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ABSTRACT

This report summarizes the accomplistments of the Hawaii DUMAND
Center in 1ts first year of operation, 1980. It alsc includes re—-
lated work on site studies. and discusses relations to past and
present work. ' ' '

Our major accomplishments in the past year include the follow-
ing: . ' . .

1., ‘Extensive experimental and theoretical work on the design,
construction, and testing of a hizhly sensitive optical detector,
called Sea Urchin, and comparison with alternative detectors. '

2. 1Initiation of the first DIMAND underwater experiment: a
measurement of the cosmic-ray muon spectrum, to be carried out with
a string of five prototype DUMAND sensors, which we call the Muon
String. This experiment is in some important ways superior to any
" previous underground or underwater muon spectrum measurements;  the
effective detector area is larger, allowing the spectrum to be ob-
served to higher energles; and the overburden fs far more accurate-
1y known. First ocean tests will be in 1981. '

_ 3. Workshops on our two most urgent engineering problems, sig-
nal processing and deployment, have led to conceptual solutions of
practically all previously unsolved problems iun these £filelds, at
costs far lower than those initially estimated. -

4. Monte Carlo studies of array designs have led to the design
of smaller, more efficient and less expensive arrays for the detec-
tion of muon neutrinos and muons. They have, somewhat uunexpectedly,
ghown that the high-sensitivity Sea Urchln, which turned out to be
expeasive to deploy, is not required for arrays presently under con—
sideration. :

5. Continued studies on new ideas for experiments with DUMAND
have given some promlsing leads. The use of DUMAND in connection
- with other detectors for high—energy cosmic-ray interactions in the
atmosphere has been studied, and presently we are studying mltiple
muon detection in DWMAND, and the detectlon of electron neutrinos.

The greatest promlse of DIMAND still appears to us to be the
foundation of the new sclence of high—energy neutrino astronomy,
with particle physics and cosmic-ray work occupylng the role of
‘vital and possibly very exciting additional aims.
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1NTRODUCT ION

This report is a review of the work of the Hawail DUMAND Centet during

_its first year of operation. Yor readers unfamiliar with the previous history

of DUMAND, we begin the report with a short summary of it, and we now precede
that summary by an even shorter introduction to identify DIRMAND. .

DUMAND (Deep Underwater Muon And Neutrino Detector) 1s a, project that
took form im 1973, and first achieved a formal organizational structure in
1875; the next section discusses its history from that point on., Here we ex-
plain its purpose, and its peculiar individuality as a scientific project.

DURMAND proposes to use 2 large volume of the ocean - between a few milli-
on and a few billion tons - as .a very large detector, primrily for neutrinos.
Neutrinos are electrically neutral, and interact with matter oanly rarely (via

" the so~called weak intervaction only). The average veutrino can readi}y tra-

verse the entire mnlverse without interacting. Thus, to .detect neutrinos,

-very large detectors are required. Even at accelerators producing imteunse

neutrino beams, neutrine detectors welgh from tens to thousands of toms.

To make million~ or billlien-ton detectors :is dmpractical except with
water as the detection medium. Fortunately water is.a good Cerenkov radiator;
that is, whenever a fast charged. particle is produced by a -neutrino interac~

"tion ,(traverses it, it emits detectable .amounts of Cerenkov 1light. The design

problem of DUMAND has therefore been: how can we instrument a large volume of
ocean water with highly sensitive light detectors (photomultiplier tubes) and
colleect data that will glve scientifically useful results?

"From the haginning it was clear that DIMAND would-_requi;:c_e the collabora—
tion of experts in many fields. It neaded physicists, astrophysiclsts, ocean-
.ographers, ocean englneers, signal processing experts, marine blologists, and
others. BIMAND now includes them all. :

‘SBtnee neutrines.are produced copiously at accelerators, the question ar-

- 4@es: mygy .doms.one.need DUMAND in addition to aceedexator werk? “The answer

lies #u-the wider . (EREEEY range encompassed by ‘DUMAND, .and in .fts ability to
‘amswer important gquestions in cosmic rays and in astrophysics. The ‘highest
energy neutrinos expected from an accelerator in the foreseeable future will
ke produged by -the Fermilab Tevatron, whese 1000.GeV beam will produced neu-
‘trines in usable quantities up to perhaps .600 GeV. DUMAND will ovetlap -that
rapge -at the. lswer end,.and will extend it to at Yeast 10 TeV, -opening an en—
ergy vegion otherwise inaccessible. DWIAND will also answer :!:mportant ques—
ticos in cosmic rays, and will, we hope, be the world’s first true “high—energy
neutrino telescope, observing neutrinos incident on earth from outside the '
solar system. A summary of problems that can be attacked with DUMAND is given
in Sec. 10. Suffice it to say that a mumber of astrophysicists now predict
peutrino fluxes -that must be detectable by DUMAND, or else theorists mast be
wrong. Some of these predictions deal with the highly significant question of
‘the enigmatic Bource of power im actiwve (and perhaps all) galaxies.

“The cost of DIRIAND was first estimated to be in the $100M range. That

wwas clearly tec -high; .and we have, by means of hard work and sustained ef-
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fort, been able to bring it down. As shown in Sec. 4, arrays bhave now been
designed from which significant data can be obtained, and which cost well
under $10M. Sec. 7 describes a S5-module detector now under construction, the
muon string, that allows a phased approach to array design.

In additfion to reviewing our first year’s accomplishments, we have in-
cluded a very brief report of investigations on potential DUMAND sites, as
carried out by other investigators from Scripps, the Hawaii Institute of Ceo—
physics, Oregon State University, and elsewhere. - '

A bibliography of proceedings of DUMAND conferences and workshops is ap-
pended, as is also a list of internal DUMAND reports for the year.

1. BRIEF.RECAPITULATION OF EARLIER WORK ON DUMAND.

_ The active existence of DUMAND can be roughly dated from the first DUMAND
Summex Workshop in Bellingham, Wash., in 1975. In that workshop, the DUMAND
Steering Committee was formed, and the teauous DUMAND organization first - pro~
posed. The site requirements for DUMAND were first formulated, the first sor-
vey of possible sites made, and the conclusion that the Hawaiian islands were
the best available site became all but inescapable.

At that time it was not yet clear whether neutrinos from gravitational
stellar collapse would be detectable in DUMAND, or what the event rate might
. be. PFollowing the 1975 Workshop, possible physlcs projects with DUMAND were
given names, which fell into disuse shortly, but appear in the 1976 proceed-
ings. UNderwater Detection of Intergalactic NEutrinos (UNDINE) characterized
gravitational stellar collapse} ATmospheric High Energy NEutrinos (ATHENE)
described the study of cosmlc-ray produced neutrinos; and UNderwater Inter—
stellar COsmic Ray Neutrinos (UNICORY) a search for extraterrestrial
high~energy neutrinos. These subjects formsd the basis for the 1976 DUMAND
Workshop in Honolulu, and marked the introduction of the University'of Hawali
as a2 strong supporter of the project. .

At the 1976 meeting DUMAND achieved something like its present orienta-
tion, in that the possible areas of investigation were mapped out, and the ap-
propriate experts were present to keep the discussious realistic. The 1976
meeting also saw the suggestion for acoustie detection of neutrino events in
the ocean. :

The acoustic approach proved interesting; in principle it might have
made possible very large DUMAND detectors. Unfortunately, it did not survive
the intensive investigation that followed (1976-79), led by Learned and Sulak,
i1ncluding considerable experimental work with particle beams at the Brookhaven
National Laboratory. The basic difficulty was that t?g threshold for detec—
tion of acoustic signals lies in the energy reglon 107" eV, where by threshold
we mean a signal detectable at a distance of ] km. Even at that raunge, each
acoustic detector would consist of a complex array of phased hydrophones, aud
the highly directional nature of the signal required a high density of such
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detector arrays = several hundred per km3_~ to be useful. It became clear
that optical detection was far more practical, for the emergy region (0.1 -

10600 TeV) where atraspheric fluxes are well known and extraterrestrial fluxes
most readily detectable. .

The 1976 workshop alse concluded that the detection . of extragalactic
gravitational stellar collapse, at a reasonable event rate (Igfyegr) was ex-—
tremely expensive; 1t required a detector volume of about 3x10° m?, imstru-
mented by ' phototubes sufficiently closely spaced to see 10-100 MeV electrons
(about 1 méter apart.) It became apparent that the future of DUMAND lay with
the detection of high-energy neutrinos and mons, in the GeV and TeV range;
that conclusion remains valid today. o '

The question as to whether DUMAND ‘could measure the direction and energy
of muons was among the first investigated. Such questions demand Monte Carlo
modeling; and first Roberts, and later Stenger constructed and elaborated
such .programs. Roberts sghowed that a large DWMAND array could measure 1 on
energles to 50Z or better, and determine directions accurately.

‘In 1977 there were two small one—week workshops . in. San Diego and Lalolla,
one on ‘deployment and one on acoustic detection. In 1978 we held a full-scale
Snmme'r-ﬂforkshop_; with three two-week sessions respectively on Array Studies,
Physics and Astrophysics with DUMAND, and Ocean Engineering Problems. It was
&t "this meeting that for the firgt time we designed, for heuristic Purpeees, a
DUMRND .Standard Array, lLater called DIMAND G.

. The problem of optical background in the ocean occupied attention from
the begianing; it is clearly outlined in the 1975 'Pr'ocee.di-r_;gs. A large as-
seithly of optical sensors, each subject to high '-bad;grpundﬁsrm Lerenkov light
produced by radloactive solutes fn the ‘seawater — mainly X - -and to wandering
‘bloluminescent organisms, is not rhe easiest system in the world for which to
‘design & triggering system, or from which to collect and proceas data.
Following the 1975 workshep, work on weasuring the background in ‘seawater .was
-undertaken, . by Roberts ~at Fermilab. It soon became evident that ‘FPHT :signals
“Hfrem the K 'ﬁb;lc‘rcground..c.ons.isted.;ailmst:.-embi-rely of single ' photaslectrons.
“therEfvre phototybes. with sufficient pulse hedght discrimination to digtin-
podaih oaerelectron pulses from two or more would be able to suppress the back-
gromyd to a considerable exteat. Prégent PMT design for DIMARD is:kased‘-.on

- this discrimination. The alternative, of using colncidences €rom several de-
teotors (or  a segmented detector) has ‘been considered, bat is 1ikely to be
‘much more expensive. ' ' “ . :

‘Meanyhile HMonte Carlo work ‘on ‘arrays-was progressing. The verified capa-
hEltty of measuring inelastic teukrine scattering was ~supplemented ‘by studies
on roptimlzatien of the -arrays themselves. These were s trougly wmotivated by
the very high cost of ‘the 1978 8tandard Array, and the realization of  the “TRELY
wtrong cost dependence upon sengor geparation.  The cost of -a. large array
wadld be largely determined by wensor sensltivity and water transparency.

It also became clear that diffesent arrays might be requived for differ—
ent  purpoges. ‘The 4nirial ain was muon detection and meagsurement, allowing
the witesr -separation .and least .ewpensive arrays. Work on improving -detector
sensitivity by using the -wavelength-shifter technique accelerated afer the
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1978 workshop; and in 1979, following a suggestion of Roland Winston, the Sea
Urchin concept was born. However, in the absence of explicit DUMAND funding,

little serious expetrimental work on sensors could be undertaken. :

In 1979 two important meetings summarized the status of DWMAND. The 18th
International Cosmic Ray Conference In Kyoto devoted two full sessions to DU~
HAND; and the Soviet Union played host to meetings at Khabarovsk and Lake Ba-
ikal. At these meetings it became possible to annocunce that support for DU~
MAND had been promised by ONR, DOE and the State of Hawaii, the Hawali DU~
MAND Center had been born. : -

To sunmarize the status at the end of 1979: wmuch Honte Carlo work had
beecn dome on array design, but much nore remainede The need for a
high-sengitivity detector impelled the decision to push experimental work on
Sea Urchin, despite misgivings about 1its probable size, weight and fragility.
In signal processing, we were not yet sure how to handle the data. In ocean
technology, we had been assured by the 1978 Workshop that deployment was pos-
sible; but available deployment schemes required many cable connections to be
made at the ocean bottom, thus requiring a remotely operated deep-water under-
sea manipulator. Some observations on underwater trangparency at . the proposed
sltes had assured us that our estimate of a 20m optical attenuation length was
-econservative.

2. FORMATION OF HAWAIL DUMAND CENTER (HDC)

Althouagh the annual workshops explored many important aspects of DRIAND
and periodically stimulated activity among DIR{AND supporters, it was clear
that only a continuing full-time effort would produce the detailed information
necessary to establish the scientific benefit and technical feasibility of DU~
MAND, A mmilti-agency request for major funding of a DUMAND central laboratory
located at the Scripps Institution for Oceanography, submitted in early 1978,
was turned down for a variety of reasoms; among the most compelling was the
advice that reorientation of the proposed operation as a feasibility study was
more appropriate at the current state of development. With that view we could
not disagree.

There were two encouraging aspects to this setback, however. One was the
sympathetic (1f mildly skeptical) attitude of the DOE High Energy Physics
staff, vho are accustomed to radical new proposals; and the successful fund-
ing of the $76,500 request to ONR by the Hawaii group for DIMAND site studies.
The growing Interest in DUMAND by members of the Hawaii High  Energy Physics
Group (UH-HEPG) was also important, since an on-site DUMAND feasibility study
could readily be attached to this cxisting organization.

Prior to the Kyeto Cosmic Ray conference in August 1979, the exteat of
local support for DUWMAND was explored by Prof. V.Z.Peterson, principal inves~
tigator for the Hawali group’s contract. A University commitment to support
one full-time research physicist for DUMAND was obtained. Modest funding of
occan-related DUMAXND studies by the Governor’s Marine Affalrs Coordinator (Dr.
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John Craven) helped to match prospective DOE and ONR support. With the bless-
ing and encouragement of the DUMAND Steering Committee,” the concept of a’
Hawail . DUMAND Center was realized. Prof. Peterson cabled to Kyoto the good
news of "assured adequate support" for at least a two-year feasibility study;’
the chairman of the DUMAND Stecring Committee, Prof. F. Reines, announced
this development to a meeting on DUMAND at the Kyoto conference.

Elements of DRIAND -~ The main elements of the Hawaii DUMAND Center are
the professionals involved, the facilities available, and the eorganizational
structure to support it. The only full-time staff avre two - long—time DUMAND
supporters, Dr. John Learned and Dr. Arthur Roberts, who also -hold addition-
al University acadenic titles, as Visiting Associate Professor and Ad junct
Professor, respectively.. ‘I.‘h-eir arrival around January 1, 1980 marked the ef-
fective beginning of the Hawaii DIMAND Center. Of the T physlcs faculty,
V.J.Stenger .and  V.Z.Peterson are the most active in DPUMAND, the latter belng
director of HBC. F.A.Harris and M.D.Jenes have also participated in DUMARD
activities, and two graduate students, L.R.Glen and D.J.0’ Connor dre commited
‘to DUMAND physics. S :

From late 1979 to September 1980 the DIMAND staff was waugmemted bWy Br.
Donald -McGibney, on leave from the Center for Nawal Analyses, who took a major
 part inswperimsntal iavestigations of wavelength-shifting wensors.

Boean-related DIEKND activities in-Hawali have been coordinared by Prof.
Jin  Andrews (UH<Dceanography), principal investigator of the initial ONR DU~
MAND grant, Prof. Andrews ls now on leave to ONR, and Prof. Dick Stroup has
assumed  responsibllity for the project. Yarine blologist David Karl,
(Uit-Oceanegraphy) has .also participated actively in BIMARD efforts, most re-
enntly in making arDlMMTD prospntation to ‘the dixector sof NSF. :

‘Pregment visitors to HDC on DUMAND problems include Profs. DJB.Cline, U.
Camer i, @nd R. - March from Wisconsin, and H. Bradner frem Scripps. The Or-
o iState-tean of oseanegraplmcs, led dby Mrof. Ron Zamewslil, has played an
amtive  role ‘in .deep.ovean light s#ttepustion studies. Meny whori-term vigi-
ters, Prowmggovernment Sehwratories, oiversitiss, “ead coumexpbal companies,
have seoutwihted thelr "tdwe -and -expertise inm-sgmwdmkwh@ps on aignal
prosessing wwd on depleyment.

“Fhe csupport gkatf for HPC.effort . i:s”moviaed An wx *hy Lhe - eﬂmi;gg
ctaff -df the UH High-Energy Physics Group. This includes wompitting, ¢lectrom
ice, aond sccretarial support. Additional techaical support from the Hawaii
Fmeritnee of TCeophysies FHIC) Engineering Support’ "Bae LIty Kas wen Heelpful i
*fiae *thewii Lapnant 6f septical ‘sensors, ‘and: for techuieal aaaMance wn the Begign
aotbragnsbynetion -of - I;h'a -oaton Strikpg.

‘Bpage for offices aml Zmhoratory ek has sheen~provimed -a'n ‘the sphysics
fuilding, imcluding Offiees and laborabery space. 4Additiewmal:facilities are
used at“HIG, and miscellaneous university services as well. '
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3. SITE STUDIES 1980

We summarize here the results of environmental studies of the DUMAND
sites, which have been supported by ONR through contracts with Scripps, under
Prof. Hugh Bradner, and with the Hawaii Institute of Geophysics, under Prof.
J. Andrews.

Three cruises of the UH Rasearch Vessel Kana Keoki were made during 1980
in support of environmental studies at the candidate DUMAND sites. Prior to
1980 bathymitric, structural and sediment data had been obtained for the Maui
Basin sitel. In 1980 similar data was obtained for the Keahole site. Also
carried out during 1980 were vertical profiles of optical trdnsmigsion 1in 6
wavelength bands, hydrocasts for measurement of suspended particulates, and 8
months of moored currentmeter and transmissometer monitoring mnear the sea
floor in both basins. Recent work has been focussed on the Keahole basin as
the prime DUMAND site. ' :

Bathymetry and structure - The Keahole Basin has a flat floor with a
4800m closure. The structure is similar to that of the Maul Basin with a
thick (O600m) £i1l of acoustically stratified sediments. The finner part of
the basin, at the base of the island slope 1s occupled by a field of large
boulders. These appear on the echo-soundings and seismic profile as a region
of irregular depth with multiple hyperbolic echoes. Direct observation of the
zone by personnel of NOSC identified the source of these returns as a boulder

©. fleld.

Sediment — The basin sediment is largely island derived occuring as silty
clay with interspersed ash layers. There was no identification of turbidities
in the cores collected but from grain size and mineralogy it 1s clear that
there 1s considerable down slope transport.

Transparency — Vertical profiles were made in both basins with a. multis-
pectral trangmisSometer,-contributed by an Oregon State University group under
R. Zaneveld”, that uses a lm collimated path and 6 wavelength bands between
400 and 650 nm2»3. At all depths below 200m water clarity was equal to the
clearest ocean water measured to date. Attenuation lengths (l/e) were >40m in
the blue-green,, at great depths (ca. &4km.). An instrument using uncollimat-
ed light sources, with a vaziable path length up to as much as 84m, developed
by Bradner and Blackinton®’, was used in the Keahole Basin and gave values of
30 * 5m at 1000 and 1500m depths. ' o

Moored transmigssometers with a Im collimated light path operating in the
red (660 nm) were emplaced with the deep current meters in both basins at 10m
above the seafloor. The Keahole instrument detected a small nepheloid layer
reaching to 300m above . the seafloor. During its deployment, a decrease in
collected light at both sites was observed — 192 in two months at Keshole and
6% in three months at Maui. These changes ~ especlally at Maui - are compati-
ble with estimated sedimentation rates. At 3800m depth at Keahole hydrocast
samples showed 20-50 pg/l of particulate material,

Curreats ~ The current meters were moored at 10m and 150m above the seaf-
loor —at both sites. Measured currents did not exceed 11 ecm/sec (1 hour aver-
age) at either site, and were normally in the 4~5 em/sec range. The dominant
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spectrum was the semidiurnal tide. The average drift at the Maui site was 2
cm/sec over two months. Keahole was comparable although no directional data
was recorded. : '

: The environmental parameters so far measured appear compatible with array
design possibilities. Long term monitoring of the enviromment is required to
confirm this as little deep ocean data exists at the time span of interest.
Bioluminescence, fine scale turbulence and blofouling (deep sea bacterial
growth) and surface absorption of mutrients are critical areas for future
work. :
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4 . MONTE CARLO ARRAY STUDIES.

¥ornte Barlo studles have been of great importance ‘to DIMAND from the ear—
liest stages. Serious efforts were started by Rebervs in late 1977 .and early
1978 to -determime  whether . a IMAND, array cafld not -oily -{bemect .maons., ~but also
measuee “thair diwection arnd.:-.anew%l_ . By .the mammer :df NS, -t %ws ¢ ety ~that
theme muantities, @nd corregpondingsguantities Sor owenies, caild be ‘meseweed
well wwomgh to allow the measurement df the-y Aterrthrton of ‘tnelastic wweo-
trime mpktrering #t energles yp to 5=10TFeV™. hass e First  spplication of

‘Bat’ke mechefinues "wes to.studies of pessiide - et e .

“Ttie application to optimization of 'DUMAND arrays :wae -tatriated by Stenger
S 8T8, apd his dnitial peults veportad at the Ryoso cosmic .xay conferen
sawsl tiee Whabarovekmeering”’ -« .Followlng the .esgehlisiment of the “HDC, this
ins Ay attyree AppecEl e "“ﬂ“l’[‘m the end #F Im’m,m\wmm
sevesdl -wbth the detectdion :6f moons .and of »wm&ms:Meabmﬂm“uf
“the ‘neatrines .produced dn *the grmospgheve Yoy rcomiic roye, gt za avmewhat ssali-
wr Fraction (2t 1s ‘belleved) -of :the -as pet ondetentad cektmeterrastrial
Adgh-energy neutrine flux. . o '

_ Bradies of the detection df elesgtren :and tau wefkrines -eve dust hegin—
nigg. Thelr importsmce will depend on whebher or owt stimexe sl - pepgt gdro 08—
-¢Ellatings. B they ido -exkst, extraterrestrial rpeittTinos saan be aym wied Lo

dee . Erengoit ik tam, mnd “fhedr £laver B!  comvey 1 3efRe or no:iafermirien: cor
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cerning their source. DUMAND can detect neutrine oscillations over a wide
range of L/E (see Sec. 9), and thus this question may be answerable.

The purpose of array studies during the past year was the optimization of
muon and v detection; how well they have succeeded can be seen ly examlning
the success¥ve DUMAND arrays which have been studled as heuristic models. The
first DUMAND arrays studied were (a) DUMAND G, the 1978 Standard Array, and
(b) DUMAND G’, the same array as modified by the introduction of Sea Urchin;
thgse were not computer-modeled., Computer modeling was first used for DUMAND
G27, a very large array, with wider spacing, using measured values of water
transparency and Sea Urchin detectors. Fig.. 4.1 shows these arrays. With
computer modeling, major economies begin to appear. -

Many additional configurations have been studied since then, and the most
recent results of such studies, to date, are the three arrays shown Iin Fig.
4,2, now known as MIDI, MINI, and MICRO. MINI 1s an array with narrow {15m)
spacing. Now, the Monte Carlos have shown that for the detection of muons
above 100 GeV or so, there is no advantage iIn marrow spacing; the only reason
found to date to justify narrow spacing is the meagurement of the direction of
cascades. Widely spaced arrays (50m) allow cascade detection and a rough de-
termination of cascade energy. These studies atre still in progress. Co

_ Fig. 4.3 shows the progression of DUMAND array cost estimates as contin-
uing studies provide improved estimates of array performance. The most signi-
ficant advance achieved during the past year was the discovery that even with
widely spaced strings, a narrower spacing of sensors in the z-direction (along
the string) would allow the substitution of 1low-sensitivity sensors 13"
hemispherical-cathode PMI’s) for Sea Urchin, at a gre t savings of cost, dif-
ficulty, and time, and with little loss in performance®. That single advance
is expected to save us a year or more in construction time, and very signifi-
cant amounts of money as well.

Fig. 4.4 shows the angular sensitivity of MICRO.
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FIRST ATTEMPTS AT ARRAY DESIGN

ARRAY NAME ~ DUMAND G DUMAND G’ DUMAND G2

(1978 STANDARD) 1979 1980 (MAXT)
PROPERTY
Mass, Tons 1.3x10° 1.3x10° “0.7x10°
No. of Sensors 22,695 ' 22,695 6615
Sensor Tyﬁe Cylindrical WLS Sea Urchin Sea Urchin
Sensitivity :
(stengers) 2.5 6. 6.
- Sensor Spacing,m 40 40 50
Array floor plan 800m hexagon 800m hexagon 1000m rhomboid
Arxay height,n 1000 1000 1000

Volune Gain for Detectioﬁ
of 2-TeV neutrinos {(1TeV muons):

Gain Factor 2,1 2.1 2.7
Effective Vol.,m>  2,8x10° o oo2.8x10? 0 1.9x10®

Couﬁting rate, muons of 200 GeV and above
from atrospheric neutrinos:

Events/year . = 3xl10° 3x10° 2.1x10°

Tiormalized Minfmum Detectable Flux (MDF)
of Extraterrestrial Nesutrinos

'of 1 TeV and above, neutrinos/en? sect

MDE ~ o.sx107t0 0.8x10710 1.x10710
Angular Accuracy of )

Muon Directionmr 5 5 . 5
Estimated

Cost, $1 89. ) Sh. 19,

Fig. 4.1
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ARRAYS CURRENTLY UNDER CONSIDERATION

PROPERTY

GROUND PLAN
STRING SPACIRG
No. OF STRINMGS

SENSOR

VERTICAL SPACING

VERTICAL HT.
BENGORS/STRING
TForaL NO. OF SENSORS
‘VoLumMe, Cu, M,

ARRAY RADIUS, KM

Vorume GAIN FOR DETECTION
oF 2-TEV HEUTRINOS

,ﬂﬁﬁEECIIVE'ﬁ&n‘.’MS

_Rﬁa@ﬁr{NG.RnTE,'HUBNSﬁFROM
NEUTRINOS. OF 200 GEV AMD ABOVE:
TEMENTS/PBAR

WERMALIZED HINIMUM DETECTABLE
frmy AMDF)
MEUTRI0S /CMe SEC

MO

ANBULAR ACC, MR
£os7, ¥ESTHWIED

500x500M
50Mm
121

137 PMT
25m

. 5001
21
2541

1.25x108

25

6.15

Bx10°
sxiot

2.5x10740

¥Fig. . 4.2

" MINI

- 156x150M

15M
121

13% @7

15m
300m
24
2541
6.7x10°

75

 F5KE0°
~1x1o®

1.5x3077

»

450n 430

MICRO

250x250m
- 50m
36

13" -PMT
25M -

500M
21
756
3x107
125

12,5
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15750
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5. DEVELOPMENT OF OPTICAL. SENSORS.

Developnent of optical scasors has proceeded along two major Ilines.
First, counsiderable effort went into basic component studies, and later ini-
" tial medel testing, of a "Sea Urchin" wavelength~shifting optical sensor.
Other types of wavelength-shifting sensors (WLS) were also actively studied,
on paper, by computer, and in the laboratory, but it was finally concluded

that the Sea Urchin is nearly optimal as a WLS sensox. :

im parallel, wurk on phototu’bes was. carried on at DUMAND and by the pro-
ton decay @groups, testing PMT’s from various manufacturers, and working with
them to develope new large area-PMI’'s, This work, which  included computer
slmilation of PT electtron optics, has now beorne --fruit,f and several new tubes
are becoming available. Other things being equal, direct—view tubes are
preferable to WLS detectors because of simplicity. ' ’

4. Light Collectors.

Micide light collectors -have been discnssed before ¢sec Proceedings a_£ ‘7

.and parlier DUMAND meetinps) the one with most promiee was Sea Urchin®™ ~, so

namzd because of its appearance (See Fig. 5.1). The high -efficieney Tesults

from an exceYlent phase-space match between the light emitted from the ends of

the spimes and the BMT cathode centered in the pressure housing (see Fig.

2). Oripimally }t':m‘s hoped that optical gains as high as 25-could be achi-
eved; in practice’ they did not reach 10.

dnitta) work at HDC centered on spine materials. Tt was hoped that vela-
tively ‘rugged plastic spines, doped with fluor, could be used, because of
Ctheir gurability. They turned out to be-expensive, not sufficiently transpar—
ent, and sabiect o weving and vrazing. Hellow glass tubes Iilled with sodweut
-and Fluor smere the -bast and least expensive solution. Efforts at optimizatrion
resulted dn Lthe sglcctlon -of . toluene -as-solvent, and Hostasol-8G, a commercial
preprietary ‘Fluor~, as sélhiute. Detalds of -these experiiments are given in
refovamens A, '

As t of the development work, the quantum efficiency of the fluor was
&nwmmmﬂ 5 sand  the —optical !ffi.t:iem‘-y wf the epshen detarmband - ‘b}"‘dltﬁmt
swensgrement”. The obperved eff ickency was dess than <that -préfilesed by
Mawre - Gerdo Aprﬂgﬁaﬁz we had wrirten tosgtafdy -gwisre mpptshes. Thig, -we beﬂievr
wedue wo o the fafhrre of the program to “tédke Idto -aecount ‘rodtmorptien aad
cprediasion o Fluorescent light in the fluor, which occurs beciuse "the 7 luo—
~pewgent suies ion spectrunm overlaps the absowption :--sf}::ent'irum.

Anopgsthe engineering preblems comsidered (of which -some arere amlved)
aere “the prablow of pressure equalizatien en the spines, ustyg-a slidisyg:f Tee
pisten; ometachment to  the sphexe, folding for tramsportation, -ele. A
kaliegcale wmodil was eanrtfuctrd and is eril] ;available for n:iditm&l shestiag
if .oaeded. :

e gonclusion-wf  the .experimomtal ok, mosBly - carvked out by D.
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HeGibney and A. Roberts, was that a senseor with sensitivity about 6 stengers
{(equivalent to a PMT cathode of area 0.3m2) could be manufactured for about
$1500, would weigh about 1.5 tons in ailr, and -200 1b in water, and would fold
into a volume of lm diameter, 3.5m long. The difficulties of deploying this
size nodule are discussed in sec, 8.

Because of concern over the size and complexity of Sea Urchin,' a séarch
was nade for other detector geogegries approaching its efficlency, aad compet-
itive in cost. None were found™’ . Monte Carlo studies were equally fruit-
less. ’ '

e

B. PhototuhesL

For several years DIMAND rembers {particularly J. Learned) have been in
touch with PMT manufacturers, seecking to stimulate construction of large are
photocathode tubes with modest timing accuracy (several ns) and 1low cost.'?
These efforts were helped enormously by the requirements for such tubes for
proton decay experiments. The Cleveland group purchased 2400 5" PT's from
EMI; from studies of them it fed back much information to the manufacturers,
and also to Hamamatsu in Japan, who are also making large area tubes. That
cooperation has resulted in a 13" PMY, expected shortly from EMI. (See Sec.
7). Hamamatsu, under similar stimulation from a Japanese group as well ag DU~
MAND, has produced a sample 20" diameter PMT. Either of these tubes will be
adequate for DUMAND arrays (see Sec.4). They will be much more effective if
they can be made with high-zain first dynodes that allow one-electton ncilse
pulses to be distinguished from larger signals. Hamamatsu had succeeded in
making such tubes; EMI is not yet certain of them. RCA has successfully man~
ufactured them for many years.

Machanical and electrical packaging problems do not appear to offer seri-
‘ous problens (though no manufacturer, as of now, repularly produces pressure
envelopes large enough for a 20" tube.) The experience of the proton decay ex—
periments continues to be of considerable value to us, in terms of evaluating
the performance and reliability of large numbers of tubes.

In su«i, we have now developed adequate light collectors; prototypes will
soon be tested in the muon string, and given PMT’s of the type discussed, we
have a solutlon adequate for presently contemplated DUMAND arrays.
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art of half-scale model of §ea Urchin. Spines are
‘jig. Tubes are sealed with mirrored free piston plug.

Fig. 5.2 b) Photograph of p

held by assembly




photomltiplier tube in-
the top hemlsphere is re-

Fig. 5.3 Photograph of 13" EML henispherical-cathode
stalled in a 17" Benthos pressure sphere housing;
moved. Cable entry and electronice are at bottom
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6. SIGNAL PROCESSING

In February, 1980, a gignal-processing:workshop was'hdld at _the Hawailil
DUMAND Center in Honolulu. A group of 22 physicists, comminicatiom englneers,
marine enginecrs, cable specialists, and photomultiplier engineets considered
the unique .signal-processing prablems.of DUMAND. sAttendance was :sponsored by
the-home imstitutions «6f the ic¢mrifesess. The -proceedings, edited by A.
"Roherts, appeared in June. '

The workshop considered the most difficult of all possible DUMAND
:signal-processing préblems: . the instrumentation of the original 1978 Standard
-Array, DUMAND G, -with 22,695 sensors. "It-was asked to consider -the - problems
of collecting, filtering, encoding, recording, and analyzing the data to be
received, including high individual sensor sbackground rates and -an -estimated
240 through=-going mions per second. ' :

Three. distinct types of datasprocessing apptoach were’ suggested. Whether
they would 'all hs practical with the TMAX I~-DUMAND™ .a 8 “dmscribed ;above 1s not
‘known; ,but at least one of~themiaauld. “That queation.new-appears moot An.any
.case, with the rapid Zimprovement+and simplification of DUMAND arrays. Present
DIMAND concepts. envisage well.under .1000.sensors for the first UMARD arvray,
~and 6600:as an.upper .limit. -At that.level, probably all.thmee approcahes will
-work, though.perlmaps “not ‘equally-well. '

One-of “these concepts, .the-simplest “in principle -Gand .modestly dubbed the
Wdumb" sarray by -its .author, G. -Wilkins) envisages ¥ll ‘data from the mrray
being txmnsmitted,to: shore.and-analyzed there. +This «approach-has.only receat-
ly ‘become ‘feasible, with- the.advent of .practical optical. fiber,data transmis—
‘sion systems with-.glgabit capacities, uging relatively. inexpensive cables and
components. : . :

This approach has.lgpectantzedvanbages. JIt.minimizes.electronics .on the
ocean -flaor. ° 1t minintzes --:ygechaps eliminates — electxonics.at eritical
juncticn points where.avBallure wodld ‘Aigable 'an entire string of 'sensors, or
even a row of strings. +We -can’wow try-to design all the .electronies to be ei-
ther ;agshore or in - the Indtwldwal+sensor module. *From a ‘rellability standpo-
int, this 1s the best arrangement, since an ocean bottom electronics failure
‘can at:most disable . a single :sensor .module. ’

A8 -a-result -of .the worleshop,-we no .langer have .any serdious copcerns .about
-the dam"—pmcee-sing-'pr-oblem,-;u@hi.ch'.the'previnua.:mr«we'-,had regarded as one of
“DUMAND’ 8 -ma jor unsolved problems. -None of the experts prgsent at the workshop
dissented Fron-this whew. : : )
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7. MJON STRING.

During the first year of the HDC we spent some time converging on a first
(Ocean)(faigicle detection experiment. Several designs were discussed and re-
jected. " '"" Finally it was realized that the newly produced 13" hemispherical
phototube of EMI-(in the spring of 1980) made possible a substantial and sim-
ple underwater muon counting experiment. We wanted an on-line experiment that
would be retrievable in order to learn to cope with the environment and make
the necessary i{tevations as we gained experience. Lowering the detectors from
a ship seemed a sopd.sta:;,.anf3§ive detectors in a vertical string proved the
simplest useful configuration. . '

As Monte Carlo calculations have shown, this 1nsE£gmgnt should have an
impressive effective area for mion detection, >700(§26) -« Previous underwater
detectors have had only several square meters area' ’ ‘. Until recently the
largest underground detector, the CWI detector in South Africa, had an area of
~110 m?. The largest of the new generation underground detectors (the Cleve-
land .proton decay experiment) has ~400 m* muon detection area. Thue this de-
tector, with a mere 5 large photodetectors in the ocean, can extend the upper
limit of the measured cosmic ray spectrum, and increase statistical precision

in cosmic ray muon depth-intensity measurments..

Moreover, much of the imprecision of previous uegstgroundlwork ls due to
uncertainties in overburden density and composition (which enters exponen-
tially in the range), whereas under the ocean we should be able to monitor the
pressure to more than ten times better precision (to 0.1%, compared to 25% un-
derground). : : : - '

The experiment will also be able to measure some of the characteristics
of the angular distribution, depending upon the time resolution that is actu-
ally achieved by the photomultipliers. Fig. 7.1 shows a sketch of the muon
string and 1its assoclated equipment. Figure 7.2 shows the depth-intensity

-distribution expected between 1 and 5 km depth. Figure 7.3 ghows the intensi-
ty as a fuaction of angle for various depths. Figure 7.4 shows a cross—section
of one of the five detector modules. Table 7.1 indicates a possible - schedule
for a 10-day data taking sequence that would achieve better than 1.2% statist-—
ical uncertainty in the total rate down to 4.9 km depth, and better than 7%
statlstical uncertainty in the largest useable angle bin (60°-75°) at 3.0 km.

At first it wes hoped that the detectors could be operated with 1little
electronics in the ocean, but lacking a fiber-optics cable with sufficient me-
chanical strength and electrical power handling capability (next year, per-
haps) we wera forced to utilize coaxial cable. We have borrowed an armored
5.7 kn (&?-8” equivalent cable from the Marine Physical Laboratory , at
Seripps. The cable losses will permit a bandwidth of several megahertz, at
nost. Thus we were forced to design a system with Ffast electronics i1in the
ocean. :

We decided to use off-the-shelf, modular, high-energy-physics style elec-
tronics (CAMAC) placed in a pressure housing as shown in Fig. 7.1. The hous~
ing design, utilizing six 22" diameter, aluminum hemispheres placed on _oppo-
site sides of three holes in a 2" x 6’ x4" aluminum plate, was originated by
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1. Bradner at Scripps for ocean bottom seismometry some years ago. We have
borrowed the hemispheres from Bradner and the plate is at present being ma~
chined under the supervision of U. Camerini and colleagues at the Physical
Science Laboratory at the University of Wisconsin. We should also note help
on software from R. March of Wisconsin, and other laboratory and electronics
help from F. Reines’ and J. _Sahultz’s,groups at U.C. - Irvine. :

An overall block diagram is shown in Fig. 7.5. We plan to use microcom
puters at the surface station and in a “"smart" crate controller below. Both
power and communications will be transmitted via coaxial cable; the former as
high voltage (1 kV, 60 Hz) and the latter as high frequency (fsk) coded digi-
tal data. : ' ' :

The modems will handle 1 megabaud (DMA) transfer rates. This rate is
greater than required for the problem but puts the comminications channel well
away from the power supply sidebands, and will simplify progranming as well.
Both computers are of the type LSI~11/2 (Terak on .top and Interface Standards
below), so that much high energy physics experience and some software can be
" utilized. In fact we plan to use the Fermilab '"Multi" system for experimental
control at the surface. The decision to use these computers and programmable
logic has directed mch of our local effort to software. This decision was
made to speed construction, to create a system that ecould evolve as .we gain
experience operating in the ocean, and to acquire a system that would be reus~
able in other situations. : o

As of this writing (4/81) 95%.of the electronlcs -is on hand, as -are the
pressure :housings and cables for the phototubea;--and“most~mechanica1 and
electrical hardware has been designed and constructed (e.g. the portable
frame to support the 1000-1b electronics package, etc.).

A major outstanding problem is the actual deployment of the string. At
first we planned to use the Kana Keoki, the HIG research vessel. However, in
.January we learned of ‘the availability of a vessel called the "ORB" (for Oce-
anographic Research Buoy) which belongs to MPL in Sam Diego. "This
21.3m x !3.7m barge can ‘be (and has ‘been) moored in .deep water, has a dry
center well .with motion-compensating winch, aud hﬂs'ctewlfacilities'(forlup to
20), lab apace and power more than adequate for our needs. Indeed it seems to
‘be nearly an fdeal vessel to moor at the Keahdle site for a month-long period,
and from which to collect data. Negotiations are still in progress, but it is
possible - .that ORB will be transported to Hawaii by the U.S. .Navy in early
July. Fafling this, the next time window for shipping ORB to Hawail will be
six months hence.. '

Other than muon counting, the string should observe an average of one up-
-coming maon -from -meutrinos per 2:5 days-and thus-make the first 'underwater
neutrino obgervations. Other types of events {cascades, ate.) will bé ob-
served but the spatial resolutions of the “Instrument will not permit distin-
guishing these. Ome "far -out"-type of observation may be possible, in that we
plan to deploy -a CCD IV camera .along with the:other Instruments. Given a suf-
ficlently "luminous ev?fa)(say of the “anomalous cascade" type observed at Cthe
“Kolar gold filelds Y we may be able to ‘image the 1ntefgstion.
‘Extwapolations indicate a posgible observation frequency of 1/20 days.
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The detector will also makeésperforce) observations of ocean backgrounds.
The {rremovable background of K = decay induced light will provide a built-in
calibration and stability(ggni;or. We will also utilfze "internal"” calibra-
tions £from various rates » plus LED strobes and radiocactive sources on each
photodetectoElfy provide redundant calibration, including effective ocean
transparency . The detector will be the most sensitive light sensor ever
lowered into the ocean, and will thus enabdle us to do unprecedented studies of
bioluminescent ' background 1light (if it is present). In order to explore the
unknown time structures and density of such backgrounds we will utilize a pro-
grammable waveform digitizer that will function as a remote multichannel sto-

rage oscilloscope allowing us to take snapshots of pulses, vobserving theif
temporal nature and sgomewhat of their physical extent. If they are bright
enough we may be able to obtain images of them with the CCD TV. (Later ver-

sions of the string could easlly carry a strobe light and high resolution cam-
era if that 1s warranted).

In summary, we have designed and are constructing an undexrwater experi-
ment to be operated during 1981 in the ocean near Hawalil. The detector should
be able to produce new and interesting cosmic ray results, make the first
underwater observations of neutrinos, conduct a search for "anomalous cas-
cades", study in situ ocean background, and make unprecedented sensitive deep
ocean observations of bioluminescence, — all in addition to providing invalu-
able ocean experience for both the equipment and the experimenters.

TABLE 1

A 10-day data acquisition schedule for a 700 m? effective area puon string. Count rate totals at
each B depths are shown with resulting statistical errors. Alse shown is worst useable angular
bin (60°-759),

X 0 op0
waren | BT | O | are S STAT. RATE = STAT.
?E:}“ DEPTH couecrion | (u7sy | F O | Ermor (1/s) P COUNTS 3 ppann
(XM TIME (DAYS) ) ®)
.93 1.0 .06 19.5 1.01 x 10° .31 1.22 6.3 x 10’ 1.26
1.42 1.5 .13 4.68 | 5.26 x 10" | .44 a2 | z2x10t | 2.2
1.96 2.0 .40 1.45 | s.01 x 10° | .45 039 | 1.3x10° | 2.7
2.50 2.5 .50 523 | 2.26 x 100 | .66 | 9.22x107 ) 400 5.0
3.09 3.0 1,00 .208 | 1.80 x 10° .75 2,42 x 107} 209 6.9
5.68 3.5 1.50 0891 | 1,15 x 100 | .98 |62 x107" 88 10.6
4.30 40 2.00 0402 | 6.95 x 10° | 1.2 2.04 x 10°* 35 16.8
4.88 4.5 4.50 o1 | 7.38 x 10" | 1.2 6.35 x 107° 25 20.0

TOTAL

16,09 DAYS




- 26 -

.nummv *sa £37susjuy uonu Lea-dFWSO) 2L

omwy 'y1dag 1uepanb3 Yooy piopunis

*314

L

S . R 2 |
Y ' T ¥ g-
102 13l o
| Gxvhine . it
e ke - s
y e (G2l =8)
Tro_a /s o100 YOI g

. - £ . peopdoany T
. a2 m L : :
o-vuo_-ou N BBy Co ’

1

DjOY J& 610y o
. Dl ~ARp/|
L oeeg - it uo.::s.z W01 SUONR G Soul e wesy BjEng .
: ﬁ.l-%io:-oe._.:j . o
T R N 1
o o T8
— -
~< L, a7\
_‘_m.wo..n...f , T< 1 .W-
Suryeb, ]
=1 . Sy =
2= -
/) S
: L]
~
P »
o

- mmwum.! 0
$144 SROLIOA WOLY .
‘phid MioH B abuoy :
i2
30139§00 J00L .
Apsva yidaq
uoniy Aoy S1wso)
1

oa.n..n.n.v On.i aw..n mo”n Omuu .om._ 2t €6
{wy) Jajom ) .._.aun_

e ——— e — -

“8ulalg uomm @Yl Jo YIS [z F14

souee il veLN i
b

MM D Dﬂndﬂ« Uuu\ug_ ! .

mw,.\ Il
/
; \e.
\ A
_ §5
: g3
_ 3
/1T i
SINPOK 10428530 / ~.
o] %9041 uo ]
...E.Sz O[3 ,...Mqr .1® |
" sm._u: E.a_z_i / |

Uiy, oiqa3 :
.mujos«ou-M\ o f—
- ™

/-
/
wyc-
/ .u.n.—ﬂ-mﬁ h

SNINLS NOAW 40 HI13YS




.___h.H B T

*axayds sseTd soyjueg

=38NAY IHd ,E1 ® :@rnpow

10329938p 9TSuTs B 10 UOT3IDIB~8S01) *H°; ‘874

#3108 ydn

g 1oddng |

iAd

$Q110j04d
T3

sboyand
$21U04496]3
1ng dwng *
B siojbijaung buisnoy
_uu_:o.’w souag 0o, 2|

.’\

ONIHLS NONK NI
0123130 3NO 40 NOILD3S S50

[iE)
L E
oS

Jeppoig
DisuDdx3

inng
ALY 0

log, (Rate /ic /Day)

Je aT3uw

*sulded TEIDADS

{sea.bsq) atbuy ypvaz
09 St oe Gt

*sA AaTsus3ui uonu LBI-DTUSO)D L/

*312

A Ld Ll skogo

(104131045 %0C »)

Apanisuag

ADOY PLOPUDS Ut uidag
DinwWIRg ayokiw
su@ spinduy 6y :
.Eooh..otqEu:couho_unao.3_._.__._84

240y Buyunon uonpy

(W) # |

yig3Q
LU3;DAINDS

ml

wi

suig G U {2357 31/ 33014) " b0y




28

MUON STRING

~ FUNCTIONAL
BLOCK DIAGRAM

TERMINAL
COMPUTER |
s &1 PRINTER
| FLOPPY
r— | DISKS
MODEM ——

POWER & DATA
CN COAX

1-5 ken CPERATING DEPTH

ol T

" CAMAC BA&.D P“%OBRAM’\‘!ABL%
ELECTROMICS

1,( .

RE L v sl




- 29 -

8. DEPLOYMENT OF DUMAND . *

The deployment aspect of DUMAND includes the problem of packaging the ln—
dividual strings and. connecting them together, in such a manner that they can
be safely transported from shore to the final site, lowered to the ocean
floor, and properly . emplaced on the bottom. It includes anchoring the
strings, releasing them from their containers, and providing means for measur-
ing the location of each sensor at any given instant. In addition, the entire
array must be connected to the cable that supplies power and conveys data to
shore. S . .

Deployﬁent probiems 1ike this have been encountered before and 'solvedl;
but never on the scale, oY for the period of operation DUMAND envisages.
DUMAND therefore poses a challenge to ocean engineers.

The first deployment workshop, 3 one-week seminar in 1977 at the Naval
Ocean Systems Center at San Dieéo, was of value in orienting the ocean en—
gineers to the problems encountered®. As in all later workshops, the physi-
cists played only an auxiliary role, explaining the requirements and the 1imi~
tations, and asking questions about the proposed solutions. At the first
workshop, the DUMAND arrays, in retrospect, were not sufficiently well defined
to allow explicit solutlons; in partigcular, acoustic detection had not yet
been excluded as the primary detection scheme, and occupled a considerable
fraction of the group’s attention. . '

At the 1978 Workshop, a definite array, the 1978 Standard (DIMAND G) was
presented, and the engineers went to work on it. They came up with five dis-
tinct feasible deployment procedures, of varying difficulty and cost’s The
least expensive was about $15M, for an array of total coat $89M. It used the
tested technology of the 0il industry’s drill-ship. Industry and naval ex”
perts agreed on the feasibility; but the procedures required a considerable
amount of activity on. the ocean bottom, including plugging cables into sockets
with the aid of a remotely controlled deep-water manipulator. o

As the DUMAND apray steadily ghrank under the assault of physicists in-
tent on reducing its cost, the deployment problem, 1ike other problems, began
to look more readily manageable. During 1980, many new array configurations
were discussed, most of them considerably smaller than DUMAND G, or even DU-
MAND G2. (See Fig. 4.2).

By itself, this was not a sufficient change to require a new deployment
workshopa However, the simultaneous development of the Sea Urchin
detector -6 a massive - high-sensitivity device with hundreds. - of
fragile-looking glass splnes protruding from 1it, moved many people to ask
whether such structures could be deployed successfully. Eventuelly those vo-
{ces grew loud enocugh 80 that a deployment workshop was convened.

The Workshop was held in LaJolla in December, 1980. It considered. three
possible deployment schemes, and rejected one. The two remaining ones ate
drill-ship deploygent , somewhat modified from the 1978 version; and a "mas-
ter-buoy” scheme®, in which a clusteér of "glide bodies", each carrying one
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complete string, is mounted around a master buoy which is lowered to Jjust |

above the ocean floor. The glide bodies are then released, and glide at a

predetermined angle along & trajectory that lands them in the desired 1loca-

tion. They are then anchored and release their strings. They remain connect-

ed to the master buoy by cable, so that the master buoy becomes a central

junction box. The master—buoy scheme has already been successfully used for
© deployments, although not on the scale envisaged for DUMAND.

Both these schemes have the enormous advantage for DUMAND that they re-
quire no underwater coanections to be made, thus eliminating the need for an
underwater remote—controlled manipulator. The entire array is pre-wired ‘and
connected to the cable from shore before deployment; 1t can therefore be mon-
itored before, during and after deployment. The reliability i{s thereby incre-
ased at least an order of magnitude. The Proceedings of the Workshop have mow
been published. :

The fears of the ocean englneers concetning Sea Urchin proved to ‘be well
founded. Even under the most favorable packaging assumptions, both Sea Urchin
and a proposed substitute, a cylindrical cathode PMT of equivalent ~gensitivi-
ty, were so heayy and large that the string-packaging problem became very dif-
ficult. Not that deployment was impossible; it simply became more difficult
and expensive, by a factor of -dbout 3. ' '

The alternative sensor considered by the workshop — the "low-gensitivity
sensor” consisting of a single 13" PMT, was far easler to deploy, and much
more rugged as well. ' '

‘This conclusion was ‘sufficlently clear. to emphasize the fact that the use
of large high-sensitivity -sensoxs, of whatever :sort, ‘tmplied-high costs of de-—
ployment. Congequently it became important to see whether "there could be
found ways of achieving similar results ~ retaining wide sensor spacing ~ with
the .low-sensitivity sensors.

As it turned .out, almggt Jmmediately a  substitute for the
*high-sensitivity sansor-was;iouzgg. It was-almgst'ﬂuﬂic?auSIy simple; 1t in—
wolved using what we ~mow call asymmetrfc -array -spacing, 4n which the

sz~geparation of the .sensops:(i.e. ~thelr :wpaning along“the.strings) is less

than the x—- and y-separation, ise. the string:spacing. “In the MIDI and MICRO
arrays, the 50m string spacing is supplemented by 25n z-spacing; thus the
-array wnses two low-sensitivity 13", PMT sensors for ;each Sea:lrchin previously
required. This has the éffect, for ‘horizontal :tratks, of making the effective
spacing the z-spacing; while for vertical tracks, it remains the gtring.spac—
diug. Consequently .we £ind the array has a sensitivity "holé" in “the vertical
divections (as shown In Fig. 4.4) over a nmarrow range "in which the efficiency
of detection is reduced. The price 1s 2 small one, :in view of the very greal
benefits the change confers.

One consequence of;this.discovery'is that there no longer appears to be a
requirement for a high-sensitivity detector like ‘Sea Nrechine ‘Far from being a
-disappointment, 'that 1s.a uelcome benefit; it saves a very great -amount of
engineering dqvelopment,uand-probably.advances*thexﬂaterof'aswotking arcay by
a year or so. All that is in additlon to a congiderable cost decrease.
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9. STUDIES OF DUMANT PHYSICS AND ASTROPHYSICS.

I. Honte Carlo Studies.

While our main work on !llonte Carlo simulations has had the purpose of
determining the response of arrays to muons and electromagnetic cascades, a
parallel effort is designed to determine the abiliry of DUMAND to do useful
physics and astronomy with a given array. A program has been developed which
simulates neutrino events with a neutrino energy spectrum as expected from at-
nospheric or extratervestrial sources and kinematic variables distributed as
predinted by the "standard theory" (Welnberg-Salam + QCD). . The quantities
which would be nmeasured in the array, muon and hadron cascade energy and di-

“rection, are simulated with error distributions foll.wirlg the regults of the
arr .y Monte Carlo.

Events are generated with statistfcs comparable to -an actual experiment,
e.g., one year's data. - Then, using rhe simulated measuved quantities (E,, Ey,
d), we - can ‘evaluate sthe sensitivity of the arvay as a détection adeviee with
batt systematic and statistical errors taken imto accouant.

“m}’ edure was first used in 1978 to show that, in one year”s run
with al acray, the effect of an 8D GeV W-hoson ww}ui ‘be ‘@oon &5 .4 S e?—
fa.:t in they = L f‘“‘ disteibation. Tiis was reported by V. Ssenger at Fgotol
and :.n.xbmowk3 mmfxrmn,, warlier voports by Rosh.’.rt:bl from.a &ffereat Tonto
Cario program. 1In 1300 it wes shoun that, 1f neutrino -esefllations of ‘the
type suggestrd by the Irvine experiment exist, they wenld “be detectable by NU-
HAND a8 ca wodulation -of ~the zenith angle distribution of %, wherged eorzent
cimtan (see Fim. 1),  These rr-;ﬂr.t» vere veparied ab- sthe Telemark Hisconsin
R '-cosﬁerenc;, on Nentrimo Hass™ and at D0 IQRDM”

Hensitivity te Extraterrestrial Neuteisos. -—- Phe mreoprsn has -also  been
ezl o estimate K eemsitimiuy o’fm{mﬁ) Lo maeatereustrid]l meurrinos.
TEawene wenn? e @ore prosenter] st TUDAND 80° and wi1l wileo e reparved bt Mew-
i Lo T and at the Mot Clotecaal }qnal Gosridee Rey Deni arpnce +in Peeis dn July.
s dattheee hat 4 Fluxonl 10709 e 21 ahove 16V thedotectaile “dn nader—
abe  miged Arrays. Soel @ Tlux Us "3 ‘orders of magnd tide -dbove ~the Jwwer “Timil
et bprgwd by Bervzinsky’ for the wosanlogical: hggh sonergy smeateine haddgronnd,
Zut ehout at his apper linit, A minioem f box 6oy the vegion of the palactic
ceriter can be calenlated with reasonable certainty® and is estimated to be
aleuw 2an™l0 s abave 1 TeV iwm.oa 296780 auindon. We wwe abowt .at rhe
thr siiold For this. 5o while ‘the detection of difEwec wmttatervestrial swm-

ot wEthDUIAE e et cortaln, dwperteat Limlés medll et -keast ‘he.osel.

Survr-y ef "torentizal Diserete Nemtrino Sources — For dlserers wsoovmRs,
‘a--.I;.‘I ine: of deoriakio In“t"n tTry at Xhe -enrth rranslake_into-enerpy Hinxes H7
s peder of 1037 pe 104 wegsls at o distauce of 18 1\1'-\'7.., HB433 ar DJvkpe is
-eni‘f‘tﬁigg 14! avrg S/ﬁ. As FEichler has pointed out’, ouly awnall fraction of
thi . meed appeas as high enevgy neattines Tor it 'to -be-secn with DIRIAND.

Eabimt on For the maanet o ceneyy lesn durdng <the. ead Iy wtagoes of palaar
CorpAacben ranpe 08 high as T oS, mepn/ e LAY Tarp: t‘rdm,,mru =f Ehis -emery can
sopawr ax hiinh evergy neatrinos prodeeed o Bhe sweposuding shell. Thas  so-
pernovae in ceur cgadaxy (sery care) and the dozenor so ,anl:l*i-"' wtthin o ley
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Mpe ought to be detectable.

Even higher energy rates occur in the nuclei of active galaxies. The
four Seyfert galaxies within 10 Mpc are good caTTidate sources. The radio ga-
laxy Cen A at 4 Mpc has been seen in TeV y-rays and would be one of the
first places to look for neutrinos. The blasg hole model ?5 active galaetic
nuclei suggest v production of the order of 10%° neutrines/s?®. If Cen A werve
such a source it would produce %1000 events per year at this rate. Other such

sources could be detected out to 60 Mpe.

Study of Neutrino Interactions. =—— More recently we have been taking
another 1look at the capability of DUHMAND to study neutrino Interactions.
Thus, the possibility of detecting and tdentifylnpg electron neutrinos 1is now
under study. Another problem has always been the difficulty of obtaining di-
rectional information about the hadron cascade, although enexrgy determination
to about 50% seems feasible. Some directional information, to about 100mr, is
possible in a densely-packed array (15-20 m spaclng) but this would be neces—
~sarily small and the event rates correspondingly low.

Another way to get directional information on the hadron system has oc—
curred to us. At accelerator ensrgies dilepton production by neutrinos is
about 1% of all charged current events. Such events can oceur outside - the
array aud still be measured so the ef fective volume can be quite large. Imn
fact, we find that there will be 2200 dimuon events per year detected by a
moderate sized array {such as MICRO). Not only can we study charm production
with these évents, but use them as a means to reconstruct the fnclusgive vari-
ables x, 0 and W for deeply. inmelastic scattering. More work on developing
thris possibility is now in progress.

II. Studies on Cosmic~Ray Applications.

In addition to the cosmic-ray studies inherent In the observailon of at-
pospherically produced ruons and neutrincs, other aspects of cosamic~ray phy-
sics have occupied our attention. First among these 1s the study of very high
energy interactlons im the upper atmosphere, the branch of cosmlc rays called
high—anergy shower studies. ' :

In the region above a poorly defined threshold in the region of 1010 eV,
there 1Is 1little serious expectation of accelerator competition for the next
ten to twenty years. HMuch study had been devoted to what can be learned from
cosmic-ray stulies in that s=nergy region. ' o :

In the past, high—energy shower studies have given important informatilon;
such parameters 2as multiplicities, scaling, transverse momentum distribations,
have bzen supplemented by still mysterious phenomena like Centauro events and
stranze decays llke the Kolar Gold fields experiments examples. Many cosmic
ray results have been verified hy later accelerator experiments, ' :

It has beceme eclear in recent years that high—energy cosmic-ray showets
demand attack by a variety of observatinnal tools; mnot much more can be
learned from large—ares shower detectors aloune, by gamma-ray detectors alone,’
or by muon detectors (n deep nines alone. A mix of detectors is vequired, in
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which several critical shower paramsters can be neasured simultaﬁeously, to .
enable the shower to be uniquely characterized13. '

Recent DUMAND workshops have devoteg_ time aad effort to the question of
how DUMAND npight best be used. Elbert’l first pointed out that multiple-muon
events in DUMAND would mke a signlficant contribution te Lthe problem of
determining shower parentage. The 1980 DUMAND Symposium considered auxiliary
detectors, which in combinationlgifl} DUMAND would give Importaant information
on shower structure and origin e Bo{'B a Fly’s-Eye detector on land near-
byls and a sub-surface array above DUMAND'” were considered. The 1980 Deploy-
ment Workshop devored considerable effort to the question whether a
sub-surface array (at a depth of 30 -_50‘26 Q-lgove the DUMAND array was feasible
from the ocean englneering standpoint™ ’ Despite strong initial wisgiv-
ings, it_found no reason to rule out such an acray on the basis of feasibili-
ty,. altﬁ&‘iéh wo optimum desdgn was proposed. Recently we have 'becomi are of
similar arrays successfully Aeployed in the: ocean for other purposes 2, Thus,
wer present attitude is that we will ‘emep mll options .open, .and contimie, as
pamposrer may permit, to investigate the feasi®dllity:of such arreys. :
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10. A SHORT SUMMARY, WLITH REFERENCES, OF THE
PHYSICS AND ASTRONOMY POSSIBLE WITH DUMAND

In this section we list the various physics experiments and astronomical ob-
servations which have been suggested for DUMAND by a wide range of authors.
No attempt has been nade here to clearly distinguish those whose feasibility
has been established from those which are highly speculative. The purpose of
this 1list is to provide a compact guide, - with complete references, to the
ideas being considered. Those which have been subjected to the hard light of
Monte Carle analvais are discussed in Section 9.

High Energy Physics

l. Observation of effect of W-propagator in y—distribution and energy spec-
trun (Brown 78, Halpria 78, Halprin and Oakes 78, Roberts 78, Stenger 79a).

2. Study deep inelastic neutrino interactions ian TeV regiop (Tung 78, Halp- '
rin and Oakes, 78). Crudely measure inclusive variables X, Q°, W.

3. Study nultiple muon production by neutrinos at TeV energies (Cline 78,
Stenger 79b).

4. Search for v oscillations in angular anisotropy, which is a function " of
L, in Va,Voe Wide range of L/E and unique combination of L,E.
(Stenger gOb) Hatter oscillations (Pakvasa 80). Separation of mass eigen-
states for extraterrestrlal sources {Pakvasa and Teunakone 74).

5. Search for Ve~ > W, direct channel "Clashow" resonance at 6000 TeV
(Berezinzky and Okuwn, 79). HMatter oscillations enhanced because of large

cross section difference for Ge compared with v,.

6. Direct total cross-section measurements for v at energles of 5-10 TeV
and up, by "earth-in, earth-out" observations on atmospherically generated
- neatrinos. ' -

7. The "desert™. Can DINMAND find an oasis? Non-orthodox possibilities
(Berezinsky and Okun 79). S

8. Directly produéed v.’s. Can we detect?

9. Directly produced t’s 2bove 3000 TeV reach DUMAND, leave golden signa-
ture (Learned 83). Predicted rates low but easy to lock for.

10. ¥ew phenomena at superhigh energies (Markov and Zhelezaykh 79).

-High Enexrgy Neutrino Astronomy

l. Diffuse v's from galactic center. Hinimum flux calculable with reason-
able certaiity (Stecker 78). On threshold of detectability (Stenger 81).

2. Diffuse v’'s from cavly universe. Calenlated flux uncertain by 5 orders
of mignitude (Berezinsky 76,78,79,80). Even small DUMAND can set useful upper
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limit (Stenger 80a, 81).

3. v’'s produced in shell around youﬁg p'ulsar (Eichler 78, Silberberg and
Shapiro . 78,79). Tells us whether pulsars are major source of high energy
cosnice rays. . :

4., v’'s from binacy pulsars (Eichler 78).
5. $58433 and like. objects can be major source of v’s (Eichler 80).

6. Vv's from active galactic nuclei.  Distinguishes blacL hale from magneto~
1d (Silberberg and Shapiro 78,79,80, Bereziasky and Ginzburg 81)

7. Discriminate matter from antimatter in v .sources via ratio of ome ~muon
ko zero muon events, Glashow resonance (Learned and Stecker 79, Berezi¥msky and
Ginzburg 8l). :

Losmic Ray Physics

1. Heasure p spectrum to 1000 TeV, 100x current energy. Tmportant " gaophy-
sdeal”  measuwement. With EAS learn about hadron interectlions, help salibrate
EAS techmique, develop models (AlIkofer 80). :

2. Di::ect mion, production, new flavor praduction. Nu('E > 1000TevV) =
3x10% y in 4x107 tons (Silberberg and Shaplro 80). Stydy spectrum, angular
anisotropy (Aklkofer .80).. -DUMAND a good filter of low energy muons, 6o signal
entmnced (Halmen :80). : :

#. :Multiple wuons.  Separation glves pp distribution (Elbert 78). Test
whather pp ° or pp ', new flavors (Halzen &0). Detect Z, * W M or other
heavy objects sfth two mwon decay. - '

--4- mewt -of cosstcray -westciso spectra: ¥, esl gessibly V..

A. Searn about photonuclesr gross sections above 200 GeV, where theore:t:tcal
cakoukations disaguwee (Silherberz and Shepizo-80, .Allkofer ‘80) At leasl “de—
- gernime wenergy loss “parame’ kers (Grupen 80).. “Test QED, QCH. :

“6. Masclezr momposition of primary cosmic aay “hean” .detecnined by study of
amilttple muon rates (Elbert 78)  and .epectmen (Silberberg aud Shapi'f_?;ﬁo).
Liabdawe 4t 0 RS {BLbens B0, Orisder. 380, Ar -highest .cweegles (0% -eV)
vhere _moemic -raps Kppear o Be-extragdlastdc, e ashmld«phﬁtﬂﬂisintegrate ouk
AT "o

7. ‘!m,gxflar aancrt'ropy. See 1f thue ‘highest energy muons poiat to given re-
pion the .way-the highest energy cosmic.rays in EAS.stodies seem to be coming
f.rom the general directism of the venter of the Vuzgo cluster, at ripght angles

e the pkace of -oor u;g,'lla;;y (Edge 78).
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11. DUMAND’S ORGANIZATIONAL STRUCTURE.

Recently there have been several serious discussions of the optimun or-
ganizational structure for DIRIAND in the future, if available resoarces are to
be put to the best use. This may secm premature, given .the present central
mission of DUMAND - to conduct a feasibility study. However, in seeking
mtlti~agency funding, enlisting unpaid expert assistance on deployment and
othev problems, tresponding to foreign groups interested in joining in DIMAND s
work, we find that some sort of model of mmA.m’s future organi:'at ion is need-
ad. .

In the early days of DIMAND the mntire progsam was managed by the DUMAND
Sreering Compittee (DSC), composed -of 'DUMAND enthusiaste elected by the
menbership of the looselky—knit DUMAND organization. -Fred Reings has been the
chatrman of DSC from its beginning, and A. Roberts irs secretary. This group
organized the -annual Worksheps, obtained funding for.then, and .did all the
hetween-workshop analysis med planning. DBMAND omes its mervival to }980
Largely v its persistence amd vision., The committee wused 4irs contacts in
hizh -emergy physics, astvophysics and- cosmic ‘rays <to establish centacts
bitween PUMAND and the sclentists working 4n these Pislds. Btrong contacts
were  estaBlished in this way with eesmic-may physictsts in’t:he Soviet Hmdon,
test Germany, and JJapan. .

Af ter .the 1975 d.acis:ten to investigate t:lm Hawaii .site wome caxafplly,
and Following the suceess of the 1976 Hawaii DUMAND Workshop, .the DSC.expanded
in wumber .mnd mat more frequently. Major summerWMerkshops at Scripps amd San
Dineo ~weme warcied soub. Modest fomding For wdditctonzl wevkshops at Ladalla
and Honolulu was ebtained from DOE, REF, ONMR, NOAA w=nd NASA. The acowstic
method ssaes thoroughly explored, both theoretieally and experimentally, and in
1978 peatinimary cost gt imetes vere made for ithe “Eirst DIMAND. Standard. &rray.
In 1979 sa Ffeagibiliity study locaked in-Hamald ﬁy "hacame a ®eality.

Bur wexperience wivh @he present Hawsdi DUILANE Centgr (HDC) ~ux;ganimman
and dme wikation. with the NSC Indicapes wo wﬁi.om ceonflkrtg.  Fhe patkern of
decistanmal ing es dhrmged, hestesor, wmall there '1s medd G “Exfctier threnges dn
tiv foatume, £f and-when actual ’ﬁeﬁ:‘:&ﬂ Semmshraittifen gets wallor way. The Hiwec-
tor ‘df JEC H.Z.Barerson) has Yitkle rEooe stisefor <DIRAND. JHe sspends hat
time primarily in supervisiog the Hawali and DOE funding for -tlie feasibility
sileidy.  #The saore -of “the HBCsare the two full-time wmitabf omesibexs, iJ.Learned,

=and A Saberts. o aedditten, Prgf. W.JiStenger«desotes iavesxijor fraction aaf

Thee RN €ELgres of Learned, Roberes, "“Stepper.and iPewensm, pas techo-
dedl sl esvputing sogeort, are fuided Slmocgh e Nish - Ewepey  Phygdes con-
rract with B0E, sepil enenied by ene Yuiverstoy -podglition. ‘Bagmmoguaphy work ds
fusded ~througgh OFR comtracts with the Huiwersicy of Rawaii (Fwetitute of Geo—
phyates) and Ferippe (VC-Lakélde) wich Prof. Tim Anidesws (VHM) avd ‘Prof Hugh
Bradwer -EBeripps) s prime movers. Goerdimatden -6f Shésc -ebfarus s jgehieved
b -mccasbena] mectdums , pepsond] ccomtagt, sand the “hdlding sof -waslsheps con
sredffie topies. “Eo date ‘that Wixeure has provenseo e entdrely satigfactary.

e mae HDCiesperimesttal plyuids project, réhedMpon Seriog, 7is being su-
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pervised by J. Learned, and has strong support from the entire group. It

also has considerable cooperative support from the Hawaii Institute of Geophy-
sics and from Scripps; Sec. 7 describes it in more detaiil. This project is

necessarily small compared to any permanent ocean—deployed DUMAND array: Even

so, it strains the meager resources of a feasibility study.

The role of the DUMATD Steering Committee has now evolved from a planning
and executive group to one more nearly resembling a visiting or advisory com—
nittee. It provides independent judgment and criticism on the course taken by
HDC. This appears to be a natural evolution, aad so Far no difficulties have
arisen from this new relationship, which we believe will be satisfactory for
the remainder of the feasibility study. '
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£0-14. McGibney, D., Roberts,.A.; "Design of the Sea Urchin

Module. II. Spine Design." 26pp
July 1980



- 44 -

LIST OF DUMAND NOTES 1980

HAWATI DUMAND CENTER ‘
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