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Preface

This report is intended to describe rst, the principal physicsreasons for an ambitious ex-
perimental program in neutrino physics and proton decay basesh construction of a series
of massive water Cherenkov detectors located deep undergrdud850 ft) in the Homestake
Mine of the South Dakota Science and Technology Authority (SBTA); and second, the en-
gineering design of the underground chambers to house the Cégkov detector modules; and
third, the conceptual design of the water Cherenkov detectsrthemselves for this purpose.

In this proposal we show the event rates and physics sensitivityrfbeams from both
FNAL (1300 km distant from Homestake) and BNL (2540 km distant from Horastake).
The program we propose will bene t with a beam from FNAL because tfie high intensities
currently available from the Main Injector with modest upgrales. The possibility of tuning
the primary proton energy over a large range from 30 to 120 Gedso adds considerable
°exibility to the program from FNAL. On the other hand the beam from BNL over the
larger distance will produce very large matter e®ects, and c@guently a hint of new physics
(beyond CP violation) can be better tested with that con gurdion. In this proposal we focus
on the CP violation physics.

Included in this document are preliminary costs and time-t@ompletion estimates which
have been exposed to acknowledged experts in their respectareas. This presentation is
not, however, to be taken as a technical design report with thextensive documentation and
contingency costs that a TDR usually entails. Nevertheless, somentingency factors have
been included in the estimates given here.

The essential ideas expressed here were rst laid out in a letter iofent to the interim
director of the Homestake Laboratory on July 26, 2001. Since ahtime, the prospect
of a laboratory in the Homestake Mine has been realized, and tlesign of a long baseline
neutrino experiment has been re ned. The extrapolation caained in this proposal is within
the common domain of thinking in the area of physics discussed kelt needs now only the
encouragement of the funding agencies, NSF and DOE.

1 Introduction

With the discovery of neutrino oscillations, it becomes realigt to test for a violation of
CP-invariance in the lepton sector of elementary particles. Ais well-known, CP-invariance



in the hadron sector of elementary particles was discovered mothan 40 years ago and
has been the subject of study|experimental and theoretical|si nce that time. In the event

that such violation is found and measured in the lepton sector,he implications of that

“nding would be profound for elementary particle physics andimilarly for astrophysics and

cosmology. This is the principal goal of the long-baseline nemo program in the Homestake
Laboratory.

We have previously pointed out that for a given resolution oscp the total number of neu-
trino events needed, which determines the detector size anddm intensity, is approximately
independent of the baseline length as well as the value of sy 3 [1, 2], as long as the elec-
tron signal is not background dominated or the value gfy; too small (sir? 2py3 < 0:003[3]).
Therefore this very long baseline 1300 km) program is attractive regardless of other
projects in neutrino physics because it provides high sensitiyito Ly3, CP violation, and the
mass hierarchy as well as access to much richer physics phenasmen

There are two additional goals that can be addressed by the sametector at the same
time: (1) high precision studies of neutrino oscillations, and2) a search for nucleon decay
to yield a substantially improved sensitivity to the decay ratep ! e" + ¥4, and perhaps
to other decay modes. Both of these goals have been extensivaicdssed in the literature
and are recognized as important issues to be determined expaentally in the progress of
elementary particle physics.

The design of the detector for this program may be brie°y statedThe three goals de-
scribed here require high statistical sensitivity and good disenination against backgrounds;
these in turn determine the size, the type and nature of the detéor. Considering the
present intensity levels available for neutrino beams from USeelerator laboratories (Fermi
National Accelerator Laboratory (FNAL) or Brookhaven National Laboratory (BNL)), a
detector mass of 300 ktons is essential to acquire the statistical precision of thest for
CP invariance and to study neutrino oscillations at the statisttal level of 1{3%. Similar
detector mass is also essential to extend the limit on the nucleadlecay lifetime. To achieve
such large mass and simultaneously obtain suzcient informationb@ut observed events for
e®ective background elimination leads to the choice of deter as a water Cherenkov de-
tector. To make it possible to use the three detector modules irorcert or independently
speci es their modularity, and nally to protect them from the cosmic ray °ux demands that
they be operated deep underground. This last condition is arypsatis ed at Homestake as
shown in Fig. 1.

It is also worthwhile in this brief introduction to complete the description of the long
baseline neutrino program in the Homestake Laboratory by addseing two misconceptions.
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Figure 1: Cosmic ray muon intensity as a function of depth in mets water equivalent at
the Homestake based Deep Underground Science and Engineeringdratory (DUSEL). The
depth and rates at other underground laboratory locationsni the world are also indicated
for comparison. Various locations in Homestake of potential g for physics experiments
are indicated by a red triangle. The Homestake (Chlorine) dept(4850 ft.) is the potential
location for the detector proposed in this document. The ratef muons for a 100 kT detector
at this depth is approximately 0.1 Hz.



First is the issue of what is referred to as \extreme cost" of such arge mass neutrino
detector and the impact of that cost on other research plans faxpensive facilities. The
modular detector proposed here will require four or ve yearto construct from the time
funds become available. Although the chambers for all three adules may be excavated
at the same time, for time and cost savings, it is likely that the dector modules will be
“nished serially. As a result, the rst module can be shaken down angegin operating while
construction of the others is being completed. This means aary start of data-taking and
control of the rate at which funds are expended if such ne-tung were to be requested by
the funding agency. In any event, the present estimate of the siof the complete 3 module
detector, which will be presented in detail later in this repd, is $308M, or $62M per year
over the ve years of construction.

This should be regarded as a well considered allocation of resms since the useful life
of the detector complex will extend over a period of at least teyears following the onset of
data-taking, and very likely much longer without the beam tocontinue study of atmospheric
neutrinos, neutrino emissions from Type 2 supernovae, and protaecay.

Second, the CP-test needs a broad band neutrino beam from a lnignergy accelerator
to be discussed brie°y below, but is properly the province of FNALradl BNL which are
now involved in discussions relating to the technical aspects thfat beam and its delivery to
Homestake Laboratory (distances» 1290 km from FNAL and» 2540 km from BNL). A
design for such beam from BNL exists and has been well document®de hope that as part
of the FNAL/BNL study on beams and accelerator intensity a design fosuch a beam will
be produced at FNAL. It is clear even from initial studies that de to the high intensities
available at the Main Injector and the °exibility in proton energy over a wide range (30 to
120 GeV), a beam from FNAL could be very advantageous. We hope thatnew design will
produce adequate intensity neutrino beam for the initial CRest without a need for large
upgrades to the proton complex, but such upgrades will be desd subsequently.

It is expected that construction of a beam at either accelerat would take about four
or ve years and coincide approximately with the schedule fahe Homestake detectors if
work were to begin at both projects at the same time. It should bemphasized, however,
that more than a rough coincidence in time is not demanded; atiscussed below, there
is important physics to be studied in the Homestake detector withut a neutrino beam,
provided the beam becomes available within two years afteompletion of the full detector.

We turn now to the second section of this report: an abbreviatedescription of neutrino
physics and CP-violation, and proton decay.



2 Neutrino Oscillations and CP-Invariance Violation

The physics reach of the program here in the study of neutrinasaillations and CP-violation
is extensive (see Fig. 2 and Fig. 3)[4, 5] and needs to be presdnie quantitative detail
to be appreciated. A compact but complete presentation of thamaterial, \Very Long
Baseline Neutrino Oscillation Experiments for Precise Measuremts of Mixing Parameters
and CP Violating E®ects", is published in Phys. Rev. D68:012002][and also in eprint
hep-ph/0407047 [6]. We summarize here parts of the introduch and conclusions of those
reports. We will also use the materials generated in recent wathops on the subject as well as
the reports from the NSF DUSEL (Deep Underground Science and Engering Laboratory)
initiatives.

The Trst violation of CP-invariance was observed in theK ®j K° system about forty
years ago. Until that experiment, it was thought that the prodict of those symmetry factors
was invariant and preserved the symmetry between a fundamemhtaeutral particle and its
antiparticle. Recently, CP violation has been observed in asend quark system, theB?; B°
system. Following that, interest is raised in the question of the npesence of CP-invariance
violation in the neutrino sector.

The observation of neutrino oscillations opens the neutrino s®r as a promising region
in which a CP asymmetry between neutrino and antineutrino migt be exhibited. This
would fuel further speculation that a primordial universal asypnmetry in the early universe
accounts for the matter-antimatter asymmetry we observe nowl'he suggestion that a long
baseline neutrino oscillation experimental program would ba fertile region to explore for
that purpose has been studied intensively (e.g., see [7, 8, 9, 1Q] and references therein)
in the last few years as a result of the experimental data on neuto oscillations, but a
conclusive demonstration of neutrino oscillations and a seardbr leptonic CP-invariance
violation awaits a more ambitious experimental program suchs the one proposed here.

Measurements of solar and atmospheric neutrinos have providsttiong evidence for non-
zero neutrino masses and mixing [12, 13, 14, 15, 16]. Inter@gon of the experimental
results is based on oscillations of one neutrino °avor staté,, °., or °,, into the others,
and described quantum mechanically in terms of neutrino masgenstates,’;, °,, and °;.
The mass squared di®erences involved in the transitions are rs@a@d to be approximately
¢m2, " m(°)?; m(°1)® % 8£ 10 eV (solar parameters) and tm2, "~ m(°3)%i m(°,)* Y
§ 2.5£ 10 3eV? (atmospheric parameters), with large mixing strengths, sfrepy, ¥4 0:86 and
Sin® 21bs ¥4 1:0 in both cases (See Table 1). The currently favored parameseopen the
possibility for an accelerator based long baseline program theaan measure both solar and
atmospheric oscillation parameters in a single experiment withigh precision, and search for



Figure 2: This graph shows the 3 sigma physics reach for 3 (top), and resolution of

the mass hierarchy (bottom) of the program we are proposing her The region to the right

of the curves will be excluded for sh2u 3 (top) in case of no signal. If there is a signal then
the mass hierarchy will be determined to the right hand side ofhe curves in the bottom

plot. The calculation was made for the exposure of 3RU £ IMW £ 5yrs each for neutrino

and anti neutrino running. The assumptions about the spectrumrad proton energy are

explained in the text. We assume running time of £ 10’ sec per year. The reach for both
1300 km and 2540 km baselines is shown.



Figure 3: This graph shows the 3 sigma reach for detection of CRolation as a function
of sir? 23 and #p, There will be a 3 sigma signal for CP violation in the region tohe
right of the curves. The CP parameteri:p will be determined to at least 3 sigma with
no ambiguities in a simultaneous determination (or t) that dso yields 3 and the mass
hierarchy. The assumptions for the detector exposure are the saras in Fig. 2.



CP violation and new physics.

We have simulated and analyzed a feasible long baseline neutrinscillation program
consisting of a low energy, wide band neutrino beam produced byl MW of 28 to 60 GeV
protons incident on a carbon target with magnetic horn focusg of pions and kaons and a
large water Cherenkov detector at a distance of 1300 or 2500 Krom the neutrino source.
The results reported in [2] were based on a fast simulation of thegeal and background
events based on a Monte Carlo that included a parameterizedspgonse of a water Cherenkov
detector. Since then a study has been performed with complekdonte Carlo simulation
based on Super Kamiokande (reported by Chiaki Yanagisawa [Ltking the spectra shown
in Fig. 4. We have adjusted our detector parameterization fahe fast simulation to conform
to this new study. The plots shown in this proposal are largely Is®d on this. The neutrino
beam with a total intensity of about 47£ 10 °°=m?=P OT using 28 GeV protons at a distance
of 1 km from the target could be provided by either the FNAL Main hjector [18, 19, 20] or
the BNL-AGS [21]. If sited at FNAL, optimization of the beam energ from 30 to 120 GeV
and choice of decay tunnel length up to 400 meters is possiblehi§ work is on-going and
could result in better performance of the beam intensity.

This single program can produce measurements of all parametén the neutrino mixing
matrix through observation of the disappearance channef. ! ©., and the appearance
channel®. ! ©°,. The project is also sensitive to the mass ordering of neutrinosiag the
observation of the matter e®ect in the appearance channel tugh the currently unknown
parameter sirf 2143, Nevertheless, the program is intended primarily to measure thagrength
of CP invariance violation in the neutrino sector and will preide a measurement of the CP
phase,tcp, or alternatively the CP violating quantity, Jcp, if the one currently unknown
neutrino oscillation mixing parameter sig2; , 0:01, a value about 15 times lower than
the present experimental upper limit. We point out that for a gven resolution on+cp the
number of neutrino events needed, which determines the deter size and beam intensity,
is approximately independent of the baseline length as welkahe value of sif2us [1],
as long as the electron signal is not background dominated dne value ofys too small
(sin? 2iy3 < 0:003[3]). Therefore this very long baselines( 1300 km) program is attractive
regardless of other projects in neutrino physics because it pides high sensitivity to s,
CP violation, and the mass hierarchy as well as access to muckher physics phenomena.
Lastly, we comment that most of the rich physics program includig a preliminary search for
3-generation model CP e®ects through spectral distortionsrcde carried out by neutrino
running alone. Nevertheless, anti-neutrino data will be esseatito establish CP violation
and to distinguish new physics in the leptonic sector from the 3egeration model. The
shape of the disappearance and appearance signals over mudtiptcillations from neutrino



Table 1: In this table we list the best known neutrino oscillatia parameters from a recent
global t[23]. Other ts give similar results.

Parameter Value
¢ m3, (8:08 0:3)£ 10 %eV?
Sin? 2, 0:868 0:04
j& ma,j (2:58 0:3) £ 10 3eV?
Sin? 23 1:02§ 0:04
Sin? 23 < 012
tcp Unknown

and anti-neutrino running can be used to constrain the magnide of e®ects of new physics
from, e.g., sterile neutrino mixing, extra dimensions, exotimteractions with matter, etc.[22].

The FNAL main injector has the ability to produce proton beams fom » 30 GeV to
120 GeV. It is been shown that when the Tevatron completes opéi@s around 2010, a
number of improvements can be made to the FNAL complex to raise é¢htotal power of the
main injector to 1.1 MW at 120 GeV [19]. There are studies to ndnore improvements to
maintain the power level at lower energies as well [18, 20]JorRhe BNL-AGS a plan exists to
improve the facility to 1 MW beam power at 28 GeV [21]. For the prposes of this proposal
we assume that a beam can be made with 28 GeV protons with a powewél of 1 MW.
The spectrum for neutrinos and antineutrinos is shown in Fig. .40ptimization of the beam
spectrum is in progress as part of the joint e®ort between BNL arfeNAL. In particular, it
is clear that higher energy protons will yield a more intensena broader neutrino °ux per
proton. This has to be balanced against the need to suppress nelitcurrent backgrounds
from higher energy neutrinos.

The neutrino event rate for the exposure assumed for Fig. 2 is ajpgimately 53000
(14000) events per year for the FNAL (BNL) to Homestake distance of300 km (2540
km). The anti-neutrino event rate is 16000 (4200) events pegrear for the FNAL (BNL)
distance. Total exposure was assumed to be 5 years each. The amtitrino event yields are
smaller due to the smaller cross section. Therefore we anticipathat a further factor of 2
upgrade of the beam intensity will be in the plans after the irtial 5 year neutrino exposure.
Nevertheless, we have not assumed such an upgrade in the calculaiof Fig. 2.

We have simulated the results of exposures to neutrino and amteutrino beams from the
two laboratories assuming a value ofz.q = 3:4gm=cn?, to take into account the matter
e®ect of neutrinos traversing the long distances (1300 km frdrarmilab, 2540 km from BNL)

9
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Figure 4: This plot shows the spectrum of neutrinos (top) and anneutrinos (bottom) from
28 GeV protons with a wide band horn design (from BNL) calculattusing a GEANT based
Monte Carlo program. The decay tunnel diameter was assumed t@ 3 meters and length
to be 180 Meters. Such a beam could originate from FNAL or BNL. At FNALthe proton
beam energy could be higher and the tunnel length could be Iger, both yielding a more
intense beam per proton; this optimization is in progress.
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from those sources to the Homestake detector. The di®erence lew assuming a constant
matter density or taking account of the density variation is smkfor these distances through
the Earth. We have also chosen 0.04 as the value of s2py5 in the simulation because a
larger value is likely to be measured in the next few years; a sl value will be pursued
by this program. Indeed, the CP-test remains viable in the Honstake detector even if
sin? 25 is as small as> 0.005. At that level, interest in part shifts to the question of viny
the "solar" and "atmospheric" mixing parameters are so large, rad yet the third mixing
angle, which must exist in a 3-generation system, is so small. Theuteno program would
take this as a new challenge, not an obstacle, but a clear inditon that physics beyond the
oscillation description underlies the present experimentalbgervations. It is for this reason
among others that high precision studies of neutrino oscillaitns are listed as a goal of the
Homestake long baseline neutrino program. The results of the sifation are shown in Figs.
5 through 7.

Fig. 5 shows the nodal structure that will be seen in the spectrunt 8. charged current
reactions. The same nodal structure is expected in anti-neutio spectrum. Since the anti-
neutrino data would be products of a completely separate adeeator run from the run for
neutrino data, a comparison of the®. and & energy structures would establish a common
energy scale with a given empirically determined error for thtwo energy distributions.

Con rmation of the energy scale (or equivalently ¢n3; scale) would come from compar-
ison of the®. and °. energy distributions in Fig. 5, Fig. 6, and Fig. 7, which show té
locations of the®, and ¢, peaks in the valleys between thé. and @ survival peaks. A close
examination of Fig. 6 and Fig. 7 shows similar spectral featuresxcept that in the case
of normal (reversed) hierarchy the anti-neutrino appeararmc spectrum will be suppressed
(enhanced) at higher energies. The e®ect is dramatic for batB00 and 2540 km distances.

A large fraction of the CP information is gained simply by idefifying the nodal structures
at well calibrated locations in energy. The position of the paks in energy and their amplitude
will give us an internally consistent picture of the®. ! °, appearance observation. A detailed
“t would yield values for the three parametersjys, +cp, and mass hierarchy, in the sensitive
region as shown in Fig. 2. Any inconsistencies in the t could indate presence of new
physics beyond the 3-generation neutrino model.

The capability to predict precisely the energy distributionsresulting from the two data-
taking runs described here depends, rst, on knowledge of the asaired values of the os-
cillation parameters and their errors, ¢mﬁ and sirf 2(i; ), which will be improved in this
program. Second, that capability will depend on the abilityof making calculations of the
event yields and spectra with small errors. Apart from the tests foconsistency described

11
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above, we will also rely on the positive experience obtained previous experiments with
massive neutrino detectors (Kamioka-1l, SK, and MINOS[24]) tht have demonstrated good
agreement between observation and calculation.

The analysis envisioned above|with its several checks againstreor and ambiguities|
provides a particularly sensitive search for a non-zero valud @é-p because it uses both
the energy dependence of the CP e®ect as well as the neutran@i-neutrino asymmetry.
A less sensitive analysis is possible using neutrino data alone, ihigh the parameter+cp
is measured explicitly for°, oscillations along with sirf 25 using the energy dependence
alone. The virtue of this mode of analysis is that it does not rpiire antineutrino data and
therefore can be carried out when the neutrino exposure is cplated|two to three years
after neutrino data-taking begins.

3 Nucleon Decay

While current experiments show that the proton lifetime exceds about 18 years, its ulti-
mate stability has been questioned since the early 1970s in thentext of theoretical attempts
to arrive at a uni ed picture of the fundamental particles, the quarks and leptons and of
their three forces: the strong, electromagnetic and weak. The attempts of uni cation,
commonly referred to as Grand Uni cation, have turned out to b supported empirically
by the dramatic meeting of the strengths of the three forces, #t is found to occur at high
energies in the context of so-called Supersymmetry, as welllasthe magnitude of neutrino
masses that is suggested by the discovery of atmospheric and solartriro oscillations. One
of the most crucial and generic predictions of grand uni catin, however, is that the proton
must ultimately decay into leptonic matter such as a positron atha meson, revealing quark-
lepton unity. A class of well-motivated theories of grand uncation, based on the symmetry
of SO(10) and Supersymmetry [25], which have the virtue thatiey successfully describe the
masses and mixings of all quarks and leptons including neutas, and which also explain the
origin of the excess of matter over anti-matter through a pragss called leptogenesis, provide
a conservative (theoretical) upper limit on the proton lifetme which is within a factor of ten
of the current lower limit. This makes the discovery potentiafor proton decay in the next-
generation high. At present, the best limit on the classical mode ! e"%4 (> 54£ 10°3
yr, at 90% CL) comes from a 92 kton-yr exposure of Super-Kamimkde[26]. The detection
exciency of 44% is dominated by nal-stateé/# absorption or charge-exchange in the nucleus,
and the expected background is 2.2 events/Mton-yr. The mode! K* + P, is experimen-
tally more dixcult in water Cherenkov detectors due to the umbservable neutrino. The
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present limit from Super-Kamiokande is the result of combinip several channels, the most
sensitive of which isK * | 1 %9 accompanied by a de-excitation signature from the remnant
>N nucleus. Monte Carlo studies suggest that this mode should remalrackground free
for the foreseeable future. The present limit on this mode is 2:2 £ 10* yr (90% CL).
Since the next step in nucleon decay very likely needs an ord#rmagnitude improvement,
continued progress inevitably requires much larger detegt Out of the various technologies
discussed water Cherenkov appears to be the only one capableezfohing lifetimes of 18
years or greater. In Fig. 8 we reproduce projections for prat decay sensitivity for the
above discussed modes for larger water Cherenkov detector exyres[27, 28].

The rst advantage of a water Cherenkov detector is that it is gproven technology that
has been perfected over several decades. The second advantageten overlooked: it is
perhaps the only detector with the capability of having a vastlynamic range in detection of
5 MeV to 50 GeV. This makes it a unique instrument ideally suitedd take advantage of a
deep shielded location. The dynamic range is very importanoif detection of various proton
decay modes as well as astrophysical neutrinos.

Water Cherenkov detectors are in operation in Japan (Super&niokande with a total
mass of 50 kT)[29] and in Canada (the Sudbury Neutrino Observatg SNO, with 1 kT
of D,O and 5 kT of H,0)[30]. Most of the decay modes that were searched for in the rst
generation detectors required only modest depth. IMB operatl successfully at a depth of
2000 feet [31]. The proposed depth here would reduce the muasckground by about a
factor of 20 with respect to Super-K and certainly help in the loservation of modes with a
low energy component or those in°uenced by fast neutron backgmd.

4  Summary of Construction Planning, Budget and Timetable
for the Caverns in the Homestake Mine

Plans for the construction of chambers for a multiple module egaton Cherenkov detector at

the Homestake Mine have gone through a number of evaluation addsign stages consisting

of rock strength and stability evaluation, chamber design andayout, construction planning,
sequencing, and development of budget and timetable. Here isammary of these steps.
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Figure 8: Projections of proton decay sensitivity for a water @erenkov detector from
Shiozawa[27]. Top plot shows the sensitivity fop! e"¥4; the three curves are for three dif-
ferent assumptions for the e®ciency and background reductiona new detector compared to
Super-Kamiokande. Bottom plot shows the sensitivity fop! K *2; the plot assumes that
there will be some improvements in the reconstruction of theseents for larger exposures.
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4.1 Characteristics of Homestake Rock, Stability of Large, De ep
Caverns and Coring Plans for the Deep Laboratory Area

With the exception of several years during World War 1I, the Honastake Gold Mine in Lead,
South Dakota has been in continuous operation from 1876 uhti ceased active operation in
2001[32]. During that period, over 40 million ounces of goliave been produced. This pro-
duction involved the excavation of several hundred milliondns of ore from the underground
mine as well as over 170 million tons of excavated ore and wastek from the Open Cut

(pit) surface mine. The Homestake Mine now involves over 160 @d of underground tunnels
on numerous levels down to 8000 ft. below the surface, as showrFig. 9 and Fig.10.

Figure 9: Schematic diagram of the Homestake mine.

The Homestake Mine geology has been extensively studied (see th8.WGeological Survey
Bulletin 1857-J (1991) and the references cited therein).hE strength characteristics of the
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Figure 10: Cross sectional cut of the Homestake mine development
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rock have been thoroughly studied and measured. The advantagé locating detectors
deep underground is shown quantitatively in Fig. 1. The Homeska Mining Company
(HMC) has constructed several large, deep underground chamberAmong these are an
equipment repair shop at the 7400 ft. level and an air conditiong plant at the 6950 ft.
level. These excavations at great depths provide a strong imdition that large excavations
at depths of 4850 ft. to 7000 ft. can be constructed and will remm stable for multi-decade
periods. In addition, the construction of an array of very larg chambers provides a unique
opportunity for the rock mechanics and geophysics commures to monitor the behavior of
such structures for long periods. This can be monitored by pla@ sensors in the drifts that
connect the detector stations[33]. This would involve pre-eavation computer modeling
of the structure, the installation of strain and stress gauges dimg construction and the
post-excavation monitoring of these instruments. The back Thg of excavations in normal
mining precludes long term monitoring and the irregular shags of ore deposits limits the
geometrical range of the excavations that can be studied.

The region of monolithic rock being considered for the deep derground Cherenkov
detector has not been mined or explored in detail. By extrapating from above and from the
west side, this rock region appears homogeneous, and with fewusions. In this document
we are proposing that the initial 3 chambers be located on the3880 ft level close to the
Yates shaft and the Chlorine experiment. The rock in this regn is better known than the
rest of the Yates formation, and therefore the con dence in thcost and time estimates are
higher. On the other hand, before beginning any excavationis,would be advisable to carry
out extensive coring studies of this volume of rock. Cores cam hirilled down from tunnels
on the 4850 ft. level. These cores would verify the rock strerigtharacteristics and would
provide information about the direction of the rock grain.

4.2 Status of the Homestake Mine

Earlier this year, 2006, title to and possession of the Homestake i was transferred from
the Barrick Gold Corporation to the State of South Dakota. The State has designated the
South Dakota Science and Technology Authority to operate thine as a Deep Under-
ground Laboratory and has provided the Authority with $35 milion in State funds and $10
million in Federal funds for this purpose. The Authority antidpates that it will spend the
rest of 2006 on various underground remedial activities ana@ treestablish laboratory facili-
ties, power distribution, ventilation and communications systm. It anticipates opening the
Underground Laboratory for experiments in late 2007. The itial laboratory area will be
at the 4850 ft level, 4200 meters water equivalent deep. The fhority anticipates that its
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existing funding is suzcient to provide basic Laboratory opertons through 2012.

The last indication was that the water in the lower reaches offie mine has reached the
6200 ft level, about 1350 ft below the 4850 ft laboratory leleSince about 2/3 of the water
in°ow is surface water that enters above the 4850 ft level, onaf the remedial activities
in 2006 is to intercept this water and pump it back to the surfae using the existing mine
pumping system. Once NSF funds are made available, the Authorityill pump out the
water from the deeper regions of the mine and establish a secoddgper laboratory region
at the 7400 ft level.

As noted in Fig. 11, the initial three 100 kiloton chambers aréo be constructed adjacent
to the site of the Chlorine Solar Neutrino Detector. Each of thee chambers will be about
500 ft away from that site. The rock here is well known. The Chhkine Detector chamber
was excavated in 1965 and has been completely stable since thém addition, the Yates
rock dump and rock hoist system is only 500 ft from the Chlorine e@mber so that waste
rock from these rst three chambers need only be transported abb1000 ft to the rock
hoist system. The existing Chlorine Detector laboratory area nyaalso serve as an initial
and temporary staging area for this three chamber complex.

4.3 Determination of Excavation Stability

A preliminary 2 dimensional large chamber stability evaluabn was carried out in the fall
of 2000 by members of the Rock Stability Group at the SpokaneeRearch Laboratory of
NIOSH (National Institute of Occupational Safety and Health). This evaluation indicated
that stable chambers with dimensions in excess of 50 meters abble constructed at depths
of 7000 ft or more at the Homestake Mine. In the fall of 2001, rodamples from the Yates
formation were taken to the Spokane Laboratory and strengthral stress analyzed. These
measurements provided more speci ¢ input for a three dimensilrstability analysis of large
excavations as a function of depth in the Yates rock formatioin the Homestake Mine. This
3D analysis involved a nite di®erence evaluation using the AC3D program. These results
[34] were compared with the empirical prediction charts o8p]. The conclusions were that
50 meter diameter by 50 meter high chambers could be safely axated and would be stable
for long term occupancy at depths up to 2150 meters and probiglsomewhat deeper.

The results of this evaluation were presented in a paper at theifth North American
Rock Mechanics Symposium in July 2002 [34]. For the measuredt&® formation rock
parameters (Tunneling Quality Index), the Grimstad and Barbn speci cations are 4 - 5 cm
of unreinforced shotcrete applied to the rock surface. We hawkecided to install a 50 cm
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thick concrete shell on the vertical cylindrical inside of theexcavation. This is equivalent to
a two order of magnitude safety factor using the Barton and Gristad parameters [36].

The FLAC3D analysis also indicated that in order to isolate the sess elds of one
chamber from the adjacent one, these chambers should be sepadaby at least 3 chamber
diameters. These conclusions were con rmed by the report of tiNSF site selection com-
mittee [37]. Recently a linear layout has been envisioned ftire 4850 ft level. Such a scheme
is shown in Fig. 11. This scheme has many advantages mostly duethe proximity of the
caverns to the well developed area between the Yates and thed? shafts.

Figure 11: Possible linear layout of 10 caverns at Homestake. §Hayout is developed for the
4850 ft level. The location of the Davis Chlorine cavern is dicated by the word \neutrino".
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4.4  Construction of Multiple 100 kiloton Chambers in the Home-
stake Mine

Using the results of the stability evaluation, a group of former Hmestake mining engineers,
(Mark Laurenti{former Chief Mine Engineer, Mike Stahl{former Mine Production Engineer
and John Marks{former Chief Ventilation Engineer) designed ra array of ten 100 kiloton
water Cherenkov chambers. The criteria used in this design wera minimum of 50 year
safe occupancy of the chambers, independent ventilation andcass system for each chamber
so that completed chambers can be used for research while adai@al chambers are under
construction, and a structure that will permit a plastic lined water tight and radon reducing
structural enclosure.

The design involves a detailed construction plan, a rock remfcement plan with cable
and rock bolts and a cylindrical concrete liner, and a coondated water handling, ventilation
and chamber access plan. The top of each chamber is connectedhe 4850 ft. level via a
horizontal, radial tunnel. A similar tunnel connects the botom of each chamber to a tunnel
at the 5000 ft. level. Fresh air will be sent to each chamber vidé top tunnel and exhaust
air removed via the bottom tunnel, thus providing independst air supplies to each chamber.
Plan and elevation views of a single cavern are shown in Fig. 12.

Figure 12: Details of the construction of a single cavern.
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In Fig. 13 and Fig. 14 we show the sequence of steps involved ovdoar year period in
the excavation of one chamber. Our plan is to excavate a growb three chambers at once.
An equipment maintenance room will be constructed alongside ¢itop access tunnel. After
construction of the three chamber group is completed, this con will be converted into an
electronics and water puri cation facility that serves thisthree chamber complex.

Two 2.4 meter diameter vertical bore holes will be construatebetween the upper and
lower tunnels. One of these bore holes will be outside the chamlznd the second in the
center of the chamber. The bore holes serve three purposes. Gthey complete the air °ow
path between the fresh air input of the upper tunnel and the exust of the lower tunnel.
Two, they provide a drop path for excavated rock to the lowerunnel for removal. Three, the
bore hole in the center of the chamber provides an expansiorgiren for blasting of rock. By
blasting rock inward from an ever expanding set of concentrigrcles, we will avoid fracture
of the outer rock walls that will serve as the chamber containg walls.

Removing waste rock and associated rock dust via the bottom air lexust tunnel, will
prevent rock dust from one chamber contaminating the fresh agupply of another chamber.
Once construction is completed, the bottom chamber to tunnelonnection will be sealed.

Once the access tunnels and bore holes are completed, consioacof the dished dome
of the chamber will begin. The rst step is to excavate a 50 metetiameter by 3 meter high
section. 80 ft. long vertical cable bolts will be installed ird the roof of this excavation as
that work proceeds. Once this section is completed, the excéem will be extended upward
to form the dome. As this domed excavation progresses, some of tlef8 cable bolts will
be cut. When completed, the dome will have 60 ft. cable bolts the center and longer cable
bolts at larger radii with 80 ft. cable bolts along the outer dge of the dome. The stress
diagrams in the diagrams in calculations of Tesarik, Johnsoan Zipf [34] indicate that the
regions of greatest stress are along the outer region of the dgméere the cable bolts are
the longest.

Once the central chamber access tunnels and boreholes are pleted, work on the two
side chamber access tunnels and bore holes can begin. This waeik be done in parallel
with the construction of the dome of the central chamber. Thuspnce the central chamber
dome is nished, about one year after beginning of constructip we will be ready to begin
the domes on the two side chambers. This parallel constructionade with the side chambers
several months behind the central chamber allows excient usé¢ equipment and personnel
while at the same time permitting us to test the construction pla on the central chamber
before employing it on the two side chambers. This overall comattion procedure will result
in one completed chamber in four years with the two side chamiseavailable a few months
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Figure 13: Details of the construction of a single cavern.
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Figure 14: Details of the construction of a single cavern in ye& and 4.
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later.

In year two, we will begin on the main, vertical cylindrical setion of the central chamber.
There will be a series of 3 meter high cuts of a 50 meter diametsection, essentially the
same size as the initial cut. These cuts will be made much faster sinthere is no need for
vertical cable bolting. Each of these cuts consists of three step

The Trst step is to drill downward holes for explosives and thena set o® these explosives.
By using a concentric circular layout and by staggering the ng of these explosives, the
rock will be blasted toward the open central borehole regiomnd minimize outward shock
waves. In addition, we plan to drill a series of vertical holeslang the cylinder boundary to
prevent outward transmission of shock waves and resultant fraatang of the cylinder walls.

The second step is to move the blasted rock fragments into the twanreholes so that
they can fall to the bottom. Front end loaders in the bottom tunnel will move the broken
rock to the rock dump near the shaft for hoisting.

The third step is to install horizontal, radial 60 ft long cablebolts into the cylindrical
rock walls and immediately thereafter install the precast camrete liner sections. These liner
sections will be bolted into the rock and will dovetail into eah other. The joints between
liner sections will be grouted so that the inner surface is smoathFinally, we will spray on
a layer of Mine Guard, a polyurethane coating that will serve @a inhibitor of radon °ow
from the walls and simultaneously a very smooth and low frictiosurface for the water tight
plastic liner that will be installed at the end.

Each 3 meter high cut will take 10 weeks, 3 weeks for the blast kdlrilling, 3 1/2 weeks
for the rock removal and another 3 1/2 weeks for cable bolt insllation. The concrete liner
installation will overlap the cable bolt and next layer blast tole drilling. By staggering
these activities by about 3 weeks between each of the three ofizers, we can utilize three
specialized crews, one for each of these tasks, and move them froi® chamber to the next.
In addition, since separate equipment is used for each of thesadb tasks, we ezxciently
utilize the equipment and avoid having it stand idle for 2/3 ofthe time.

In order to permit horizontal entrance into the excavation egion for each of the three
meter high cuts, we will build a spiral ramp around each chambeiEach cut will consist of
a horizontal entry into the chamber region from this ramp. One a given layer is completed,
the entry cut will be sealed with a concrete plug. These ramps Mvpermit machinery to
easily move from one chamber to another or to the maintenancesa and will provide a path
for moving some of the blasted rock to the outside bore hole. At ¢hend of the chamber
construction process, these spiral ramps will serve as secondarytilation links between
the input and exhaust air systems and provide convenient locateess to the bottom of each
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chamber. For example, we can carry out water puri cation by whdrawing water from the
bottom of the detector, pumping it up through a pipe in the spial ramp to a puri cation
system at the top and then returning it to the top of the chamber.

The chamber will have an outer circular walkway at the top oftte chamber and a central
gridwork that will be suspended from the upper dome cable boltsBoth of these will be
installed at the time the top cylinder cut is made. The walkwaywill provide access to the
upper ends of the side wall photomultiplier arrays. The top gdwork will provide a mounting
platform for the top layer of photomultiplier tubes as well & access for various calibration
equipment.

The nal chamber construction task will be the installation of the inner plastic liners.
The conventional procedure is to use two liners, one a geotdgtthat serves as a cushion and
also an inner fused water tight liner Each of these materials aseipplied on rolls. We plan to
mount the end of each roll against the rock along the upper walkay and then gradually lower
the roller and so unroll the material along the vertical side othe cylinder. The geotextile
layers will be unrolled so that there is a butt joint between afhcent layers. A tape seal
will then be applied to these joints. Access will be via a bosun chliasuspension from the
walkway. Once the geotextile layer is complete, the waterpof layer will be lowered. In this
case, we will use an overlap joint which will then be heat sealedgain via the bosun chair
suspension.

The plastic liners along the bottom will be extensions of the salliners. Before being
brought into the mine, the bottom section of each roll will be @t into a triangular shape to
conform to the bottom. We may add an additional bottom plasticoverlay to insure that this
section is truly water tight. It is worth noting that this mult i-layer water tight construction
is conventionally used to seal the bottoms of reservoirs and @hbodies of water.

45 Construction Timetable and Cost

Mark Laurenti has worked out a detailed timetable and budgetfor the construction of these
chambers including initial rock evaluation coring, constration of both top and bottom access
tunnels, removal of waste rock, maintenance of mining equipmie etc.

The excavation process consists of continuous repetition ofréde separate tasks (1) drilling
and blasting of rock, (2) removal of the rock rubble, and (3) istallation of rock and cable
bolts to stabilize the freshly exposed rock walls. Each excavati cycle is about 10 weeks
with 3 weeks for each of the above three steps. There is a cost sgginn excavating three
chambers at the same time, with a three week phase shift betweeress in each module.
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This arrangement permits each of the three specialized crevesmove from one excavation
to the next every three weeks or so and continue using the same gqoent and carry out
their specialized tasks. In contrast, using one crew to sequenljablo three di®erent tasks
will result in idle equipment for 2/3 of the time and inexcieng/ as they switch from one task
to another.

For the three chamber mode, the cost of excavating each chambe 2002 was $14.7M
per chamber. We have adjusted that by the standard in°ation indx and other factors to
$22M. This includes $3.6M for the concrete liner and a 30% dorgency. In contrast, the
cost of excavating a single chamber in 2002 was $19.1M incluglimer and contingency (See
Table 2). Again, we have adjusted that by the standard in°ation mndex and other factors to
$29.1M. The total required equipment cost is the same for botH these construction modes.

Assuming three shifts/day and 5 days/week operation, it will take @8 weeks or 4 years
to excavate each 3 chamber group. This time could be reduceyg boing to a 6 or 7 day
week. The Homestake Company frequently operated on a 6 or 7 dagrpweek basis.

4.6 Rock Removal

Each 100 kiloton chamber (18m3) will involve the removal of about 419,600 tons of rock
including access tunnels, domed roof, etc. For three chambehss results in 1,258,800 tons
of rock in 4 years or 314,700 tons of rock per year. Since thadimg capacity of either the

Yates or Ross shaft system is 750,000 tons per year, the simultange@onstruction of three

chambers utilizes only 40% of the capacity of one of the twoiskng shaft systems. The Lab
oratory has identi ed a number of nearby rock disposal sites. Diggal costs per chamber
are expected to be of the order of $1M, which were included iheg numbers in the previous
section.

4.7 Equipment Cost

Since all mining equipment has now been removed, new miningugpment will have to be
purchased or leased. The required equipment, one Face Drillvd LHD loaders, 2 Bolters, 2
Underground Support Vehicles, 2 Lift Trucks, 1 LH Drill and 2 ITHDrills, costs about $5 M.
It may be possible to arrange for leases instead of purchasing thésens. Normal equipment
maintenance has been included in the construction cost. Thestof this equipment should
probably be assigned to this speci c task; it will be used full timeluring the construction
period.
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4.8 Choice of Depth

There has been considerable discussion of depth necessary for V@mye detectors and the
costs associated with deep detector locations. It is clear thahé¢ deeper the detector, the
lower the cosmic ray muon and associated particle backgroundt i$ always preferable to
have lower background. The measured cosmic ray muon °ux at th&%30 ft level is 4 muons
per square meter per day. This corresponds to roughly 0.1 Hz foisegle 100 kton detector
module. The beam pulse from FNAL (BNL) will be 10'sec (2.5 sec) long. This results

in less than one cosmic ray muon per year going through one of tbkambers during the
"neutrino beam on time" from FNAL. This insures that any signal see during the beam on

time is due to the interaction of an accelerator neutrino. No sgial pattern recognition (to

measure event directionality) or veto shield is required. Wengicipate considerable gain in
neutrino event exciency factors and perhaps in ducial volme.

4.9 Summary of Section 4

A detailed construction plan for the construction of three 10&iloton chambers in four years
at the 4850 ft. depth in the Homestake Mine has been developedhd total construction
cost of the three chambers is about $66.1M or$16.5M/year, asostn in detail in section 4.4.
This includes a one time purchase of about $5 M worth of mechaed mining equipment.
The lead time in delivery of the mining equipment can be used toarry out coring of the
rock region in which the detector array is to be constructed.

In the next section we turn to the details of construction and cst of one chamber of the
array of chambers in the absence of the detector that Tls thehamber. A single chamber 50
m in diam £ 50 m high is a taxing mining engineering accomplishment. We rcentrate on a
single one without detect