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Abstract

The ocean technology involved In the Qeep Underwater
Muon and Neutrino Detection {DUMAND) experiment, located
in Hawaii st Keahole Pmnt, s discnssed. DUMAND is a
particle astrophysica experiment, whose goal is to detect and
study sources of high energy E.‘;%IJ.‘A&! and other highly
penetrating particles.  These are detected by means of the
Light produced by Ce.renkov radiation from dmr;ed particles in
seawater. The detector is situated in the deep ocean (4800 m)
to shield it from coamic ray backgrounds and utilize seawater
as both target and detection medium. Highly sensitive optical
modules, containing photomultipliers capable of detecting single
photons, arrayed on vertical strings are deployed throughout a
volume of two millien cubic meters. Rejection of natural
background light (from K-40 and bioluminescence} requires very
fast (ns) coincidence techmiques. This paper describes new or
unusnal aspects of the ocean technology required to deploy,
power, control, and acquire data from this undersea array.

The D D iment

The scientific goal of the DUMAND (Deep Underwater
Muon and Neutrino Detection) experiment is to search for and
study the properties of astrophysical scurces of very high energy
neutrinos believed to be produced where huge amounts of
gravitational energy are converted into radiation. The
DUMAND-II detector c¢an be considered to be an omni-
directional neutrine telescope. Neutrinos (neutral, massless
particles with extremely weak interaction with matter) can
penetrate the earth with ease. DUMAND uses 4.5 km of watler
above the array a shield. The deep underwater location of
DUMAND greatly reduces the background flux of muons
resulting from the interaction of cosmic rays in the atmosphere.
Figure 1 illustrates this concept.
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Figure 1. Noutrino detection by DUMAND
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Neutrino astronomy has been the dream of a small group
of particle physicists worldwide for several decades, and is now
begln.ning to be realised in the case of low energy solar
neutrines. Previous neutrino experimenters went underground in
mines to shield their detectors from cosmic rays, but this Limits
a detector’s size. A comparable DUMAND effort exists at
Lake Baikal in the Soviet Union, where detector strings are
deployed by cutting holes in the thick winter ice,

The signature of a neutrine interacting within or near the
DUMAND detector is a long, ptraight from a direction
anywhere in the range from 20" above tﬁe equator to straight
up through the center of the earth, The muons track is

efined by a space—time correlated meries of straight-line fast

pulses from photomultiplier tubes (PMTs) which respond to the
Corenkoy radiation emitted by relativiatic muona (charged
particles} in water. Space-time coincidence techniques enable
us to t muons from the otherwise overwhelming ambient
light background from K-40 beta-radioactivity and
bicluminescence in seawater. These coincidence techniques,
widely used in experimental particle physics at mceleratorus
enable us to reject random noise backgrounds by factors of 10
or greater,

Array configuration:

The basic design of the DUMAND-II array employs 216
PMT-based optical modules (OMa) at known porsitions
throughout a cylicdrical volume 240 meters high and 105
meters in diameter. Nine vertical strings, each string linking
24 buoyant optical modules, will be tethared to the ocean
bottom, as shown in Figure 2:
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Figure 2. DUMAND-II Array, string configuration

The spacing bstween atrings (40 m} and modules along
each string (10 t:) are opilimized to achieve maximum effective
area for the detection of through-going muons. The precise
location of each OM will be continually determined by acoustic
ru:gil:. Given the spatial location of each OM, and the time
{wi 1 nanosecond) of each photon-induced OM pulse, tracks
through the array can be constructed. Data from sach siring’s
OM» are transmitted to the String Controllers located at the
center of each string, where they are digitised and transmitted
vis optical fibers to shore-based computers. Onca on shore,
the data are further filtered and analyzed. A fast Trigger
Processor on shore reduces the fraction of background events.
Software track reconsiruction ofi-line further reduces the
background and reconstructs muon tracks.

The location chosen for the DUMAND experiments is at
Kesholes Point, the western-most point on the Big Island of

Hawaii. A sketch of tha DUMAND-II array location is shown
in Figure 3:
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Figure 3. DUMAND-II located off Keahole Point.

Two major advantages of this tropical volcanic island
location are: deep, clear water close to shore; and a near-
Equator site which enables DUMAND to view (through the
Earth) almost the full solid of the heavens. DUMAND
is sensitive to neutrino-produced muons over sbout 2.4
steradians of solid angle at any given time.

D D-I: Techni ibility Stud

From the beginning, it was clear that DUMAND would
be a major project, involving major coats. Thua the peer
review of our initial DUMAND proposal (1} for DUMAND-I, in
competition with related proposals, was very thorough. The
scientific goals were accepted; the main problems were doubts
about technical feasibility. Thus our major task was to show
that modern Ocean Technology has made it possible to
overcome the perceived difficulties.

The concerns expressed during peer review included: the
hostile snvironment of the deep ocean; the relative
inaccessibility of the equipment for maintepance; and
the difficulty of remotaly operating delicate and sophisticated
equipment st the seafloor. Thus in 1983 the Committee
proposed thet the DUMAND team first perform a preliminary
"technical feasibllity® expetiment (lnbeﬂ::l DUMAND—IJ to
demonsirate that the ocean technplogy problems could be
overcome and ressonsble experimental results could be obtained.
We were challenged to assemble and deploy a aingle string of
DUMAND-sensors and demonstrate technical feasibility by
measuring the flux and angular distribution of ordinary cosmic
ray penstraling particles (muons), all at the propoeed nitn.

The feasibility study involved developing our present basic
optical sensor, based on large, spherical phototubes with fast
responge time. i also required developing & new type of
alectro-optic undersea cable to deliver power to the optical
detectors and tranamit data back to ship/shore. We also had
to deaign compact pulse digitising circuits to be housed within
the optical modules, and develop the command/control
techniques for remote control of the equipment from ship/shore.
The result was working hardware [2] which was cperated from
shipboard on & number of cruises.

The basic sensor unit for DUMAND-I, based on & large,
spherical photomultiplier tube (PM'I!') developed by Hamamaten
Corporation in Japan, is shown in ).gure‘{mgefeum[ll)

The npecially-designed PMT (O.D.= 38 cm) fits
comfortably within the 18-inch (ID) Henthos glass pressure
spheare {two glass hemispheres). A flexible silicore layer
mechanically tul‘fan and optically couples the PMT to the
sphere. (In the DUUMAND-II version a mesh of mu~metal
magnetic shislding imbedded in the silicone reduces the effect of
the Earth’s magnatic field on PMT electron focumsing.] The
angular sensitivity of each optical sensor was messured in a
water tank.




DUMAND Optical Module
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Eigure ¢, DUMAND-I Optical Module

In DUMAND-II an alternative PMT (made by Philipa
Corp. in Euraope) is planned to bea used along with the
Hamamatsu OM. Each PMT has its own advantages, but both
have excellent time resolution.

Besides the PMT, each optical module contains the HY
DC power supply for the PMT l&liﬂ l::; ins nltldlc:r;;:ill:
electronlcs to generate & w slgnal whic
provides time-over &hr-holpduj(.i;:agrntad charge) for each PMT
pulse. An electro—optic interface cireunit transmits the output
data down the string to the Siring Controller via multimode
fiber optica. This electronics ia all mounted on a circuit board
which surrounds the tube base.

The optical modules are mounted with the PMTs facing
downward in DUMAND-H (upward in DUMAND-1}, optimising
the sensitivity for muons from up-geing neutrinos. Thus the
circuit board obscuration in the backward direction is nat
serious.

The glass pressure housing sustaina a pressure differential
of about 500 atmospheres at 4800 m depth, so that leak-tight
electrical and fiberoptic penetrators are especially important. In
DUMAND-I we were able to use commercial electrical
feedthroughs, but had to develop our own fiberoptic penetrator.
For DUMAND-II the Swisa firm DIAMOND 8A has developed
a very satisfactory fiberoptic penetrator.

In DUMAND-I a String Bottom Controller (SBC
provided the main deep ocean elactronics center for (a
distributing fixed-voltage DC power to all OM.s,. b) providing
OM command-and-control fuactions, (c) digitising the OM
pulsed data, and (d) converting parallel inputs into a single
serial output for transmission via monomode fiber to the ship
data acquisition center.

The data acquisition center in DUMAND-I was onboard
the Navy shipr?SP KAIMALINO, & SWATH-type twin
{submerged) hull stable platform which proved ideal for this
experiment. The high stability of the KAIMALING, and sn
on-deck motion compensating aystem, enabled our team to
simply deploy the teat string through the center well without
major difficulty, even in moderstely heary sema. Figure 6 in a
sketch of the DUMAND-I string of 7 OMs (;ilus aptical
calibration modules and String Bottom Controller) suspended
below the KAIMALINO.

It in worthwhile noting that the :o_rnt?n—helix armored
electro-optic cable, designed by George Wilkins, was only 7.9
mm. in diameter, yet was strong enough to be used to depley
the DUMAND-I string. It also delivered 2 KW of electrical
power and teansmitted fiberoptic signals at 50 Mbd.
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Figyre 5; Prototype string suspended from KAIMALING

A high ambient photon flux,
bioluminescence, exists as all dep
background flux is much greater thay the Cerenkoy photon flux
from cosmic ray muons. For example, each PMT in
DUMAND-I had a background counting rate (single
photoelectron threshold) of about 50,000 counts/sec, For
comparison, our signal of detected cosmic ray mucns was only
about one event per 15 to 60 seconds {2 to 4 km depth).
Background rejection and signal event signature was required in
both on-line adjacent-PMT pulse nssociation and off-line
time correlation criteria. By demsnding >5-fold space-time
coincidences, we were able to reduce the random coincidence
background to levels below the muon signal,

due to radicactivity and
ths in the ocean. Thias

Stimulated bicluminescence (due to ship motion) was
eagily detected during D —[, and produced several times
the K-40 radioactivity single-PMT. counting rate. However,
the coincidence requirement effactively eliminated this
background.

The results of the DUMAND-I experiment, have been
published in the Physical Review LS] in an article entitled
“Cosmic Rays in the Deep Ocean.”  Different parts of this
work were subjects of three PhD theses [4].

*

D - 15 tructi

The successful complation of the Tecknical Feanibility
Study (DUMAND-I) led to a new proposal [5] to construct a
sufficiently large array of strings to have & b probability of
detecting the most intense ictod neutrino point sources; i.e.,
those associated with well documented X-ray sources such as
Cygnue X-3 and LMC X-4 which have also been reported to
emit very high energy gamma-rays, ‘A popular theoretical
model explaining high-energy gamma-rays from such X-ra
emitters wouid alse predict high-energy neutrincs [5]).'
gomputeruaimulation- ledﬂ:&; (deeg;z’n to propose, an

s &an array of 9 24 per string, or 2

total OMs). The projected area of this array is 20,000 m?;
roughly independent of direction.” Neutrino-produced mucns
originating snywhere within the range of the muon, which
traverse the instrumented volume, will be detacte The



increasing range of muons with energy, multiplied by the
increasing probability of neuirine interaction with energy,
approximately compensates for the predicted decressing energy
spectrum of neutrino flux, Thus the signal rate is nearly
constant as a function of neutrine energy, but the

signal/background ratio %ﬂ'ﬂ sinee the background decreases
wiftnh neutrinoe enetgy. r calculations show that we can
expect to detect 10 to 50 events/year, for neutrino events
abore 1 TeV, from each of the most intense sources. If

successful, D D-I would truly open a “new window on
the Universe,” as one enthusiast has stated.

The DUMAND-II propossl was prepared by a slightly
different international collaboration of physics groups and was
submitted for conmideration by USA ment of Energy and
National Science Foundation) snd foreign (Japan, Germany,
Switzerland) authorities in July 1988 [5]. The University of
Hawaii continues to be the lead group, with management of the
enterprise in the hands of the Hawaii DUMAND Center (part
of the UHM High Energy Physica group).

In February 1989 the Higk Energy Physica Advisory
Panel (HEPAP) convened s subpanel to review this DUMAND-
Il proposal. Of the threes related cosmic ray proposals
presented, DUMAND-II was the only project recommended.
After over a year of further reviewa (including & detailed
Technical /Cost review in Honolulu) DOE agreed to commit its
share ($4.8 Million) towsrds construction costs. Other
collaborators have iaved full or partial success with their
respective agencies, Thus by April 1990 the DUMAND-II
Construction project was formally launched.

The new Ocean Technology features of DUMAND-II
which merit special attention are: (a) a 35-40 km electro-
fiberoptic Shore Cable that will terminate in a Junction Box on
the ocean ﬂoor;msb) multiple strings, each with 24 OMs, which
munst be deployed in a definite pattern on the ocean floor and
connected to the Junction Box; {c} submersible manipulator
operations which connect the various atrings to the Junction
Box; and (d) transmitting data to shore at 306 Mbd via 12
monomode optical fibers. The data acquisition and

control center will be a new building located on the
Keahole Point site of the Naturai Energy Laboratory - Hawaii

(NELH).

Each of these new challenges is being met in the course
of conceptual and enginesring deaign for DUMAND-II
congtruction. The present status of each new subproject will
be briefly described.

Shore %bh and {uﬁtﬁn Box: The first (long-term}
construction item for - been the Shore Cable

S.lm designed by George Wilkine), which is acheduled for
elivery in July 1991. A sketch of the cross-section is shown
in Figure 8:
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Figure 8; Croas—section of DUMAND-II shore cable

The cable will supply 5.8 KVA of DC power at 350 volts
to the Junction Box at the ocean—floor terminus, from » 20
KVA (1000 volt) power supply on shors. A total of 12
monomode fibers are carried inside the inner metal tube,
providing one fiber/string plus command/contrel communication
and spares. The total cost of the cable in $§430,000. When
the Junction Box is ready, the Shore Cable plua attached

Junction Box will be deployed (from shore cutward) by a
commercial cable-laying ship.

In view of the shoreline damage incurred at NELH by
Hurricane Iwa, it has been decided to utilize slant drilling to
pass the cable from shore to about 60-foot water depth.

The Junction Box design at Hawaii (by Chris Converse)
is now (June 1991) nearly finished and purchase orders for the
major components (underwater electrical and fiberoptic
connectors, umbilical cables, payout packages) are signed. The
Junction Box is the critical apparatus for connecting all nine
strings to the Shore Cabla. We expect this mechanical
oH{ation to be carried out by the Navy manned submersible
SEA CLIFF. -

Lowering Strings !'25% Eﬁeﬂfﬂ: In principle, assuming
benign ocean currenta, O could again be used to

lower the strings, one at a time, into pre-determined positions
to form an octagonal footprint on the ocean bottom. The
essential ingredients are {(a) an acoustic feedback system to
rapidly update the surface ship where the atring bottom
(anchor) is relative to the desired final position, sud (b) well-
controlled ship motion in the desired direction to correct errors.

We are ing the following studies on this potentially
difficult operation: l.‘) This fall, & long-term measurement of
the vertical profile of currenta at the DUMAND site will be
undertaken; (2) Makai Ocean Engineering has been retained to
run well-tested computer programs that will simulaie string
displacement in the presence of various assumed currents. I
needed we can employ an active thruster for placement.

Connecting Strings to Junction Box; A critical step in
the deployment operation 1s connecting the umbilical cables
(string-to-J-box cables). Pairs of electrical and fiberoptic

connectors must be inserted into specially prepared housings by
a submwersible equipped with sophisticated manipulators.
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Figure 7. Umbilical Cable and Spool

After consultation, we have tentative approval from the Navy
to utilise the submersible SEA CLIFF, which is well equipped
for such operations in the desp ocean. (Recently the SEA
CLIFF was wvery successful in locating and recovering the
United Airlines Flight 81 cargo door from the ocean bottom
near Hawaii. This operation required precision use of
manipulntoru.) DUMAND will provide a TV camera and
illumination of the J-Box to assist the SEA CLIFF. A test
i)perat;%n will be conducted off the California coast sometime in
ate 1991.




Determining
0 cm.) of each Optical Module
is important in order to recomstruct the muon trajectory and
determine its direction in space. We plan to utilize acoustic
signalling between transducers on the ocean floor and
hydrophones on each string (5 hydrophon:{atring). Cur
initial assessment was that this could be readily achieved by
acoustic ranging from a carefully surveyed array of
transponder/responder tranaducers placed on the ocean floor.
Figure 8 shows the Seattle group’s plan for acoustically locating
the string hydrophones - and by interpolation, the OMa -
using pulses from ocean-bottom transducers already surveyed in
place.

Sonar acoustical survey patfis.
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Figure 8. Acoustical surveying

Recently the Seattle group has adopted the plan of using
“chirping” (frequency modulated acoustic signalling) to improve
the precision of position location at short and long ranges.
Using short pulses, frequency modulated from 10 - 30 KHix, the
position determination of each OM should be better than 10
em. By convoluting the received chirp with a replica to obtain
high accuracy timing, the Seattle group has obtained an
accuracy of 1 ¢m in conditions of very low asignal to noise
ratic, and multiple reflactions. These are conditions which will
sometimes be encountered in DUMAND-IIL, sc a robust sonar
method is a necemsity. A prototype system has been built that

ia tailored to the DUMAND-II system requirements.

Another orientation problem under investigation at Seattle
is DUMAND-II’s ability to determine muon spatial dil’ectl.on
(zenith and asimuth) for astronomical pointing. Even with
aatellite Global Positioning and a well-surveyed pattern of

transponders on the ocean floor, this remaina a challenge to
meet the DUMAND-II target of 0.1 degree overall error.

Calibration of OM Timing and Sensitivity. Another
ocean-telated problem 18 to aigrnte the timing and photon-
sensitivity of each Optical Module, internally to the array and
periodically in time. The Vanderbilt group undertook the task
of solving this problem for DUMAND-I, using a pulsed 337 nm
lazser beam scattered from a wavelength-shifting acintillator
sphere to produce blue-green light that is a good match to the
epectrum of Cerenkov light in seawater. Overlapping OM
regions of coverage from two Calibration Modules were used [2].
In DUMAND-II the same basic solution will be used but 15
Calibration Modules will be required to cover the larger area.
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clusion

The DUMAND-II project, although motivated for particle
astrophysics research, depends critically on Ocean Technology
for success. Due to 10 yearn of persistent and innovative work
by many individuals, both within and outside of the DUMAND
collaboration, it appears that the DUMAND detector can and
will be constructed and deployed by the target date of 1993-94.
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