since the shortest 
N./N.. :::.84/51:::. 1.6, and the raw N,,/N.. signal

flight path is 4 m, or about 13 nsec as shown in 
again clearly distinguishes the presence of real

Fig. 3, it is easily possible with present timing 
v" events even without energy discrimination.techniques to distinguish upstream-going cosmiC 

Another source of error may arise from a dif­rays. Further reduction by another factor of 100 
ference in the angular distributions of ve and v..at a small sacrifice of useful target tonnage can 
produced at the accelerator, which would modify be obtained by using the outer sections of each 
the ratio with no oscillations, but this is a smalltarget-detector module as a veto counter against 
effect.charged particles incident from the outside. Thus 

the counts due to cosmic rays in detector II located 
at the earth's surface may certainly be made neg­ Unstable neutrinos 
ligible with active shielding, compared with the 
expected neutrino- induced count rate of >0;2 We conclude this discussion of the particulars 
countS/hr. of the proposed experiment by noting that if 

(b) Neuirino-bealll-induced backgrounds. These m(v.. ) is several times larger than m(ve) and 
are evenls produced by v.. coming from the accel­ separate conservation of muon and electron lepton 
erator for which a muon is not observed in the number does not hOld, v.. will be unstable and 
muon identifier. They arise primarily from should decay into v.. + y. Theoretical estimates of 
weak neutral-current interactions, although some [r(v.. - v.. + y) ]-1, e.g., 

[ 1- m (2XlO-6 SeC)(0.lGeV) . ]_r(v.. -vl8+Y)Jl:::.[r(/.L+-e++y)]-1m(;.. » 1.5XI0-a m(v.. ) =(1.3XI010sec)X[m(v..)meV 1, 

indicate that the v.. lifetime in its rest franle is SUMMARY AND CONCLUSIONS 

enormously greater than the value 
The essential content of this paper is the asser­

x)(m(v.. ») _( 10
3 

km )( m(v..») tion that a realistic experimental search for neu­( C ~ - 3 X 1010 COl/sec 20 GeV 
trino oscillations may at present be made over a 
distance of approximately 103 km. The experiment=(1.6 X 10-13 sec) x [m(v.. ) in eV] 
would utilize a high-energy v.. beam from a pro­

which is set by the scale of our experiment. How­ ton accelerator such as that at Fermilab, and 
ever, if the theoretical estimate above is entirely existing neutrino- detecting apparatus. The ap­
wrong, the v.. - v.+y decay might Significantly proximate geography of an experiment with a 
modify the ratio 1'1c/N" and provide all experimen­ neutrino beam originating at Fermilab is shown 
tal value for the v.. lifetime which would be "" 103 in Fig. A. 
times longer than any eXisting direct limit on the If neutrino oscillations of the kind v..- v. do 
instability of the v ... 21 occur. they would significantly modify the ratio 

... -----... ~--~..-~----------------
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f'IG. 4.. Approximate geography of the proposed ex­
periment, The present jJ beam at FermUab i.s directed 
38·13'52" east of north as indicated roughly. 

of v - induced electrons to v" - induced muons ob­e 
served in the distant detector relative to the same 
ratio observed in the detector much nearer to the 
origin of the neutrino beam. Thus, for example, 
an experiment of 500 hours' duration using a 
Fermilab neutrino beam of average energy "'20 
GeV with a detector separation of 103 km would 
yield a clear signal of neutrino oscillations if the 
oscillation length is less than 103 km. 

If neutrino oscillations are observed, it would 
necessarily imply that the mass of at least one of 
the neutrino types, v" or ve , 1s nonzero, and that 
the separate conservation of muon and electron 
lepton number does not hold .. Subsequent experi­
ments to determine the actual oscillation length 
(by moving the distant detector closer to the accel­
erator) would then explicitly measure the quantity 
[m (1'2) J2 - [m (v1) j2 in Eq, (11) or the quantities 
[m{vz)J2- [112(1'1)]2 and [m(v3)J2- [III(V2»)2 in Eqs. 
(15)- (17), 

Furthermore, if neutrino oscillations do occur, 
it should be possible in the same experiment to 
determine the total number of "communicating" 
neutrino types by a direct comparison of the ab­
solute number of l',,-induced muons in the distant 
detector with the absolute number predicted from 
measurement in the near detector of the v" flux 
and the v,,-beam divergence. This is the only 
method known to us which holds forth at least the 
promise of specifying the total number of neutrino 
types in a single terrestrial experiment, 

If neuh'ino oscillations are not observed, but if 
one still assumes that sep.trate conservation of 
muon and electron number does not hold (i.e., 

n. PRIMAKOFF 15 

Re{II"IHUl Iv"),.,#o=tme ,, ¢O) and that, for the 
sake of simplicity, m(ve ) = m(v,,), the principal 
result of the 10l-km experiment with 20~GeV 
neutrinos would be an upper limit on the quantity 
{[m(v!!) J2 _ [m(v1W}lIZ = {2m (v" )me,,}!/2, namely 
~0.2 eV/cll. Thus, granting in addition the ap­
proximate equality hne" ~ m(v,,) [as in the dis. 
cussion following Eq. (21)], a negative result at 
103 km with 20-GeV neutrinos would yield an 
upper limit on m(v,,) or m(ve ) of about 0.1 eV/c2 

• 

Note that extension of the 103_km experiment at 
20 GeV to the maximum possible terrestrial dis­
tance of about 104 km would reduce this upper 
limit on {[m(v2)J2- [m(vl )]2}!'2 by only a factor of 
about .flO. 

If no increase is observed in the ve signal and 
no decrease of the v" signal is noted relative to 
the expected v... and ve signals at the distant de. 
tector, a second result of interest is a limit on 
the instability of v". For a v" with a mass equal 
to 1 eV, the mean life in the neutrino rest frame 
would be greater than about 10-13 sec. 

Finally, there are interesting dividends, apart 
from those mentioned above, to be expected from 
any terrestrial neutrino experiment using an 
accelerator-produced neutrino beam over a dis­
tance of 103 km. The problem of correlated timing 
over large distances is under attack in long-base­
line radiO astronomy22 and in terrestrial ncutrino 
astronomy,23 but certain aspects of the timing 
problem in an accelerator- based terrestrial neu­
trino experiment present a significant additional 
challenge, as, for example, in the attempt to 
correlate the time at the distant detector with the 
rf structure of the accelerator pulse. Further­
more, relatively high preCision is required of the 
survey necessary to locate the distant detector 
close to the center of the accelerator neutrino 
beam, and good control of the direction of the 
extracted proton beam from the accelerator is 
necessary to maintain a constant neutrino beam 
direction. Partial solutions of these technical 
problems are available that are sufficient to per­
mit the experiment described here to be carried 
out, but further development of these solutions 
would be advantageous to this experiment and, 
pOSSibly, to other areas of physics. 

!

'. 
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Division 01 Smith Intcrnallonal, Inc 

PO. Box 15500 

17871 Von Karman Ave. 

Irvme, California 92705 

Phone (714J 540-7010 TeleK 6-74575 


December 8, 1976 

Dr. Peter Koetzer 

Physics Hall, FM15 

Applied Physics Lab 

University of Washington 

Seattle, Washington 98195 


Dear Professor Koetzer: 

In accord with our recent discussion concerning horizontal 
hole drilling, I am enclosing copies of several articles and 
studies that have been provided by Myron Emery of Dyna-Drill. 

After reviewing Dowding's study and other state-of-the-art 
case studies, I have prepared the attached concept depicting 
a boring and drilling scheme for a one meter hole x 4 Kilometers 
long x 150 from horizontal at Batavia, Illinois. I believe 
the vertical access shafts are necessary for a hole of this 
diameter and length. I also believe you can obtain more realistic 
cost estimates from boring and shaft drilling contractors with 
this approach. Over twenty large diameter vertical holes 
have been drilled in Illinois to depths of 1300 feet in the 
last ten years. 

I have talked to Mr. Jack Kelner, Manager of Research 
and Development, Drilco Industrial, Midland, Texas, and Mr. Myron 
Emery, Manager of Technical Services, Dyna-Drill, Long Beach, 
California, about this projects. Both of these gentlemen have 
had considerable experience with horizontal boring projects. 
Both are considered to be experts in this field. I would 
recommend that you contact both of them. 

Attached are names of contractors that may be of assistance. 
We are very interested in this project and believe it 

to be worthy for consideration as an unsolicited proposal for 
further research and development study and funding. Should 
such a possibility materialize we hope you will consider the 
interests of Smith International. Inc. 



SMITI-I TOOL 
DivISion of Smith International,lnc. 

Dr. Peter Koetzer -2-	 December 8, 1976 

Please contact me if we can provide additional information. 

Very truly yours, 

Director 
Technical Services 

JHA: sd 
cc: 	 Byron Emery 

Jack Kelner 
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!!iii SMITI-I TOOL 
DiviSion of Smith Inlernalional, Inc. 

Horizontal Boring Equipment 

Mr. Myron Emery Mr. Jack Kelner 
Manager of Technical Services Manager of Research &Development 
Sii Dyna- Drill Dri1co-Industria1 
P.O. Box 327 P.O. Box 3135 
Long Beach, California 90801 Midland, Texas 79701 

Horizontal Boring Contractors 

Titan Contracotrs Corporation 
Sacramento, California 

Vertical Shaft Contractors 

Camay Drilling Company 
Los Angeles, California 

Mr. Bill Holbert 
Rowan'Internationa1 
Midland, Texas 

I

Loffland Brothers Company 
Tulsa, Oklahoma 

.•.. _ ....._-------_._._---_ ... 
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Trajectory Reconstruction 

Dick Davisson 
March 12, 1977 

We treat here the special case of a single particle moving in 

a straight line through water and producing Cerenkov light. That 

light is detected by a single line of photodetectors. The problem 

is to deduce the parameters of the particle's path from the signals 

from the p~otodetectors. 

In general, the path of the particle is skew relative to the line 

of detectors. That path can be characterized by several parameters. 

The first is b, a vector joining the two lines and perpendicular 

to both, from the detector to the track. The magnitude of l, i.e. 

b,measures the distance of closest approach of the particle to 

the line of detectors. The azimuthal direction is intrinsically 

unmeasurable from the data. Hencefcrth, we only discuss measure­

ment of the magnitude, b. 

The third parameter is the time at which the particle reaches 

the terminal end of l. We'll call that T. 

Time. by the way, is to be measured in meters or whatever 

unit of length is chosen. The units of time are such that the 

vacuum velocity of light is one (the particle is presumed to 

move at the vacuum velocity of light). 

We should note that not only the direction of b. but also 

the sign of Q is unmeasurable. Accordingly, the parameters we 

hope to determine are: b, h, cos ~, and T. 



. . 


A separate class of parameters are required to complete the 

reconstruction process. Let's use k far the Cerenkov angle, 

n to designate the index of the individual photodetector and s 

to re.present the. spacing between detectors. We'll use L for 

the "average" attenuation length of the light in water. 

Ti!!!e_S1Imals_a!! Inf.o~tlo.!l !l~m~n!s_ 

Consider the plane surface Which contains and moves with the 

particle and which is perpendicular to the path of the particle. 

Let us designate by t the time at which this plane reaches . on 
the n'th detector, and tn the time when the Cerenkov light 

reaches it. Let us designate by rn.the perpendicular distance 

from the track to the n'th detector.. We have at once th"c-to.t?-rntan k. 

That is the only place where k will impinge on our considerations. 

The times ton are given by: 

t :::. 
on 

T + (ns - h) cos Q. 

The distances satisfy: 

r 2 = b 2 + (ns _ h)2 sin2 
Q.. 

n 
This gives us the general expression: 

tn = T TIns - hI WT(-Jb2 ~ Ins - hl 2 11 - W2V tan K. 

Where W :: cos Q,. 



· . 

It is unrewardinq to attempt to invert the equation for tn. We can 
assume that the several parameters will be extracted throuoh a least squares 
fit of the measured tn to the oiven equation. Let us consider what tnt 
considered as a function of nS t looks like. Clearly there are two 
assymptotic reqions in which the b under the square root can be neqlected. 
For (1 - Ii) (ns - h) - b we nave tn = T + (ns - h)(W - (1 - ~12) tan k). 
For (1 - W2) (ns - h) + b we have tn = T + (ns - h)(W • (1 - W2) tanK). 
These two assymptotes meet at tn = T; ns = h. The actual value of tn at 
ns - h = 0 is T + b tan k. The character of these relations is illustrated 
in the sketch below. 
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APPENDIX IV 


IIJohnson Sea Link Manned Submersible with Manipulator Capability" 


Harbor Branch Foundation 




JOHNSON-SEA-LINK I & II 

Specifications ,. 

DIMENSIONS 

Overilll 

l."ln~l tfl 22'·10" 

8e~'" 7' . 11 " 

HpIDht 10' 7" 

OrJl t 7' 6" 
Gr ....)SS \.\j~.;.: ;.,: t 23,000 !hs. 

Pilot Sphere 

Outside DI,,)t"P,,.t"!f 	 66" 

Insld" Dlam :td sa" 

Thicknp.ss 4" 


Ink; r,;]: ViJ!Ull\'2 59 cu. It. 


H.1(ch CII:I."1f O~:,c''ilny 18" diametc:r 


rv1atPI Idl 	 Acr'!!,c Plexig!il> GrJde "G . 

Annealed 

Diver Compdrtment
N 
U') 

Lellgt d 8' 
Outside [)J3in p {l>::r 59!," 

Inter!!ol Diam,,(';c 53" 
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UNIVERSITY OF WASHINGTON 

DEPARTUENT OF OCEANOGRAPHY 

MARINE OPERATIONS 

R/V THm1AS G. TUmlPSON 

SHIP INFOR!1ATION BOOKLET 

This booklet is issued to acquaint members of scientific parties with 
our rescal'C'.h ship, TllONAS G. THONPSON. <1nd. for those making their 
'first cruise' with us, our method of 'running 'the ship' and some 
traditional courtesies and cautions associated with living aboard ship. 

The assistance of Dr. James C. Kelley in preparing this booklet is 

gratefully acknowledged. 


We hope that you have a pleasant and rewarding cruise ••••••.•••••••• 

CZlyw't? ~;ytkU;; 	 ,;'#:~ v!;l {JCt7:l4~ , 
A. C. Duxbury 	 Nohn B. Watkins, Jr. (/ 
Director 	of Operations (}sst. Hanager of Research Facilities, 

Services and Operations 
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Introduction 

The rCfH'<llT\l ve1:wcl. TIIOHAS C. TllotlPSON, Navy designation--AGOR 9, was built 

for the lInJt:l~d States Havy by IL"lrinette Hadne Corporntion, at lInrinette, \ViSCOIl­

si.n .'ind delivered to the University of Hashiugton at Boston, Hassachusetts, Sep­

tember 21, 1965. 

THONAS G. THOHPSON is a single screw, diesel-electric ship, powered by two 

697-horsepO\ver diesel engines, each driving a 472 Kl-l generator, which in turn fur­

nish power to a double-armature 1150 shaft horsepower main motor, driving a single 

5-bJaded propeller. The nmin propulsion diesel generators may be used singly or 

in combination. A l75-horscpower bow propulsion unit which can he rotated through 
o

360 is provided for maintaiIling position wIlen :on station'. 

Primary ship's service electric power is supplied by two 300 KW AC diesel 

g<merators. A 150 K\v AC-DC diesel generator can furnish limited ship's service 

power or pO\ver for the bow uuit. A 150 KW AC-DC gas turbine generator can furnish 

limited power to the main propulsion motor or to the how prop~llsion unit. 

The main engines call be controlled either from the engine room or the brids;e. 

The bow unit is controlled from the bridge. Dridge control can be exercised either 

from the pilot house or the starboard bridge wing. 

Navigation ilnd conununication equipment include two radars, radio direction 

finder, loran, satellite navigation set, two fathometers, radio telegraph (Clv), 

and voice radio, AN, r11 and SSB, on all conunonly used frequencies for these equip­

ments. Radio communication is maintained by commercial methods through ITT /\-lorld 

Conununications. Inc., supplemented when necessary through Scripps Radio Sta tion lvWD. 

The ship maintains the highest hull and machinery classification of the Ameri­

can Bureau of Shipping, and meets United States Coast Guard requirements for in­

spected vcsselR. All pcnwns in the crew are licensed or certificated by the United 

States Coast Guard. 
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SHIP'S OPERATING PERSONNEL 

The ship's officers include the Master, three deck officers and three engineer­

ing officers. 

At sea and in port the Master is in general command of the vessel. The activi­

ties of the deck crew are under the command of the Chief Mate. All engineering 

operations are under the command of the, Chief Engineer. The deck crew normally con­

sists of six seamen. The engine crew normally consists of three oilers, an electri­

cian and a wiper. In addition, there is an Electronics Technician and Radio Operator 

who is a member of the scientific party. When required, one or two Marine Technicians 

are also assigned to the scientific party. 

Finally, there are the members of the steward's department which normally consists 

of three persons--a Chief Steward, a cook and a mess attendant. These latter do much 

toward keeping both crew and scienfific party in good health and humor. 

The head of the scientific party is the Chief Scientist who has final responsi­

bility for the conduct of the cruise. He is responsible for the activities of the 

scientific party, but ultimate responsibility for the safety of the vessel and all 

persons on board rests with the Master. The Chief Scientist will appoint a Cruise 

Leader who is primarily responsible for logistics planning and coordinating the 

activities of the scientific party. 

Requests by scientists for assistance from the ship's operating staff should 

be relayed through the Cruise Leader. All requests regarding the operation of the 

ship must be relayed to the Master through the Chief Scientist. ~ecruise proce­

dures are established by the Master and the Chief Scientist, scientists may communi­

cate directly with the watch officer on the bridge regarding the execution of the 

. plan, but all major modifications in the operating plan must be relayed to the Master 

through the Chief Scientist. Requests for assistance by the crew are made to the 

bridge watch officer. 

SHIP'S SCIENTIFIC FACILITIES 

Laboratory Facilities 

THOMPSON has four laboratories: Laboratory 1, main deck, amidships, is used 

primarily for the computer system and date acquisition systems gear; laboratories 

2 and 3 in the after section of the enclosed area of the main deck (laboratory 2 

is starboard side and laboratory 3 is port side)1,2 are devoted to wet chemical 

analyses, biological studies, geological studies, and hydrography. Laboratory 4 is 

a small laboratory aft of the navigation bridge. Space is usually available for 

~c!e~t!f!c_egu!p~e~t_o~ ~h= !s~ el!t!o!m~ ~r!m~s_7~-Z9~ ~u~ ~o_w!t~r_i~ !v!i!a~l~. 

1. Seawater is continually pumped from a 3-meter-deep intake on the port side amid­

ships to labs 2 and 3 through the PVC piping with outlets at each sink and on the 
starboard side of the fantail. 



62 2. Sink drains, especially that in lab 2, have a tendency to clog and overflow the 

sink. Plumbing problems should be reported directly to the bridge watch officer. 

Data Acquisition and Computing Equipment 

Standard data acquisition equipment on the vessel includes sensors with read­

outs in lab 1 for ship's heading, ship's speed, and relative wind direction and 

speed. Data from these sensors can be digitized and recorded on paper tape by a 

Hewlett-Packard data acquisition system (DAS) in lab 1. This system can also record 

data from sea surface temperature and salinity sensors in a sea chest in the engine 

room. In addition the system can acquire and record other sensor outputs as voltage 

(AC or DC), frequency, or resistance, up to a total of 25 senso~ outputs. A Bissett­

Berman STD system is also part of the ship's equipment and data from the STD is ac­

quired and recorded by the DAS. 

The DAS output can be analyzed on-line or off-line by the shipboard computing 

system, also located in lab 1. The system consists of an IBM 1130 computer, with 

card reader/punch, printer, paper-tape reader, 30" calcomp plotter, dual transport 

7-track magnetic tape and two cartridge disk drives. 

Bottom Sounding and Profiling Equipment 

Four 12 KHz transducers are permanently installed with cabling to CSI for depth 

recording. A 3.5 KHz transducer is installed in the aft transducer tube with cabling 

to CSI for subbottom profiling. Depth and profiling recorders can be provided in lab 2. 

A Ross Fine-Line 200 KHz transducer is also installed in lab 2. Portable transducers 

can be rigged in either of two transducer tubes. 

Deck Facilities 

THOMPSON carries 3 major winches: HI, starboard side on the upper deck is a 

hydrographic winch with 10,000 meters of either stainless steel or galvanized hydro­

graphic wire and is normally used for bottle casts; H2, port side on the upper deck, 

which carries 2400 meters of Amergraph cable and is normally used for STD work; 

H3, an intermediate winch with interchangeable drums; one which carries 5,000 meters 

of l7,000-pound test Amergraph cable for special trawling work, and the other which 

carries 30,000 feet of 1/2" wire for coring and dredging. 

Wire for winch #3 is led over a metering wheel on the A-frame at the after 

end of the fantail. Wire from winch #1 is led over a metering block on a short boom 

extending outboard on the starboard side forward of the hydro cage. H2 winch fair­

leads to STD boom, port side. This boom is swung out and in by hydraulic controls on 

the after port bulkhead· of the deck house. In addition, there is an articulating 

crane on the after starboard corner of the boat deck which is used primarily for 

onloading and off-loading gear. All winches and the crane are manned by seamen and 

requests for winch operators should be directed to the officer on the bridge. 

----------------------_ .. - .._ .._--_...-_.. - ­



63 
Other Scientific Facilities 

Scientific office: A scientific office is located on the port side at the 

after end of the main passage. 

SHIP'S LIVING FACILITIES 

Staterooms. Staterooms normally berth 2 scientists in bunk berths. Berthing 

assignments are available from the Cruise Leader. Staterooms include lockers, a 

washbasin, and a desk. A few also include heads and showers. Linen (towels and 

sheets) are provided clean weekly 'according to a schedule normally posted in the 

galley. Scientists are responsible for maintaining their quarters in a clean and 

orderly condition and leaving them so upon completion of the cruise. Plans of 

berthing and messing spaces are attached. 

Heads and Showers. Communal heads and showers are for the use of both scientists 

and ship's operating crew and are cleaned daily bya deck crewman, but all members 

of the scientific party should try to help maintain these fac~lities in a clean and 

orderly condition. It is normal etiquette to leave a head door fastened ajar when 

not in use. Soap is available. It is recommended that scientists bring their own 

washcloths and towels. 

Galley. The messing facilities aboard the THOMPSON are small and all of the 

ship's c'ompany messes together. Meals are served cafeteria style. Observance of 

a few rules on the mess deck will save everyone a great deal of inconvenience and. 

strained relations. 

Meal hours are posted on the crew's mess bulletin board. They should be observed 

rigidly. The ending time of a meal indicates the time one should expect to finish 

eating - not the last time should appear in the mess line. Usually space limitations 

require that the crew and scientific party mess in two sittings. The ship's crew 

messes at the table next to the galley. Officers and scientists mess separately in 

the mess room port side. The forward table is reserved for the ship's officers and 

the after table for scientists. Scientists may sit at the forward table if there 

is space available but should ask permission of the officers at the table. 

Scientists may mess with the cre~, if all crewmen waiting to eat can be seated, 

but don't overload the table with scientists - 2 or 3 are the maximum under most 

circumstances. This part of the mess deck is the only place on the ship where the 

crew can gather when off watch and relax. Be considerate and don't monopolize the 

area. 
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.1:.U!...r~I_!"1· A sliip's library is located on the boat deck for the usc of all per­

sons on bonnl. Some books are available lor the use of the party, but please return 

them \"hen yOll ar·c finished. It is a good idea to bring your own reading material. 

l,allndr:r.... A ship's laundry wi th a ~rasher and dryer is located on the port side 

of the passagm"ay fonmrd of the galley. A schedule for the use of the laundry will 

be available from the Cruise Leader. Please follow washing and drying instructions 

post(ld in lhe !.;Illrl<lry. 

Hov 1(':; • On 1Il0Bt: cruisen movies arc shown, usually with the same movies on two 

successive nights, first night at 1800 and next nir,ht at 2000 so that all ,,,atch 

standers Illay enjoy all the movie programs. These shows are for all hands so try not 

to monopolize the limited seating available. 

Potable {-later Supply. The potable water on the ship is produced by sea water 

evaporators which use the waste heat from the ship's propuLsion engines. Therefore, 

water is produced rapidly when both engines are in use, at a satisfactory rate when 

one engine is in usc, at a very low rate when the ship is holding station ,·lith one 

engine idling, or if immersion heaters must be used, and not at all ,,,hen the ship is 

in port.· In any case, there is never an overabundance of potable water and all mem­

bers of the party are asked to make an effort to conserve water. This can be done 

by usinri wati~r sparingly when showering and by laundering only when necessary and 

ollly full londs. The laundry is secured '''hen the ship is in port, and showers will 

be secured if necessary, so members of the party should do their final laundering 

at least 12 hours before the ship reaches port. Water notices are posted on the 

bulletin board in the crew's mess. 

SunbathIng. On ,,,arm weather cruises, scientists are asked to bring their own 

mats or cots if they \"ish to sunbathe. Ship's blankets, tmvels or linen are not to 

be used for this purpose. 

CENERAL COHHENTS 

Bridge Etiquette. Nany scientists enjoy visiting the bridge, but the frequency 

of these visits often gets out of hand. First, recognize that even though you may 

be off watch, the bridge officer is on watch and is responsible for the safety of 

the entire ship \vhen he is on the bridge. Recognize too. that it may be uncomfortable 

[or him to have to order you off the bridge. So use your judgment and be conslderate. 

Stay completely off the bridr,e and bridge wings when the ship is maneuvering in 

potellt:l.ally danl~erolls situations, such as entering and leaving port, operating in 

!tt';IVY traffic or even ilght traffic at ni,~ht, operating in fog, etc. It is courteous 

and traditional to ask the permission of the officer on watch to visit the bridge. 

Again, use judgment. The officer is responsible for navir,ation of the vessel and is 
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not frel.! to ellgage in lengthy conversation, even if he, or the seamen, are a captive 

audience. DOll' t monopolize the hinoculan; or stand ill the doonvays, Clnd don I t change 

the adjustments of any equipment on the briuge or in the pilot house or chart house. 

Don't be a 'button pusher'. 

Safety. If you are injured at sea, you may have to wait a considerable period 

to Rce a doctor. If you fall overboard during tIle day with a deck full of people 

"latching, you may be recovered. If you fall overboard at night, we may find out you 

are missing about dinnertime the follO\ving day. Use your head and remember that you 

are in a very E..!1l ocean. Don't sit on the rail, don't tempt fate, and don't \-lander 

alone on the deck at night. 

Weather and schedule permitting, 'swim calls' may be authorized by the Haster. 

Only swim with the permission of the Chief Scientist and tllen stay near the ship. 

\-lhell heavy equipment is being handled on the deck, try to stay well out of the 

way unless you are involved in the work, and then don't get under the load. 

Tax-free Cigarettes. These are available during foreign cruises. The variety 

of brands is limited, however most popular types arc carried. 

HOI.1£.Y_' Personal checks can be cashed by the Master at announced times, usually 

a day or tNO before a port call. Checks should be made payable to the University of 

\.[ashington. A $4.00 fee is charged for checks returned by your bank. 

Gllstu..!.~~L_Imn!JJtratJon ar~..d Health. Shortly before arrival in port, you will be 

asked to submit your passport, International lnununization Certificate, and other docu­

ments in connection with port entry and clearance. Entry to a U.S. port will entail 

filling out a customs declaration which will be prOVided you. 

The ~Laster will also need some personal information to prepare the crew list. 

This is set forth in a standard fonn which you \-lill be asked to fill out. 

Some Personal "Do's and Don'ts". Keep clothing and personal gear in your own 

quarters--not scattered about the ship. 

If living quarters are shared, keep gear neatly stowed in such manner as to 

afford the least possible annoyance and inconvenience to your room-mate. 

Haintain your pwn quarters in a neat and clean condition. Keep the decks, bulk­

heads, washb':lSins, mirrors, etc. clean. No steward service is provided. Upon vacating 

your quarters at the end of the cruise, be sure that the bunks are stripped al\u all 

soiled lincn taken to the laund,ry room. 

Enter no personal quarters without first obtaining permission of the occupant. 

Check bulletin board for notices. 

Leave no food lying exposed in quarters \·,hich might attract rats or vermin. In 

the event traces of rats or vermin are found, please report same to the Haster. 
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Shore Leave. Shore leave may be granted at all ports of call subJect to the 

safety and general welfare of the ship and personnel. and local harbor regulations. 

Shore leave is under the general direction and control o~ the Master. Scientific party 

personnel desiring to go ashore should request permission from the Chief Scientist 

or the Cruise Leader. 

Excessive Noise. Avoid excessive noise. boisterous talk or loud radios. It will 

be appreciated by your shipmates who may be trying to rest. This applies particularly 

to the messing area just outside the galley. Noise emanating from this space is quite 

audible in the Chief Scientist's and Master's staterooms and in the berthing spaces 

immediately below. In general, people trying to.. rest are not interested in listening 

to your adventures ashore during the middle of the night. 

Seasickness. In the event of imminent motion-sickness. use the lee rail (the 

side of the ship away from the wind), or use the nearest head or bucket which is provided 

for that purpose. Ant i-mot ion-sickness tablets are provided •. In the event your 

'estimated time of arrival' is in error, it will be appreciated if you will make a 

tidy disposal of your previous meal. 

Head and Washrooms. Those of you not assigned a stateroom with private head 

should assist the crew in maintaining a clean, sanitary and pleasant condition of the 

heads you use. These are cleaned daily, usually during the forenoon watch. Avoid 

using the deck and installed utilities as general receptacles for paper towels. toilet 

tissues, cigarettes, matches, etc. 

Fire and Boat Drill. Fire and boat drills are held weekly. Be familiar with 

your assignment for these drills so that you will be prepared, in case of an actual 

emergency. to participate properly in controlling the emergency. 

Each lifeboat is capable of carrying all persons on board. In addition we have 

inflatable liferafts, individual life jackets. life rings, etc. You should be familiar 

with the location of life rings and other equipment so that they may be properly and 

timely used if necessary. Do not use life jackets for pillows. 

Visitors. General visiting is not usually permitted except as previously authorized 

by the Master and Chief Scientist. Personal guests are permitted on board during 

normal working hours, 0800 to 1630, with the permission of the deck watch officer. 

Visitors may be permitted on board as late as 2300 when specifically authorized by 

the Master or, in his absence, senior deck officer. If you are inviting friends 

or guests aboard for a meal, you should let the Chief Steward know ahead of time. 

Firearms, Ammunition and Explosives. These must not be brought aboard except 

with the permission of the Master before sailing. There is no suitable place to stow 
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Cirearms on the ship. They are usually not needed during the cruise and cannot b~ 


landed in foreign ports. In the event firearms are carried on board, they are not 


to be fired without permission of the Chief Scientist and the Ma~ter. 


Watertight Doors. You will find the ship is fitted with heavy, steel water-tight 

doors in certain bulkheads. The function of these doors is to provide a strong 

watertight boundary in certain portions of the ship, particularly below the main deck. 

Watertight doors below the main deck are to be closed at all times when not in use. 

Other doors in watertight bulkheads and weather doors, that is those leading outdoors, 

should be closed after you have completed your entry or egress. The purpos~ of this 

is to maintain the ship's air conditioning boundary and to keep insects out of the 

ship as well as rain. These doors are heavy and when the ship is rolling or pitching 

great care must be exercised in opening them and closing them. Be careful not to put 

your hand around the edge of the door because if the ship should take a sudden roll, 

you may have a badly injured hand. When closing these doors, do so gently but firmly, 

and avoid slamming themasit disturbs people who are resting or sleeping while off 

watch. All doors should be dogged closed or, if they are to be· left open, they must 

be secured by the retaining or 'stand-off' hook. 

Stowage of Equipment and Stores. All scientific equipment must be securely 

installed to 'avoid damage caused by ship motion. All gear and stores must be securely 

stored for the same reason. Just prior to or immediately after leaving port and cer­

tainly before proceeding to the open sea, securing of all equipment and the stowage 

of gear and stores is checked by the Chief Mate and if in his opinion it is not 

sufficiently secured, you will be asked to do so. This is especially true when station 

work is completed and when you are through working in the laboratory. The sea can make 

up with a dismaying rapidity--particularly during the night--and gear and equipment not 

properly secured will be damaged or lost. 

Cleanliness of the Laboratories. This is the responsibility of the scientific 

party and this task will be made easier if each person will insure that he does not 

contribute to the untidiness of these laboratories. Of particular importance is 

avoiding debris accumulation on deck, particularly filter papers. The deck drains 

are not sized to handle such material with the result that the drain scuppers become 

plugged and water sloshes back and forth over the laboratory deck. In many cases, once 

scientific equipment has been installed in the laboratories, the deck drains are not 

readily available for cleaning out. The laboratories are to be thoroughly cleaned up 

at the end of each cruise. This task is considered part of the offloading routine. 



Ship's Tools and Stores. These are available to scientific parties when needed, 

and may be obtained by contacting either the deck watch officer or the engineering 

officer on the watch. Be sure to return them as they may be needed. 

Electrical Precautions. Do not use light fixtures or electric cabling for coat 

hangers or for securing gear. The use of portable electric leads and portable elec­

ttic tools cannot be avoided, but extreme care must be exercised in their use to avoid 

a lethal shock. Do not forget the ship is an absolute 'zero' ground and unless you 

take particular care in the use of portable electric leads and portable electric tools, 

you run a serious risk of electric shock. The ship's electrician is available to assist 

you in rigging portable leads and in checking over any portable electric equipment 

which you may need to use. 

Station Work. During routine station work, such as bottle casts, STD, etc., the 

winch operator is directed by a member of the Scientific Party. Before starting such 

work, check your communications, and if you must rely on hand ,signals, be sure that 

the winch operator will understand them. Only one person should give directions to 

the winch operator to avoid confusion and 'the attendant risk of losing gear. These 

same precautions apply to coring and dredging operations. Heavy lifts over the side 

are generally under the direction of the Chief Mate--this applies particularly to 

instrumented'buoys, drogues, etc. This is generally determined ahead of time between 

the Chief Scientist and the Master. During such operations only one person is to give 

orders to the winch operator and to direct personnel assisting. This is usually the 

mate. Keep in mind that the winch operator can only watch one person for hand signals. 

When wires are in the water, they must be watched constantly and the bridge kept 

informed of the direction they lead and the wire angle. Direction is reported by the 

'clock dial' method: dead ahead is 12 o'clock, dead astern, 6 o'clock, abeam to star­

board, 3 o'clock, etc. Wire angle is reported in degrees from the vertical, e.g. "2 

o'clock, 10°". The watch officer on the bridge cannot see any of the wires except 

that from the starboard hydrographic winch, and his view of this wire is limited. 

Most of the sampling devices and instruments are not only very expensive, but are 

critical to the research being done. Their loss is thus not only costly from a replace­

ment standpoint, but could result in curtailment of the work or an aborted cruise. 

During lowering and retrieving--that is, when the winch is in actual operation, 

the wire must never be left untended. The winch operator cannot see the wire and total 

reliance cannot be placed on dial readings. Winch operators are to stop the winch 

whenever the wire is left untended while lowering or retrieving. Make sure your special 

instructions such as lowering speed or repreiving speed, depth not to be exceeded, and 

line tension desired is given to and understood by the winch operator on each lowering. 
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