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1.1 Prologue

The following statement from the Snowmass2001 conferenceis the draft consensus gatement of
the E1 working group and is reproduced in its entirety:

"The recant discovery of neutrino oscill ations is the first confirmed physics beyond the Standard
Model and strongly suggests a new fundamental energy scde. Accordingly, the US should
strengthen its lepton flavor research program by expediting construction of a high-intensity,
conventional neutrino beam (a'superbean’).

"A superbeam will probe the neutrino mixing angles and masshierarchy and may discover leptonic
CP violation. The full program will require neutrino beams of multiple energies and massve
detedors at multiple baselines. The fadlities will also support arich program of other physics,
including proton decay, particle astrophysics and lepton flavor violating processes.

"A superbean fadli ty builds the foundation for a future muon-based neutrino source (a 'neutrino
fadory’) with even greder physics potential. The development of the needed technology requires
adedicaed R&D effort in which the US should be astrong partner”.



1.2 Introduction

In 1932 ayoung Wolfgang Pauli proposed to the Solway conferencethat the dedron energy
spedrameasured by Bray from the Uranium radioadive decg could be explained with the
introduction of a new particle that he cdled ‘Neutrino’ as an invisible particle. In 1950a solar
neutrino experiment began in the Homestake gold mine in South Dakota [ref RayDavis|, and with
it began a new intensity of interest in neutrino research, which continuesto the present. Asealy
asin 1938 the p-p solar energy production medhanisms was worked out by Bethe and others
based upon the initial readions of hydrogen nuclel combining to give deuterium and helium nucle,
with the alditional production of large anounts of energy and neutrinos. By 1939 the CNO
cyclewas added. Detailed solar models oon followed which predicted the solar neutrino flux
striking the eath. When the Homestake data was analyzed, it was found that lessthan half of the
predicted neutrinos had been deteded; and so began the last thirty yea's of intensive neutrino
study. These studies have involved solar, atmospheric (from cosmic rays), reac¢or, and acceerator
neutrinos.

The neutrino’ s nofreadive nature has made it an experimentally elusive particle, and thus much
basic information on neutrino physicsis gill missng. New experiments now planned or under
construction, both nea and long term, hope to gather the alditional experimental evidence
needed to refine this particle’ s placein the standard model. These experiments exped to benefit
from having larger detedors, and from having new sources of high-energy neutrino beams. One
such source under consideration is a neutrino fadory, producing large quantities of neutrinos from
the decgy of muonsin a storage ring and dreding these neutrinos to distant detedors. The
advantages of the neutrino fadory and detedor combination for unlocking new physics rest upon
the neutrino fadory' s high beam intensity, its composition, energy range, and uniformity, and the
relatively long distances possble between the fadory and the detedor.

Neutrino oscill ation has been an important topic of study recently in the astrophysics and
particle physics fields sncethe first announcement of its evidencein 1996by the 50 kion water
Cerenkov detedor Super-Kamiokande (Super-K). Over the last five yeas, the experiment
continued to colled more data on the solar neutrinos and the @smic muon-atmospheric neutrinos
at the same time functions as an observatory for neutrino bursts from gravitational collapse &
1987A supernovathat occurred in the Large Magellenic Cloud on the outer edge of our galaxy.
In November 200Q another neutrino detedor, the Sudbury Neutrino Observatory (SNO), came
on line and recently in June 2001 reported their first measurements of the °B solar neutrinos via
the dharged current scatering and elastic scattering on eledrons, confirming oscill ation of
eledron reutrinos to the muon- or tau-neutrinos and also ruling out models of oscill ation into
sterile neutrinos. Also, the SNO results currently favor the LMA solution and small mass
diff erence between neutrinos masseigenstates.

There have been intense dforts underway in the U.S., the Europe and the Japan for the
development of an accéerator based intense neutrino source. A number of concepts exist to
produce neutrino beams, al of which involve neutrino decay emissons. Currently existing
neutrino beams are based on pion beans that decay in straight channels. The aurrent beans are
limited in intensities but does have physics potential as ‘superbeans’. Intherecenit four yeas,
muon storage ring as an intense neutrino source was most extensively studied in the U.S., Europe,
and Japan. [ref_muRing]. Beyond the traditional concepts, we mention here arecent novel



concept that utili zes short-lived radioadive nuclea particles, such as®He, in a storage ring
[ref_he6ring].

The @ncept of a neutrino source from pion decay from a storage ring of pions was originally
considered by Koshkarev inthe 19609ref _piRing]. However, the intensity of the muons creaed
within the ring from pion decay was too low to provide auseful neutrino source In 1997, the
physics potential of neutrino beams produced by muon storage rings was investigated by S. Geea
et a at a Fermilab workshop, where it became evident that the neutrino beams produced by muon
storage rings needed for the Muon Colli der were exciting on their own merit. The Neutrino
Fadory concept quickly captured the imagination of the particle physics community, drivenin
large part by the exciting atmospheric neutrino deficit results from the Super-K experiment
[ref_superK]. Recently, members of the Neutrino Fadory and Muon Colli der Collaboration,
undertook two studies for entry level of a neutrino fadory to be & either the Fermilab or the
BNL, generating two important documents Study | and Study Il detailing the concept, technica
ises and solutions, and the @sting.

Inthefal of 1999 Fermilab undertook a Feasibility Study (“Study-1") of an entry-level
Neutrino Fadory. One of the ams of the Study-1 was to determine whether the Fermilab
acceerator complex could be made to evolve into a Neutrino Fadory. Study-l answered
affirmatively. Simultaneously, Fermilab launched a study of the physics that might be addressby
such afadlity. More recently, Fermilab initiated a study to compare the physics read of a
Neutrino Fadory with that of conventional neutrino beams powered by a high intensity proton
driver, which are referred to as “superbeams’. The am wasto compare the physics read of
superbeams with that of aredistic Neutrino Fadory. It was determined that a steady and diverse
stream of physics will result along this evolutionary path, i.e., that a superbeam addresses
fundamental neutrino physics beyond that avail able using a conventional beam, and that a
Neutrino Fadory can go even further [ref_SnowmassMVg].

More recently, BNL organized a follow-up study (“ Study-11"") on a high-performance
Neutrino Fadory sited at BNL. Study-1l was recently completed. Animportant goal of Study-II
was to evaluate whether BNL was a suitable site for a Neutrino Fadory; that question was
answered affirmatively. Figure 1 shows a comparison of the performance of the neutrino fadory
designsin Study | and Study II. Both Study-I and Study-Il were caried out jointly with the MC,
which has over 140 members from many institutions in the U.S. and abroad.

In these studies, neutrino sourceisto be sited at either the FNAL or the BNL pointing the
bean to the underground WIPPin Carlsbad, NM. In this document, we propose to study the
feasibility for siting a Far Detedor of various neutrino detedor types at WIPPfor either neutrino
fadories or superbeams. Also, these detedors for neutrino detedion are required to be very large
in volume and can function as detedors for solar neutrinos and supernova burst neutrinos within
our own Galaxy.

1.3 Neutrino physics
The neutrino presently holds a placein the Standard Model as a neutral, masdesslepton, that

comes in threefamilies, ead family associating a neutrino with a crresponding charged, massve
lepton, the latter being the dedron, muon, and tau particles. There ae dso three atineutrinos



asociated with the neutrinos. There is no theoreticd requirement that neutrinos have zeo mass
Infad, alarge number of GUT's (Grand Unified Theories) now predict non-zero mass
Experiments examining the tail of the beta decay spedrum of tritium claim to have established an
upper limit of 3-5 eV for the dedron reutrino mass A masdessneutrino will reac¢ only through
the wedk interadion, and as a result neutrinos have avery small crosssedion in collisions with
other particles. A neutrino particle of energy inthe MeV range will traversein lead with an
average pathlength of afew lightyeas before it scatters.

In 1968Pontecorvo [ref _Pontervo] showed that if neutrinos do have mass then neutrino

oscill ations from one flavor to another should occur if neutrino masseigenstates do not
correspond to the wedk interadion eigenstates, i.e., there is neutrino flavor mixing. Numerous
experiments to deted neutrino oscill ations have since been carried out. These oscill ation
experiments have the disadvantage of not diredly measuring the neutrino masses, but only the
differencein massbetween neutrino masseigenstates. The neutrino oscill ations predicted by
Ponteaorvo are cdled vaauum oscill ations, which occur without the benefit of readions with
normal matter. Oscill ations due to matter effeds were later predicted by Wolfenstein [ref_MSW]
and Mikheyev and Smirnov [ref_MSW] , colledively known as the MSW effed. Both effeds are
functions of the massdifferences between the threeneutrino masseigenstates. Based upon the
results of experiments, it is normal to assume amasshierarchy which grealy smplifies the
cdculations used for predicting oscill ations. Of the two independent massdiff erences between
the threeneutrinos, one massdifferenceis assumed much greder than the other massdifference
Where Ami® = m? —m?, it is assumed that Ame,” > Amg,® > Am;” . Heretheij are assgned the
numbers 1, 2, and 3which represent the threeneutrino flavors of e, and 7 respedively. We dso
asuime that the threeAm;* are positive, but thisis yet to be determined by experiment.

1.3.1 Vacuum oscillations

The time evolution of aflavor eigenstate of neutrinos propagating through vacuum is given by
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where E; is the neutrino energy and U,; is the mixing matrix conneding the flavor eigenstates a
with the masseigenstates .
vV, =U,V.. (2

With threeneutrinos, the mixing matrix U, is the 3x3 unitary Maki-Nagawa-Sakata matrix
[ref_MNS],
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The cj are cosBx and the sy are sinBy, with 8 being the mixing angle between neutrino mass



eigenstatesj and k. The probabilities derived in this manner for athree flavor-mixing scenario are
complicated expressions of the Amy” and G similar to
PV, - Vv,) =k, Sn®Ay, +k; Sn?Ay +k,ysin?A, +J, (4
L
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The ki are complicated constant functions of the 8« and J, and the last term J isa CP violation
function discussed in § 1.3.3. By making the assumptions that the source-detector distance will
be near the leading oscillation maximum, and that the effect reported by the LSND experiment
(82.1) isnot valid, and using the present best values of the neutrino parameters, these complicated
relations can be reduced into much more simplified ones.

Here L, the baseline length of the experiment, has replaced the oscillation time by assuming the
neutrino velocity the same as the velocity of light c. L isexpressed inkmand E, isin GeV.
Error!
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Figure 1. Schematic neutrino mass of (&) normal hierarchical and (b) inverted hierarchical
spectra.

In the case of neutrino mass hierarchy with the lower two states having almost the same
values, i.e. AmZ = A, << Amg, = Amé, = A, probabilities of the transition between weak
eigenstates can be written as,

2

P(V,~ Vi) =sin"(263)cos'(61)sin’ E ;,ném L E
2

Pve- v,) =8N (26i5)sin’(Bs)sin’ EATTL E (5)
2

P(Ve vy) =8in’(261s)c0s(B)sin’ EA*T?L E

where L isthe baseline length and E, is the energy of the neutrino beam.

1.3.2 M atter oscillations

When neutrinos pass through normal matter, electron neutrinos can forward scatter off the
electronsin the matter. This scattering may be either neutral current (NC) or charged current



(CC) scattering. The NC scattering will affect the three neutrino flavors equally, while the CC
scattering will only affect the electron neutrinos, there being only electrons (no muons or taus) in
the matter traversed. By ignoring the NC scattering and assuming no CP violation, the evolution
equation in the flavor basis then becomes [ref_MSW]

m
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where A/2E, is the potential of the forward charge current scattering between ve. and e and Ais
defined as A=24/2G_N,E, = 7.6x10°Y, pE, with Gg asthe Fermi constant, N, the electron

density, Ye the electron fraction, and p the matter density. The effect is analogous to the effect on
photons from the refractive index of a material as the photon travels through the material. Since
there are no muons or taus present in normal matter, muon or tau neutrinos will not experience
the same effect, and phase velocity differences will be established between electron neutrinos and
muon or tau neutrinos. The result will be flavor oscillations. If we define avariable B as

B= %052913 —ﬁé +sn?20,, ®)

2

the oscillation probability equations will remain similar to the vacuum case, except that the

vacuum mixing angle 6y and the oscillation length in vacuum (I = 47E, / Ams,°) becomes ;3™
and | in matter, with
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The probability of oscillations can then be simplified by assuming the mass hierarchy and that path
lengths are near the oscillation maximum.
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It can be seen from equations (8-10) that the maximum of matter caused oscillations will occur
at aresonance point where

AmZ m
%coszem =A. (11)

If the neutrinos are antineutrinos, then the value of A will be negative (Yg -Yg), and the

oscillations will be greatly reduced. Taking the cosine factor as positive, Ams,” would have to be
negative in order to have similar oscillation amplitudes for neutrinos as antineutrinos at the same
parametric values. This should provide good experimental discrimination between positive and



negative Ame,”.

Neutrino flight paths that remain entirely within the Earth's crust from sourceto detedor
(distances lessthen 3,000 km) will have arelatively constant density, and cdculations can be
made with _ = constant. For baseline experiments longer than 3000 kn, the paths would take the
neutrinos through the Earth's core and upper mantle, thereby subjeding them to variable density.
Calculations for these trajedories need to be integrated over the whole flight path.

1.3.3 CPviolation

Oscillation probabilities for neutrinos and antineutrinos will differ if CP is not conserved,
providing a potential method for deteding CP violation. With only one phase angle _ in the
mixing matrix, there should only be one CP-odd oscill ation asymmetry. CP esentialy ads as the
particle-antiparticle wnjugation. Therefore, if CP is conserved,

P(va - vB;t)= PVa - Vgt (12

Defining AP, = P(va S vB;t)— P(Ve — Vg;t) asthe CP-odd asymmetry,
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where J = §,C,5,,C35,,C, SINS

is the Jarlskog fador and the J used in equation (4). If any of the mixing angles are zeo or 90,
or if or any of the Amji2 are zeo, then the asymmetry will disappea. Even if thisis not the case,

it can be seen that small mixing angles will li kely keep the dfed small. Inthe cae of very large
oscill ation phases, averaging of the sine terms causes the dfed to approach zero [ref_CP]. For
these reasonsit is probable that any hope to deted CP violation through oscill ation studies must
be done & shorter baselines where matter effeds will not obscure CP resullts.

1.4 Neutrino Physics from Galactic Supernova Burst

The historicd supernovarecord for the past 2000yeas applies to the locd 4-5 kpc of the
Galaxy, beyond which the supernovae ae not opticdly visble. From the spiral arm structure
shown hy radio maps of the Galaxy, it appeas that this locd sample is representative, covering
portions of threespiral arms, and contains about 8% of the disc stars. The number recorded in
2000yeas extrapolates to the whole Galaxy to give an expeded rate of about 61 / century.
Thisis about afador two higher than the rate 3+1 / century estimated by other astrophysica
methods (e.g. expeded stellar deah rate) the difference being statisticaly significant at the 95%
confidencelevel. Whether the interval is 15-20 yeas, or 30-40 yeas, there isincreasing support
for the view that large detedors sould run continuously with the am of obtaining the unique
neutrino data which supernova burst would provide.



A supernovareleases > 99% of its energy in the form of neutrinos, divided approximately
equally between the threeneutrino types and their anti-particles. However, the muon- and the
tau- neutrinos/anti-neutrinos (11 MeV/16MeV). The energy dependence and thresholds of the
neutral current cross ®dion results in the nuclea excitation process $rongly favoring the muon-
and tau- neutrino component of the burst. Thus, detedion based on excitation of Pb and Fe
nuclei would provide asignal complementary to that of other world detedors snsitive principaly
to eledron anti-neutrinos. The time profile of the muon- and tau- neutrino burst would be
distorted by non-zero masses down to about 10 eV, or down to 3 eV in the cae of bladk hole
formation [ref_SNBea®m).

Mixing effeds, either vaauum or MSW in the supernova, result in departures from the
approximately equal numbers of different neutrino types arriving at the Earth. An important
additional effed isthe @mnversion of muon- and tau- neutrinos to e- neutrinos of correspondingly
high momentum, and these would produce asharp increase in charged current nuclea excitation,
observable in the Pb target by the production of a population of two-neutron events [ref_FHM]
which, in an optimized design, can be dficiently and acairately counted [ref _Smith] in addition to
the single neutron events. The supernova burst can provide amuch wider MSW range of sin°20
(down to 10°°) and An?* = 107 eV due to the very long peth length (typicdly 4 — 20 kx).

We can summearizethe neutrino physics goals from this higher-flavor neutrino signal, in
asociation with the e ati-neutrino signal from other world detedors as follows:

(a) Dired masslimitsthat can confirm the recent SNO results. Currently, the LMA solution
supported by the SNO results puts the masslimit at 2 eV for the T neutrino [ref_SNO].

(b) Bladk hole formation would cause &rupt termination of neutrino luminosity, with the v, signal
terminating ~100psec ealier than the v, and v, signal. The proposed scheme would allow
this preasion measurement in the time profile, and in addition to providing a dea indicaion
of bladk hole formation, the sharpnessof the aut-off would allow neutrino massmeasurement
(or limits) to be extended down to the region 2-3 eV [ref _SNBeaom].

(c) If al neutrino masses lie in the sub-eV range, then the time profileswill still provide new
information on reutrino mixing. Mixing of v, . to ve will produce high momentum ve
enhancing the dharged current signal. This sgnificantly increases total neutron production for
both Pb and Fe targets, but in addition produces a remarkable fador ~60 increase in two-
neutron eventsin Pb. Sincethe latter effed will occur in Pb but not in Fe, thisindicaes the
importance of using both Fe and Pb targets.

(d) Mixing to sterile neutrinos would result in lossof one flavor, and hence, unequal numbers of
different flavors. Thiswould be reveded by comparison with signals from v, detedors. This
processmay also give rise to different time profiles (in addition to different total events) for
one-neutron and two-neutron signalsin the Pb and the Fe detedors. SNO results currently
rules out complete oscill ation into sterile neutrinos.

(e) Other processes within the supernova— in particular hydrostatic vibrations and detail s of the
neutronizaion processfor ve, could also be inferred from the neutrino time profil es.



Instrumenting the Far Detedor for the supernova burst would add threenew time profiles
dominated by v, (single neutron from Fe, single-neutron and double-neutron from Pb) to the
two time profiles provided by existing detedors ( ve charged current from Super-K and SNO,
neutral current from both Super-K and SNO), making aworld total of five different time
profiles containing 10000-15,000 events which would provide awedth of new information
both on reutrino physics and on detail s of the supernova mecanism.

(f) Neither production in the supernova nor neutral current detedion distinguishes between p and
T neutrinos. Thus, mixing via 8., and 013 can be deduced without any effeds arising from 6,.
Measurement of excitation cross dionsin Pb using for example the proposed ORLAND
fadlity, will enable the mixing signal to be cdibrated sufficiently to allow numericd estimates
to be made of both 8, and 8.5, together with the wrresponding values of Anv.

(9) The MSW effed applies only to neutrinos (not anti-neutrinos). MSW oscill ations will
therefore dfed the p and T neutrino flux measured in the Pb and Fe targets (since these
neutrinos are pair produced in the supernova) and the diredional e neutrino signal in Super-K,
but not the dominant v, signal in Super-K.

(h) Theratio of two-neutron to one-neutron events will measure the dedron-neutrino fradion in
the higher-momentum region of the supernova neutrino spedrum. This can be cmpared with
the dedron anti-neutrino spedrum and time profile measured by Super-K. The various
oscill ation scenarios from solar and atmospheric neutrino oscill ation experiments then give the
following signatures:

1)In large angle MSW mixing of ve to v, 1, such as the LMA and LOW solutionsto the solar
neutrino problem, the survival probability of e neutrinos (in a two-flavor model) is
basicdly given by the dedron neutrino content of the heary masseigenstate. The Far
detedor signal will seesthe inverse of this, i.e. it measures the dedron neutrino content of
the light masseigenstate. With a large mixing angle, the vacuum oscill ation of anti-
neutrinos may also be significant, which will reducethe v, flux measured at Super-K.

2)In small angle mixing, the conversion is essentially complete if the mixing parameterslie
with the triangular areaon the standard plot. The SMA solution to the solar neutrino
problem lies close to the alge of this triangle, whose slope depends on the assumed form
of the density distribution in the supernova, and a more detailed cdculation is required to
give exad predictions.

3) For the “just-so” vaauum oscill ation solution to the solar neutrino problem, the much longer
baseline to the supernova would result in complete mixing of both neutrinos and anti-
neutrinos, yielding a two-neutron signal similar to that tabulated in the proposal. This can
be distinguished from MSW mixing by the fad that Super-K would see aradicdly
reduced v, signal.

Further effeds on the neutrino time profiles, such as the flavor of the initial neutronization spike,
the question of inverted or normal masshierarchy, and eath matter effeds, have been studies by
Dighe and Smirnov, and shown to be observable in principle [ref_SNDighe].



Some of the aove physics can be deduced with only a few hundred events, but othersin
particular, the smultaneous measurement 6,, and 6,3, will require several thousand events from
both the Pb and Fe targets. We will now show that the Far Detedor could provide numbers of
this order from an 8 kpc supernova.

2NEUTRINO EXPERIMENTS
2.1 Past experiments

Impetus for the dired detedion and measurement of the massof neutrinos in the past has
come mainly from astrophysics. Solar models had been developed which were capable of
predicting the solar neutrino flux, and cosmic ray measurements and smulations had predict
atmospheric neutrino fluxes. When experiments were performed which did not agreewith these
predictions, a new level of interest in neutrino experiments was creaed.

The first experiment to deted the solar neutrino flux was carried out at Homestake Gold Mine
in South Dakotain 1957by R. Davis[ref_RayDavis]. The neutrino target was 615tons of
tetrachloroethylene located underground, and the detedion was of Auger eledrons produced by
eledron capture in *’Ar | itself produced by eledron neutrino interadion with the *’Cl in the
C.Cis. The *’Ar was periodicdly swept from the tank for analysis. Standard solar model (SSM)
predictions of 4.1 to 9.3 solar neutrino units for *’Cl (SNU) by different investigators were &l
higher than the average of 2.56 SNU deteded at Homestake dter 108runs. The results were
later confirmed by Kamiokande, GALL EX, and SAGE, which led to the present state of the solar
neutrino puzze.

The most important experiment for the detedion of solar and atmospheric neutrinos has been
the Super-Kamiokande experiment (1996, with alarge target massand high statistica
significance This detedor used water as the neutrino target and PMT's as the detedors.
Cherenkov light produced from neutrino-eledron scatering within the water is deteded. The
fiducial massof the target was 22,500tons. This detedor was snsitive to °B solar neutrinos, and
reported a deficit in these neutrinos as compared to the SSM predictions. The experiment also
reported deteding oscill ations of atmospheric neutrinos evidenced by the disappeaance of
upward-going muon reutrinos. Super-K reported that the muon neutrinos were not going to
eledron reutrinos, but being unable to deted taus, was unable to determine whether the muon
neutrinos were going to tau neutrinos or sterile neutrinos.  Super-K has recently reported that
oscill ations to sterile neutrinos is disfavored. MACRO has also report a deficit of atmospheric
muon reutrinos from below, with no deficit from above. The deficit and angular distributions
were interpreted in terms of neutrino oscill ations.

There have been several experiments for deteding neutrinos originating from both ruclea
readors and particle accéerators. Chooz and Palo Verde were detedors 1 km distant from
nuclea reacors, both using gadolinium (Gd) loaded liquid scintill ators. Although showing no
evidence of oscill ation, they were ale to placelimits on the oscill ation parameter spaces.
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LSND and Karmen were accéerator experiments. Inthe LSND experiment a mixed neutrino
beam was creaed from the decay of pions, which had been produced when 800 MeV protons
struck abeanstop. The target was 52,000 gallons of mineral oil augmented with aliquid
scintillator. The detedors of Cherenkov and scintill ation light were 1220PMT's. This
experiment reported the detedion of muon reutrino to eledron neutrino oscill ations within a
range of neutrino parameters excluded by atmospheric and solar experimentsin athreeneutrino
theory. KARMENZ2, an upgaded KARMEN, utilized a bean stop neutrino source axd 56 metric
tons of liquid scintill ator, but without deteding an oscill ation signal.

The LSND experiment was the only one of the reador or acceéerator experiments to show
evidencefor neutrino oscill ations. The esidence was the gppeaance of eledron neutrinos from a
beam of muon reutrinos, and provided an allowed oscill ation areain the parameter spaceof Amy?
and sin’(26;), the latter being the mixing angle between flavors. Other reador/accéderator
experiments found no oscill ations, but did provided exclusion areas in the parameter space |f
positive results for neutrino oscill ations from atmospheric and solar neutrino experiments are
combined with the LSND results, a third, independent Am;” is required in the masshierarchy. For
threeindependent Amy;?, four neutrinos are required. The fourth neutrino is beyond the standard
model, and would be asterile (no wedk readions) neutrino. The LSND experiment has not been
confirmed by any other experiment, but efforts are underway to do so.

The CHORUS [ref CHORUS] detedor operated in conjunction with the CERN SPSWide-
Band Neutrino Beam. It isdesigned primarily to deted v, — v, oscillations. The detedor was a
nea detedor using both 770 kgof nuclea emulsions and an eledronic fiber trader with an air-
core magnet. In datataken from 1994through 1997 no v, — v, oscill ations were deteded
[ref_ CHOSUS]. Exclusion areas of the parameter spacewere established.

Solar and atmospheric neutrino experiments like Super-K and LSND, by studying neutrino
oscill ations, have narrowed the range of the neutrino parameter spaces, Amy” and sin’g;. The
various explanations given of present experimental results postulate both vacuum and matter
oscill ations, as well as gerile neutrinos. The principal explanations are the large angle MSW,
small angle MSW, LOW MSW, and mixed atmospheric, solar, and LSND. Much work remains
to be donein order to arrive & a satisfadory theoreticd basis upon which al experiments can
agree and then to define and measure dl of the lepton sedor parameters acarately.

2.2 Present experiments

Experiments like Super-Kamiokande and KARMEN2 continue to operate in an effort to
improve their statistics with additional running time. Some of these experiments have been
enhanced with beams or new detedors to make them more dfedive.

K2K (KEK to Kamioka), a baseline experiment of 235 km from KEK to Super-K in Japan, is
seaching for v, disappeaance and is presently taking data. Thereisanea detedor, consisting of
al kton water Cherenkov detedor, a scintill ating fiber tracker, a muon ranger, and an
eledromagnetic cdorimeter. The nea detedor is used for normalizing the beam flux. The far
detedor isthe Super-K water Cherenkov detedor. This experiment should be ale explore dl but
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the smallest Amy;® region of the parameter space dowed by Super-K. Thefirst detedion of
neutrinos from KEK were in June, 1999

A red-time solar neutrino experiment is operating at Sudbury Neutrino Observatory (SNO) in
Ontario, Canada, that is snsitive to both week neutral and charged currents. This detedor
consists of 1000ton of deuterium, with highly purified NaCl added to capture freed neutronsin
the NC reacions of all neutrinos with deuterium, emitting 8 MeV gammas. The thousands of
PMT'swill be dleto separately identify the CC readions of eledron reutrinos above aout 5
MeV. Thismakesit possbleto separate solar eledron reutrinos from total solar neutrinos. The
detedor began observing solar neutrinosin 200Q Preliminary resultsin 2001 (before the aldition
of NaCl) indicate that about 2/3 of the energetic dedron neutrinos have oscill ated into muon and
tau neutrinos, while the total number of neutrinosisin good agreament with the SSVI.

2.3 Future experiments

A longer baseline experiment, approximately 730 km, isin development. MINOS, locaed in
the Soudan mine in Minnesota, will operate with a neutrino bean from Fermilab, and will be
cgpable of studying NC/CC energy distributions. MINOS will have both anea detedor, locaed
just downstream of the pion decgy channel, and afar detedor locaed at Soudan. Both detedors
are similarly constructed, consisting of layers of scintill ation detedors sandwiched between thin
iron plates. Large dedromagnets will provide atoroidal magnetic field within the sted plates.
The nea detedor will have a0.1 metric kt fiducial mass and the far detedor will have a3.3
metric kton fiducial mass MINOS is sheduled to begin taking datain 2002

MiniBooNE is under construction at Fermilab in order to seach for v, - v, oscill ations as a
chedk on the LSND experiment. Neutrinos from pion decgy produced by 8 GeV protonson a
beryllium target will be sent to a detedor located 490m from the end of the deca channel. The
detedor consists of 800tons of scintill ating mineral oil in alarge sphericd tank, augmented with
1280 photo-detedors covering a445ton fiducial volume. Mini-BooNE is <heduled to begin
taking detain 2002

ICARUS-II isan ambitious program, highlighted by a new liquid argon time proportional
chamber (TPC), to be located at Gran Sas, Italy. Thefirst phase isa 600 metric ton TPC. This
module will be cgpable of deteding atmospheric and solar neutrinos. With the addition of more
modulesto cary the massto 5000tons and a neutrino beam from CERN CNGS, ICARUS
should be well situated to carry on advanced studies of neutrino oscill ations. |CARUS should be
cgpable of deteding tau appeaance, with implications for the sterile neutrino theory. Datafrom
the first 600tonis $rown in fig. 1.

OPERA is a proposed experiment to utili ze the same CNGS beam as ICARUS. The difference
isthat the proposed OPERA detedor is anuclea emulsion detedor, utili zing red-time aitomatic
analysis of the amulsions. Being afine grained detedor, the enulsion detedor will be suitable for
tau appeaance periments. Sincethis can aso be acomplished by ICARUS, OPERA may have
difficulty in obtaining approval.

Although it isimpossble to predict the outcome of these and perhaps other experiments
planned for the next few yeas, it is reasonable to assume that colledively (in the &senceof a
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sterile neutrino) these experiments will be ale to determine Am;* and sin2(29ﬂ) to areasonable
acarracy O(10%). It will probably be possble to determine if the need for a sterile neutrino
adualy exists. It isnot so likely that much progresswill be made on confirming matter

oscill ations, CP violation, or determining the values of Am;* and sin2(29.,-) to greaer acarades.
New experiments will be required for this, based on longer baselines and better neutrino beams
and detedors. These experiments while proposed to do studies using neutrino beams, some of
them can also be alapted to run in supernova monitor mode to deted burst of neutrinos from
supernova neutrino within our own galaxy.

3NEUTRINO FACTORY

of which is A Feasibility Sudy of a Neutrino Source Based on a Muon Sorage Ring, a study
initiated at Fermilab. A parallel study entitled Physics at a Neutrino Factory was also prepared.
The former paper considers aspeds of construction of such afadory, and the later considers the
variety of physics gudies that could be pursued if there were such afadory. A smilar study
written for a muon colli der, but with consideration of a neutrino fadory, is presently underway at
Brookhaven National Laboratory. A future neutrino fadory at CERN is also serious posshili ty.
The descriptions of a possble neutrino fadory below come from the Fermilab study.

3.1 Design elements

Neutrinos from a neutrino fadory will be aeaed from the decay of muons contained in a
muon storage ring. The storage ring in turn will receve muons from the decay of pions and kaons
creaed by the high energy impad of protons onto a fixed target. For a design goal of 2x10%°
neutrinos produced per operational yea (2x10° sec), a rate of 4.5x10" protons per second on
target at 16 GeV would be required, furnished in cycles at 15 Hz, 12 bunches per cycle, eat
lasting 80 s and containing 25x10™ protons.  With upgades, most of the present Fermilab
fadlities could be used to provide these protons. Before reading the muon storage ring,
intermediate particles have to be seleded, accéerated, and cooled in numerous gages to supgy
9x10?° unpolarized muons per operational yea to the storage ring at energies up to 50 GeV.

The proposed storage ring would be in the shape of aracdradk 813 x 86 meters, with the two
end radiuses at 43 meters. The long racdradk design must be angled down into the ground in
order to allow the bean to be direded at adistant target, thus only one side of the racdrad can

produce usable neutrinos. The Fermilab design angles the beam down at 139, but could change
depending on the detedor locaion. A production straight in one side of the racdrad represents
approximately 39% of the drcumference, which establishes a maximum percent utili zation of the
produced muons. Geologicd and cost considerations limit the length of the racedrad at this angle
to the listed length, and thus the maximum percent utili zation is also limited if the angle does not
change. The average survival time of a50 GeV muon in the storage ring is 178turns. Other
shapes have been proposed, such as a"bow tie" shape, which would alow for neutrinos to be
projeded in two diredions [ref_Garren].

13



3.2 Beam characteristics

The design given above results in an expeded 6x10™ muon decays per yea in the production
straight, somewhat short of the goal of 2x10°°. The difference was ascribed to muon decays in
the various subsystems. Eadh muon decay will result in one muon reutrino and one dedron
antineutrino. Should positive muons be seleded for the storage ring, the decgys will provide one
eledron reutrino and one muon antineutrino. These ratios are fixed, and other neutrino
badkgrounds in the beam are nonexistent. The energy range of the muons will extend from 10
GeV to 50 GeV. The daraderistics of the neutrino beam at the detedor are diredly related to
the anditions imposed upon the muons in the storage ring. The muon energy spedrum and
transverse bean divergence ae the most important variables and must be known acairately.
Longitudinal divergenceis not so important as most neutrino experiments are integrated over long
running times.

3.2.1 Beam divergence

Neutrino beam divergence should depend upon both muon beam divergence and on muon
energy in the production straight. As described in more detail below, virtualy all of the neutrinos
from muon decgys will be focused in the extreme forward dredion. Thisis due to the relativistic
boost effed on the neutrinos from the high energy of the muons, commonly known as the
"healight effed”. Divergence due to the decgy kinematics of the muon is therefore afunction of
muon energy, and the neutrino spread angle is basically 1/, The neutrino fadory design includes
the spedfication that the transverse emittance of the muon beam nust be lessthan 10% of the
kinematic mean decgy angle, the latter being only 2 mr at 50 GeV. With this gedfication in
force, the total neutrino beam divergence will only be afunction of the beam energy.

3.2.2 Beam flux at the target

Therelativistic "heallight effed” on the neutrino beam at the target can be cdculated to give
either the neutrino flux or the percentage of all neutrinos produced that arrive in a seleded areaof
thetarget. The flux works out to be

where ng is the number of neutrinos per unit time from decayed muons, L is the length from
fadory to target, = E“/m“, B“:p“/Eu, and + isthe agle between the beam axis and a point
onthetarget. For long L the angle +isvery small and cos + can be gproximated by 1. Using
the series approximation B“:1-1/2+2, the neutrino flux may be gproximated by

At L of 1000 km and energies of 50 GeV, the flux intensity will remain esseentialy constant out to
adistanceof 1 km fromthe ais of the beam. Thus a detedor located within a cone with vertex
angle of 2 mr should always be locaed within aflat, high flux portion of the beam.
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3.2.3 Beam spectra

The energy distribution of muon neutrinos (antineutrinos) from the decey of non-polarized
muons and anti-muons is given in the muon rest-frame by the following proportionality.

For eledron reutrinos (antineutrinos) the relation is

where x = 2E_/m“ isascding variable and __isthe angle between the muon spin and neutrino

momentum vedors. Thetermwith _ will disappea when averaged over the states of the initial
muons. In the [aboratory frame where My e My Ep and x E_/E“, equations (19) and (20)

will allow the cdculation of beam spedra a a function of muon energy. The total decay rate
expressons are not required since d muons will ultimately decgy in the storage ring.

The results of the spedrum cdculations $ow that neutrino energies will encompassthe whole
spedrum up to the muon energies. For neutrinos the spedral intensity pegks at the muon energy,
while for antineutrinos the spedral intensity peeks at approximately 65% of the muon energies,
and then tails off to zero. The mean neutrino energy is about 73% of the muon energy while the
mean antineutrino energy is about 61% of the muon energy.

The muon accéerator introduces muons to the storage ring with energies to 50 GeV and a
AE“/Eu <t 2%. The Fermilab report does not spedfy if the storage ring modifies this dispersion,

but asuming no changes are brought about by the storage ring, then A+H/+Ii <t 2%. This will
cause adlight spreading in the neutrino spedrum of muon decyy.

4 CONCEPTSfor NEUTRINO DETECTORS

Neutrino fadory beams will potentially alow all of the oscill ations ve -V, , Ve— Vv, and vy - vy
and their antineutrino analogs to be studied by analyzing the products of neutrino-target
collisons. The success of this endeasor will depend on how many collision events of ead
neutrino flavor can be deteded, and how well these events can be dharaderized and measured, all
in a reasonable experimental time. The number of events deteded will depend upon the aoss
sedions of the reacdions, the massof the detedor, the flux of ead neutrino type in the beam, and
the charaderistics of the detedor. The neutrino flux composition will be modified at the detedor
by any oscill ations which occur during the travel time to the detedor. These probabilities are
given in equations (5), with the reverse oscill ations having the same probabilities. Antineutrino
oscill ation aso will have the same probabili ties as neutrino oscill ations if CP invariance holds. In
order to design an appropriate detedor that will compliment the neutrino fadory as described, it
is necessary to understand all of the possble neutrino interadions with the target, the interadion
cross gdions, the interadion products, and how the products can best be deteded and measured.
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4.1 Neutrino reactions and cross sections

Neutrino interadions can be cdegorized as either charged current (CC) or neutra current
(NC) and as ading upon either the dedrons or nucleons in the target. The CC readions are

mediated by the W% vedor bosons which cary charge, energy, and momentum from one
interadion vertex to the other, alowing for the danging of one type of particle into another. The
NC reacions, mediated by the Z° boson, do not carry charge and cannot diredly change particles.
NC readions are limited to the exchange of energy and momentum between particles. The vedor

boson particles are massve with my: = 83 GeV/c2 and m; = 90 GeV/c2. This large mass
acounts for wegk readions being short in range and week in strength.

Reacdions may be dastic or inelastic. Inelastic readions are those in which the initial and final
state particles are different. In certain cases with higher energy ranges, elastic readions can
appea to crede etirely new particle. However, these particles are adually the result of
momentum and energy exchanges which result in remil or fragmentation of existing particles.
The dharaderization of readions by this method sometimes results in names which are more or
lessdescriptive, but not entirely acairate.

4.1.1 Reactionswith electronsin the target

The following neutrino readions can take placewith the dedronsin the target:

where the * represents an excited state and | = e,|1,_. Readions (a,b) will kick bound eledronsin
the target to higher energy levels, while readions (c,d) will creae free éedrons. Readion (e) will
creae alepton with the same flavor as the reading neutrino, smilar to the more important
nucleon CC readions discussed later. Those dedrons gill bound to an atom will emit a +upon
returning to the ground state. Those dedrons freed from their atom will cause an eledron
shower, releasing further eledrons and +'s, depending on the energy transferred in the readion,

until all particles are fully absorbed. The aoss dions of these reations are of order 10742

cm2/GeV [ref_nuCross], threeorders of magnitude lower than reutrino readions with nucleons
in the experimental range of interest, making these readions less siitable for fadory detedor
USes.

4.1.2 Reactions with nucleonsin the target

Neutrino interadions with the target nucleons are amuch more complicated processdue to the
complex structure of the nucleon. Crosssedions are caculated theoreticdly with reasonable
acaracgy, but good experimental data to verify the caculations at al energies is ladking.
Experimental data is required both to chedk cross gdion cdculations and to acarately determine
functions, such as the parton distribution functions. Nucleon readions are primarily neutrino-
nucleon reacions at energies lessthan 2 GeV and neutrino-parton interadions above this energy
level. The distinction, however, is a fine one, and both types of readions occur in the border
region. For the CC readions the alditional complicaion of resonance enhancement enters the
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picture at about 500 MeV. The ratio of CC to NC reactions in the 1 GeV to 100 GeV range is
approximately 3.0. Thiswill be an important ratio in analysis of detector results.

4.1.2.1 Neutral currents

Neutral current reactions do not create new particles during the interaction, but can excite the
target nucleus to gect nucleons or fragment the nucleon with the appearance of new particles. In
the lower energy regimes of equations (a) and (b) below, interactions can excite the nucleon,
which then returns to the ground state with the gection of a neutron from the nucleus. Neutrons
or protons may also be gjected by recoil. Beside neutrino energy levels, the material of the target
nucleus (A,Z) is very important in determining the gjection rates and energies. This effect is not
only the result of changing cross sections per nucleon in the neutrino-nucleon reaction, but isthe
result of different branching ratios in the de-exitation process of the nucleus. Target material
selection could then play a mgjor role in detector target selection if these neutral current reactions
are chosen for neutrino detection. These NC reactions will constitute a major source of
background for CC events.

In the higher energy regimes of equations (c) and (d), the interactions can gect hadrons, such
as pions, from the nucleus. The multiplicity of these gjected particles increases with increased
neutrino energies, forming hadron showers. Subsequent decays of pions or kaons in the showers
can result in secondary leptons which cause a background for primary lepton detection. Cross
sections for NC reactions have been recently calculated based on parton distribution functions
which compare favorably with experimental measurements. Cross sections for neutrino reactions

(c) and (d) are approximately 2.4x10™>° cm2/GeV in the neutrino energy range from 10 to 50
GeV, with antineutrino cross section approximately one-half of neutrino cross sections.

4.1.2.2 Charged currents

All of the charged current neutrino-nucleon interactions produce one charged lepton of the
same flavor as the incident neutrino. The CC reactions can aso create hadron showers in addition
to a primary lepton. The nature of the reactions can again be correlated with particular energy
ranges of the incident neutrinos. For energies up to 1 GeV the reactions are dominated by quasi-
elastic (inelastic) scattering (QES) on the nucleon. Above 10 GeV the dominant mode is deep
inelastic scattering (DIS) off of the partons in the nucleon, and in the interim energy range both
types of scattering occur. Beginning at about 300 MeV, a resonance induced (RIS) inelastic
scattering becomes important. The charged current reactions will be the most important of all
neutrino interactions for the factory detector.

In quasi-elastic scattering (a,b) the neutrino scatters off the entire nucleon, changing a neutron
to a proton for incident neutrinos, and vice versa for antineutrinos. The cross section for the
reaction has been measured experimentally and compares favorably with calculated cross sections.
After athreshold energy near 100 MeV isreached, the cross section rises rapidly to
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approximately 1.1x10°8 cm? at 1 GeV, where it begins to trail off slowly. Aswith NC readions,
the materia of the nucleus is expeded to have important effedson any particles geded.

Resonance induced scétering (c,d) can be considered one asped of dee inelastic scatering.
When the proper energy is available for the nucleon to excite to a baryon resonance the a@oss
sedionisgredaly enhanced. At low energies the A(1232 resonance dominates causing single pion
production. As energies increase, multiplicity of pion production increases. Since there ae many
such resonances, cdculation of the aoss dions beaomes quite involved. Even experimental
measurements $ow "spike-like" behavior with large experimenta errors. Resonance behavior
begins at about 300 MeV and rises rapidly until 10 GeV, where it begins to level off. The aoss

sedion a 10 GeV is approximately 1.2x10738 cm2. Antineutrino cross ®dions are sightly
lower than reutrino cross dions for this mechanism.

At energies of roughly 1 GeV, dee inelastic scatering begins in which reutrinos <éater off
partons in the nucleon. Cross ®dions for eledron and muon neutrinos have been measured and
calculated. The cross edions for _y; and _g rise linealy with energy from 1 GeV. At 50 GeV,

the maximum energy of factory neutrinos, the @oss ®dions have risen to a value of 3.6x10-37

cm2. These values include RIS readions which represents only a small fradion of DIS cross
sedions. In the range aove 1 GeV, cdculated cross dions fit within the experimental error
ranges, which are @ large & +20%. For dee inelastic scatering, the aoss dions of
antineutrinos are gproximately one-half of those for neutrinos.

The aoss dions of tau neutrinos are lessthan those of muon and eledron reutrinos. Thisis
due to parton distribution functions which are weighted by the square of the lepton massand are
negative. These terms become important for the heavier tau lepton, and thus result in lower cross
sedions. The tau neutrino cross gdion begins at about 5 GeV due to the energy threshold of the

tau mass and rises, but not as rapidly as for muon reutrinos. A cross ®dion of 2.2x10737 is
reated at 50 GeV. Tau neutrino cross gdions have not been well measured.

4.2 Detection methods

It is possble to deted all of the six neutrino types through their interadions with the detecor
target materials, however, the same methods cannot be used to detect them all. The readion
products, which are the deteded particles, vary significantly for the different neutrinos. The types
of readion products to be seen are leptons, baryons, hadrons of various types, and gammeas.
Many of the primary product particles will decay with their passage through the detedor. The
taus will decg to muons, eledrons, and hadrons; muons will deca to eledrons; kaons will decay
to muons, eledrons, and pions, and pions will decay amost entirely to muons. Undetedable
neutrinos will aso be produced. Primary and secondary particles (excepting neutrinos) with
sufficient energy can also undergo CC and NC interadions with the materials in the target and
detedor.
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I dentification of reacing neutrinos is made possble by identifying the primary lepton in CC
reagions or measuring momenta and energies of hadron showers in NC or CC readions. The
differences in reacions and decays for the different neutrino flavors alows for their identification,
but smilarities in readions and readion products makes identificaion more difficult. To make
positive identifications, it is a grea advantage to be &le to see aproduct particle's trad in the
detedor, preferably with high resolution. It is also possble to make other measurements which
help to identify a particle & well as its parent. Among these ae measurement of momentum,
energy, and charge of the particle. There will frequently be "unseen" energy and momentum
caried away by secmndary neutrinos. This energy loss must be inferred from other energy
measurements.

Through all the mnfusion of identification, prescribed steps can be followed which organize
the seach more optimally. These ae enumerate for a single rea¢ion and for use when they are
possble or useful:

a) Locae the vertex of theinitial readion,

b) Follow the tradk of the primary lepton to its decay, absorption, or exit from the detedor,
c) Determine the sign of the primary or daughter lepton,

d) Follow the cacade of lepton charged particles from the primary or secondary lepton vertex,
€) Measure the energy lossin the lepton cascade up to final absorption,

f) Measure the momentum of the primary or daughter lepton,

g) Follow hadron tradks from the primary vertex,

h) Follow hadron tradks from the lepton decgy vertex,

i) Measuretotal energy lossin the hadron tracs,

]) Measure transverse energy lossin the hadron tradks,

k) Measure transverse momentum in the hadron trads.

Studying how ead flavor of neutrino and its product particles ad in the detedor will
determine which of the &ove techniques will be beneficial. Ultimately, these techniques will be
the determining fadors in choosing a detedor type, design, and perticle analysis procedure.

4.2.1 Tau neutrinos

The tau neutrino interadion will ead to either a _-lepton or to a hadron shower, depending
upon whether the interadion is CC or NC. Hadrons may also occur in addition to the lepton in
CC readions. The CC/NC ratio is approximately 3.0, and thus 75% of the interadions of
_ should lead to _-leptons. The hadron shower from the _  NC readion cannot be diredly

distinguished from _p and _g caused showers. This makes the NC interaction unsuitable for
direa identification of the _ , although other useful means may be employed, such as determining
overal NC/CCratios.

In charged current reacgions the _-lepton hes a very short lifetime before decaying, about
2.9x10"13 secinitsrest frame. Ata_ energy representative of fadory neutrino readions, this

time will i ncrease to approximately 3x10~12 sec; or adistancetravelled of lessthan 1 mm The _
will decay in one of two ways; (1) into asingle dharged U, e, or hadron tradk with a distinctive
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"kink" in the trajectory at the decay vertex (the lost momentum carried away by neutrinos) on the
order of 100 mr, or (2) three, five, etc. charged hadron jets depending upon energy. These are
generally referred to as one, three, or five-prong reactions. The branching ratios result in 85.5%
of the decays being one-prong and 14.5% being three-prong. Of the one-pronged decays, 43%
have lepton products and 57% have hadron products. Five percent of the lepton decays have an
additional gamma.

4.2.2 Muon neutrinos

Muon neutrino interactions will produce a primary muon (and possible hadronic material) in
CC interactions and hadronic showers in NC interactions. The CC/NC ratio is again
approximately 3.0. The lifetime of the primary muon produced is much longer than the tau

lifetime. The muon lifetime at rest is 2.2x10~6 sec and its sole source of decay is to an electron.
Many muons created in the detector will end up exiting the detector before they decay. Where
the muons decay will be very much dependent upon the muon energy.  Similarly muons created in
the atmosphere by cosmic rays will reach the detector even when it is located underground,
although the greater the depth the greater the attenuation.

The muon lifetime offers an opportunity for it to be tracked and measured in the detector.
Muon neutrino CC reactions are sometimes referred to as "long" in comparison to the so called
"short" NC reactions and tau and electron neutrino reactions. This can be complicated by
relatively large muon backgrounds from cosmic ray muons, muons from the decay of pions and
kaons, and possible charm decay products. Another advantage of the relatively long life is the
ability to readily measure the muons charge and energy.

4.2.3 Electron neutrinos

Electron neutrino charged current reactions will produce a primary electron and possible

hadronic showers. Since the electron does not decay, it will produce a shower of et,e particles
and photons in the detector until all particles are absorbed. This absorption length will depend
upon energy and the material through which the particles pass, but is nonetheless relatively short.
The particles will deposit most of their energy early in the cascade. The transverse width of the
electronic showers will be narrower than the hadronic NC showers.

4.2.4 Hadronic showers

In most al of the neutrino interactions, hadronic showers are a significant product of the
reactions, either primary or secondary. Since these showers include mainly pions, kaons, and their
decay products, it isnot possible  to distinguish the flavor of the origina neutrino from the
congtituents of the shower. However, this can sometimes be accomplished statisticaly if the
energies and momentums of the shower can be determined. The total energy spectra of NC
reactions differ from CC reactions, and muon and electron spectra from tau spectra. Energy
determination of both hadron and lepton showers will be necessary to determine the spectra of the
incident neutrinos. In statistical analyses, energy cuts can sometimes be taken which will separate
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and identify events based upon the hadron showers. Shower transverse momentum can also help
determine the source of the shower, either as a NC readion, from a CC readion, or as a deca
product.

4.3 Consequences

Statisticd experimental methods are useful when dired, positive identification of a single particle
readion is not possble, or where badground uncertainties and fluctuations obscure the adual
results. Resorting to statisticd methods means that larger data sets are required to get
satisfadory results. This is due to the fad that the significance is proportional to the size of the
detedor. On the other hand a dired, postive identification of a particle readion, which is
badkground freg has a significance proportional to the detedor mass or running time. For
oscill ation on the order of .01, a detedor's snsitivity with dired identification approades that of
a detedor that is thirty times more massve that uses an NC/CC test [ref_sensitivity]. Therefore,
first attempts should be made to accomplish dired identification by event.

Determining the identity of the primary lepton is essntia to identifying the neutrino in CC
readions. Muons will be the most easly deteded duwe to their long range aad unambiguous
deca. However, muons will be subjed to badkgrounds which may be large in comparison to the
primary muon events. Eledrons are best deteded by methods which are caable of following the
eledronic shower to its conclusion. Otherwise, primary eledrons may be ealy confused with
decays from other particles as well as other eledron badkgrounds. Taus will be the most difficult
to deted diredly since their decgys occurs within 1 mm of their production and numerous decay
chanrels are avallable. To see the initiad tau, a detedor resolution of approximately 1 mm is
required. For the detedion of the tau in NC readions, a detedor cgpable of analyzing the
hadronic shower isrequired, but the method then becomes gatistica.

Identification and sign determination of muons is a very important detedion method. For
muon reutrinos and eledron antineutrino beams, so cdled right sign muons will be from non-
oscill ated neutrinos, while wrong sign anti-muons will be from oscill ated neutrinos. The reverse
will hold for _g and beams. This will provide avery useful statisticd method for determining

muon disappeaance In order to determine the charge, it will be necessary to have detedors with
magnetic cgabili ties.

5 SPECIFIC DETECTOR TYPES

Neutrino detedors generaly need to be large devices because of the small cross sedions of
neutrino readions. Cost may dictate a ¢oice between or a combination of large, less ledive
detedors vs. smaller, more seledive detedors. Each detedor needs to be designed with spedfic
objedives in mind, as there is no single deteaor which will aayuire d of the essentia information
needed to untangle the neutrino puzze. Combinations of detedors are likely choices. A look at
some of the possble detedors under consideration follows. In this proposal, we propose to study
geologic engineaing of siting spedfic detedors at WIPP, safety isued associated, and costing of
the engineaing. In the followings, we will | ook at various proposed detedor options.
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5.1 Water Cherenkov

The dready large Super-K (50 kon) water Cherenkov detedor [ref SuperK] could be scded
up by afador of ten to twenty for use a a Far Detedor for the neutrino fadory beam. The main
advantages of using water as the target medium are its low cost and relative transparency.
Instrumentation would normally consist of PMT's located around the surfaceof the enclosed
volume(s). In addition to more events, large cntainment volumes contribute to retaining fiducial
event showers to the instrumented volume. The physics gudy group [ref_Nuphysics] estimates
that for a 50 kon water Cherenkov detedor at 2900 km from a10 GeV (muon energy in fadory
ring) neutrino fadory, 57% of al muon CC events are fully contained, while & 50 GeV only 11%
are fully contained. At the higher energies the numbers and complexities of identification and
measurement of event showers increases dramaticaly. Thisleadsto the mnclusion that the water
detedors must be large and probably operate & lower neutrino energies, possbly in the 10 GeV
range. While the v, event detection can be reasonably clean at 10 GeV, v, event detedion is
much more problematic. Contamination from both v, NC and CC and v,, CC events contribute
to the badkground. Thus, the most useful neutrinos for water detedorsto study will be muon
neutrinos.

Charge determination of the primary leptons will be difficult for the water detedor. Both
internal and external magnetic fields have been studied. The interna approad suffers from field
interadions on the PMT's. An external muon spedrometer may be feasible; however, muon
acceptance deaeases with lower neutrino energy. The solution may require breeking the fiducial
volumes into smaller padkages with more spedrometers.

5.2 M agnetized Fe Detector
5.2.1 Objectives:
The Magnetized Fe Far Detedor may consist of two major components:

(2)50 kton of magnetized Fe, 8m sides and 500m long, interleaved with trading chambers to
record production of muons and measure their charge and energy.

(2)4 kton of thin Pb and emulsion layers, in a cnfiguration smilar to that of the OPERA
detedor, to deted T production.

These large anounts of iron and sted could also ad as atarget for astrophysicd neutrinos, and in
particular offer the opportunity to obtain unique additional neutrino physics through observation
of several thousand L and T neutrino events from a Galadic supernovaburst. The alditional
instrumentation needed could be included without affeding the operation of the targets as a Far
Detedor.

The astrophysicd neutrino signal would be produced by nuclea excitation of Pb and Fe nuclei,

releasing neutrons, which can be deteded by thermalization and absorption in a suitable detedor.
This processis snstive predominantly to the higher energy 1 and t neutrinos, giving a signa
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which complements the predominantly e anti-neutrino signal from the Super-K and SNO water
detectors, and the LVD and the KamLAND scintillator detectors.

A COMBINED NEUTRINO FACTORY
TRACKING DETECTOR AND OMNIS/Fe
SUPERNOVA DETECTOR

MAGNETIZED FeBLOCK

Im

<+

Up 6p

TRACKING
DRIFT
CHAMBER

NEUTRINO DETECTOR

WITHLi ORB LOADED

PLASTIC SCINTILLATOR

WITH DEGRADER AROUND EACH FEBLOCK

Figure 2. Magnetized Fe neutrino far detedor for Neutrino Fadory. The Fe blocks are
interleaved with muon trading drift chambers and neutron detedors for ancill ary use of the Fe
blocks for supernova neutrino detedion.

The number and time profile of the eventsin both Pb and Fe targets provides limits on reutrino
mass(down to afew eV) and measurements or limits on the 8,, and 6.3 mixing angles through
MSW production of higher-momentum eledron neutrinos and consequent charged current

excitation of the target nuclei. This also gives a distinctive two-neutron signal in the Pb target.

5.2.1 Detector Configuration and Signal Size

Efficient cgpture of neutrons is best achieved by means of aternating sabs of target and detedor,
with the target dab thicknesstypicdly 80-120cm in the cae of Pb, and 20-30cm in the cae Fe
[ref_Smith2]. In both the Fe and Pb cases, neutron-deteding planes can be inserted along the
detedor length with affeding the performance a a Far detedor for charged lepton production.
Figure aaashows the result of Monte Carlo smulations of neutron cgptures (in a Gd + scintill ator
detedor) from a supernova burst at 8 kpc, as a function of the distance between neutron deteding
planes, referred to here & ‘module length’. Curves are shown for the typicd case of 50 kon Fe
and 4 kon Pb. Thefall in events with increasing module length arises principally from the re-
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absorption of neutrons by the target material before they can reach the detector. Figure 2
sketches the typical module structures of the combined detectors.

There are additional considerations, which may reduce the actual number of events detected,
which we consider separately for the Fe and Pb targets:

8000 \
7000 N
6000
\0\50 kt iron
5000 \0\
4000
4kt lead \?\

3000 T ——]

0.00 0.50 1.00 1.50 2.00
module length (m)
Figure 3. Neutron capture efficiency as a function of module length from simulation.

n captures for 8 kpc supernova

5.2.2 Fe target

The Fe curve in Figure xx shows that it is advantageous to insert neutron targets along the length
more frequently than the muon detection intervals (typically 2m. Although a 2000 event signal
could be obtained by including neutron detection in the same gaps as muon detection, one would
gain afactor 2-3 in the supernova events by inserting neutron-detecting planes every 0.5-1m.
Another factor affecting the detected signal is the gamma background from radioactivity in the Fe
(mainly from U, Th and ®Co). Since a Gd-based neutron detector relies on the subsequent
gamma detection, this background can reduce the efficiency with which the neutron captures can
be identified. An alternative technique based on absorption in thin sheets of LiF+ZnS isrelatively
gamma insensitive, but will still lose some of the neutrons in the separate moderator required.
These losses will reduce the signal to typically 70-80% of those shown in Figure 1, but this still
leaves a substantial supernova signal of 2000-40000 events at 8 kpc. Of course, the supernova
distance effect is much greater than the instrumental effects, but one would like to ensure a
several 100-event signal even from a supernova the other side of the Galaxy at 20 kpc.
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Far Detector + OMNIS: Fe configuration

muon detectors

neutron detectors

Figure4. Far detedor Fe configuration.

5.2.3Pb Target

Figure xx shows the possbility of a2000-3000-event signal from the Pb target, despite the much
lower Pb mass Thisis becaise (a) the neutron production in Pb is about 0.9 / ton compared with
0.2/ton for Fe, and (b) becaise Pb has arelatively low neutron absorption, allowing a higher
fradion of neutronsto scatter out of the target to the detedor. The longer neutron range dso
allows a2000-3000events sgna from 0.5-1m spadng.

Attention has to be given to a complication arising from the more complex structure of the
OPERA-based Pb/emulsion system. The gamma badkground from Pb is not an important effed in
this case, sincethe U/Th contamination in Pb is typicdly about 2 orders of magnitude lower than
in Fe. However, neutron losses can arise from the space's in the finely subdivided multi-layer
structure of an OPERA-based design. This has typicdly 1mm Pb plates adjacent to emulsion
layers on 0.1mm plastic, separated by 3mm ‘low density spaces’. If the latter were sSimply plastic
at adensity of 1g/cm? this would compete for neutron moderation and absorption with the 0.5-1m
spacal neutron detedors. ldedly, therefore, these spaces $ould be made of a porous material of
much lower density, and preferably minimum hydrogen content.
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Far Detector + OMNIS. Pb configuration

emulsion layers
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Figure5. Far detector for Pb configuration.
5.2.4 Detector R&D

In this section, we identify areas of R&D needed for the neutron detectors. A number of neutron
detection principles exist, al of which involve three components- moderation, absorption, and
conversion to asignal. The moderator, absorber and converter can be combined or separate,
leading to the classification of neutron detector types summarized in Table 3 and Figure xx.

The simplest option istype 1, consisting of a single combined material, available commercialy as
Gd-loaded scintillator and successfully used in other experiments. However, the Gd-loading
makes it difficult to maintain long-term stability of the optical properties, and this makesit a
doubtful candidate for a supernova detector operating for at least 10-20 years. There are two
main alternatives:

i) Useof Gd absorber in the type 4 configuration, in which a pure scintillator is used with
adjacent solid dlabs of Gd-loaded moderator. Simulations show that this has 80-90% of the
efficiency of loaded scintillator, and has the merit of long-term stability of all the components
[ref_Smithl]. The use of Gd absorber has the disadvantage that a thickness of 20-25 cm of
scintillator is needed to convert most of the Gd gammas, while the alternative of loading with °Li
or *°B (which release short-range nuclei) has not yet been achieved with reliable optical stability.

i)  Construction of more compact detectors using the type 2 principle, in which a separate
moderator is used, and °Li or *°B are incorporated in a thin solid scintillator. Combinations of °Li
or 1°B scintillating layers or fibers with moderators have been developed
commercialy[ref_Bfibers] that isto be combined with a moderator by the user to suit the
application. The unit cost is currently high for the commercial products, and would need to be
reduced to the level of the simpler type 4 configuration.

These dternative options lead to the following R&D program:

26



Option (i)

A test program is required for the manufacture of the Gd-loaded moderator, and confirmation
of its performance in conjunction with pure liquid scintillator. This requires a phase of laboratory
tests, followed by an underground prototype assembly, including adjacent Pb or Fe walls and a
neutron source, to simulate the neutron production, scattering, thermalization and absorption.
The latter tests would be carried out in the Carlsbad underground facility in which the muon-
induced neutron background is reduced by a factor 10° compared with that of a surface
laboratory.

Option (ii)

A proposed starting point for the development of a dim type 2 detector would be the use of
the already-available combination of °LiF + ZnS[ref_Lifibers]. After measurements of light
output from individual neutron absorption, aternative planar readout options would be
investigated, including Fresnel mirror systems and optical fiber planes, adjacent to the neutron-
absorbing sheets. Outside of these two layers would be placed hydrogen-containing moderator
panels. This multi-layer unit would be repeated to form an assembly afew cm thick.

Neutron source tests would be made on this moderator/detector assembly, to compare its
detection performance with estimates from Monte Carlo simulations. As with options (i), an
initial phase of tests can be carried out in the laboratory, but full tests with low neutron
background require an underground prototype consisting of sheets of the composite detector
sandwiched between shielding walls to assess the effect of radioactive backgrounds from both Pb
and Fe. Asinoption (i) the use of the Carlsbad facility for these tests will ensure a neutron
background reduced by a factor 10° compared with that at the surface.

5.3 Liquid argon TPC

The ICARUS detector proposed for Gran Sasso [19] in the CERN CNGS neutrino beam is a
liguid argon time projection chamber (TPC) followed by a magnetic spectrometer and
calorimeter. A TPC has the advantage of fine resolution and reconstruction of contained events
and showers. The high resolution is responsible for an ability to identify and measure both
electron-like and muon-like events. With the TPC all types of neutrino and antineutrino events
can be reconstructed with varying efficiencies.

A smilar TPC detector could be suitable for the WIPP site. The medium chosen for such
large detectors should be linear in relation to energy, have arelatively long drift time, ahigh
density, low recombination, and high transparency. Doping of the medium may also play a
factor. Based on the ICARUS technology, a massive Liquid Argon Neutrino and Nucleon
Decay Detector (LANNDD) has been conceptually designed recently to be sited at WIPP. It has
tracking capability to see neutrinos from all directions and aso smultaneoudy functions as a
large volume of segmented high resolution nucleon decay search detector.

5.3.1 Objectives:

1) Searchfor p — K*+ "y, to 10* years lifetime

2) Detection of large numbers of solar neutrino events and supernova events
3) Study of atmospheric neutrinos
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4) Use as aFar detedor for aNeutrino Fadory in the USA, Japan or Europe
5.3.2 LANNDD Overview

One option for a next generation nucleon decay search instrument is a fine-grained detedor,
which can resolve kaons as well as badground from cosmic ray neutrinos that are below the
threshold for water Cerenkov detedors sich as Super-Kamiokande (Super-K). Such a detedor
can make progressbeyond the fewx10™ yeas limits from Super-K for SUSY favored modes
because the read improves linealy with the time and not as the square root of exposure &in
Super-K. Thisis because the badground is low and the detedion efficiency high. It will be
possble to discover nucleon decay up to about ~10%° yeas lifetime per branching ratio with an
instrument of ~70 kkon massin liquid argon after afew yeas of exposure.

A seand major goal for such an instrument, as demonstrated in a spedaaular example of
synergy in the last two generations of underground detedors, is the study of neutrino interadions
and oscill ations. Such a detedor can make neutrino oscillation studies using the csmic ray
neutrinos alone (being able to resolve muon neutrino regeneration, to deted t’'s and to tighten
measurements of Am’ search for other mixing than v, — v;). But coupled with a neutrino
fadory, this detedor, outfitted with alarge magnet, offers the advantage of being able to
discriminate the sign not only of muon events, but of eledron events aswell. Given the bubble-
chamber-like &ility to resolve readion product trgjedories, including energy/momentum
measurement and excdlent particle identification up to afew GeV, this instrument will permit the
study of the neutrino MNS matrix in a manner, which is without peq.

One may question whether such a marvelous instrument is aff ordable, by which we mean
buildable & a cost comparable or lessthan the neutrino source ®st. It isindicated by simple
scding from existing experience with ICARUS, that such an instrument will cost out in the dass
of alarge ollider detedor instrument and represents a straightforward extrapolation of existing
technology.

As expeded for such alarge, isotropicdly sensitive, general-purpose detedor, there ae many
ancill ary physics goals that can be pursued. This devicewould allow exploration of subjeds
ranging from the temporal variation of the solar neutrino flux (above athreshold of perhaps 10
MeV,) to searches for neutrinos from individual or the sum of all supernovae ad other
caadysmic events, e.g. GRB's, to cosmic ray reseach on composition where the WIPPdepth is
advantageous, dark matter search via annihilation of neutrinos, searches for cosmic exotic
particles sich as quark nuggets, glueballs, monopoles, and freequarks, and point source neutrino
astronomy. In all these instances we can go beyond Super-K by virtue of lower energy threshold,
better energy lossrate resolution, momentum, angle, sign and event topology resolution.

We note that in the “Conneding Quarks with the Cosmos: Eleven Science Question for the
New Century” report for the National Academy, that such an instrument addresses eight of the
eleven questions at least indiredly and of those aght, two explicitly for nucleon decay and
neutrino mass
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5.3.3 The Carlshad Sitefor LANNDD

In Figure 5, isa possible location of LANNDD at the Carlsbad Underground National
Laboratory site (CUNL). Note that the ease of construction and the exhaust pipe are key
motivations for this site. Safety would be accomplished by walling off the detector from the rest
of the lab. Excavation isrelatively inexpensive at this site due to the salt structure. However,
engineering study needs to be carried out for costing.

LANNDD at the WIPP site at Carlsbad (NM)
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Figure 6. Liguid Argon Neutrino and Nucleon Decay Detector (LANNDD) shown located in the
west end of the existing drift on the north side. The drawing shows the detector with its Argon
filling and re-condensing system.
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5.3.4 Some Scientific Goals of LANNDD

Much of the scientific studies to be done with LANNDD follow the success of the ICARUS
detector program [ref_ICARUS.]. The main exception isfor the use of the detector at a neutrino
factory where it will be essential to measure the energy and charge of the u* products of the
neutrino interaction. We will soon propose an R&D program to study the effects of the magnetic
field possibilities for LANNDD.

a) Search for proton decay to 10> years
The detection of p — K* + "v,to 10% years lifetime

b) Solar neutrinos and supernova neutrinos studies
V +PAr 5 OKT +e, (xx)

with K' (Postassium-40) de-excitation giving subsequent gamma photoemissions. The same
process is useful for supernova v, detection --- the expected rate for the solar neutrinosis
~123,000 per year. For asupernovain the center of the galaxy with full mixing there would be
~3000 events --- no other detectors would have this many clean v, events.

c) Atmospheric neutrino studies

By the time LANNDD is constructed it is not clear which atmospheric neutrino process will
remain to be studied. However, this detector will have excellent muon, hadron and electron
identification as well as the sign of the u* charge. Thiswould be unique in atmospheric neutrino
studies.

The rate of atmospheric neutrinosin LANNDD will be (50ktons fiducial volume):
Electron Neutrino Events: 4800 per year

Muon Neutrino Events: 3900-4800 per year depending on the neutrino mixing

There would also be about 5000 neutrino current events per year. We would expect about 25
detected v, events per year that al would go upward in the detector.

d) Use of LANNDD in aneutrino factory

Because of the large mass and nearly isotropic event response, LANNDD could observe
neutrinos from any of the possible neutrino factories:. BNL, FNAL, CERN or JHF in Japan.
There are two approximate distances 2-3x10° km and 7-9x10° km for these neutrino factories.
We assume the more distant neutrino factories to operate at 50 GeV p* energy. For a neutrino
factory that produces 10-20u* per year at FNAL or BNL and expect ~50,000 per year of right
sign muons, i.e. 1" - €+ Ve + v, and detection of u* via charged current conversion.
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The number of wrong sign muons will depend on the mixing angle 6,5 where in the above
reaction v, convertsinto v, and the subsequent detection of p~ via charged current. There could
be as many as 5000 wrong sign events per year.

For the farther distances (CERN to Kamioka), these numbers would be about the same due to
the higher energy p* of 50 GeV with the rate increasing as ~E,°.

The LANNDD detector could be useful for the search for CP violation from any neutrino
factory location. Thiswill depend on the value of the mixing angle 6,3 and the magnitude of the
CP violation.

For the longer distance experiments (CERN to Kamioka), there could be an important MSW
effect that isimportant to study in order to evauate the significance of the CP violation search. It
is possible that the electric charge of the € from the reaction v, -~ v, could be determined asiit
was in heavy liquid bubble chambers by following the shower particles---thisis currently under
study.

In Figure 2, we show the schemata of neutrino factory beams to the CUNL site for detection by
LANNDD---we consider this a universal neutrino factory detector.

5.3.5 Detector

The aimisto build a 70-kton active volume liquid argon TPC immersed in magnetic field.
The geometric shape of the detector is mainly decided by the minimization of the surface-to-
volume ratio S/V, directly connected to the heat input and to the argon contamination. Spherical
(diameter=D), cubic (side=D) or cylindrical (diameter=height=D) shapes have al the minimum
S/V =6/D. Asacompromise between easy construction and mechanical stability, the cylindrical
shape has been preferred. Adding to the S/V criterion the need of minimizing the number of
readout wires and of maximizing the fiducial-to-active volume ratio, a single module configuration
appears definitely advantageous with respect to multi-module array configuration (see Table xx).
The more difficult mechanical design for the single volume configuration appears fully justified by
the larger fiducial volume, the lower number of channels, the lower heat input and contamination
and then lower construction and operating costs.

1 Module 8 Modules 64 Modules
Active Volume (m3) 50,000 50,000 50,000
Fiducial Volume (m?°) 41,351 33,559 21,037
Number of Channels 164,261 337,787 724,077
Heat Input (Watts) 9,104 18,209 36,417

Table 1. Comparison is made for single module and many modules.

The internal structure of the detector is mainly designed to the maximum usable drift distance.
This parameter depends on the acceptable attenuation and space diffusion of the drifting charges.
Acceptable working conditions are obtained with an electric field of 0.5 kV/cm, a drifting electron
lifetime of 5-10 msec and a maximum drift of 5 m. The detector appears then as dliced into 8 drift
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volumes (Figures 2,3), 5 m thick, each confined between a cathode plane and a wire chamber.
Each wire chamber is made of two readout planes (u,v) with wires oriented at +45° and —45° with
respect to the horizontal plane. A 5 mm wire pitch gives a sufficiently detailed imaging of
ionizing tracks in the drift volumes.

The magnetic field is vertically oriented and is obtained with a solenoid around the cryostat
containing the liquid argon. With such an orientation the maximum bending for a charged particle
is obtained in a horizontal plane and appears in the imaging as an arc in each of the planes (u,t)
and (v,t).
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Figure7. (@) Preliminary sketch for LANNDD: 1) Top end cap iron yoke; 2) Bottom

end cap iron yoke; 3) Barrel iron return yoke; 4) Coil; 5) Cryostat; 6) Cathodes; 7)
Wire chamber frames; 8) Field shaping electrodes. (b) Schematic layout of chamber
(hatched regions) and cathodes planes (white regions).

The detector is foreseen as located underground as shown in Figure 5, at a depth of 655 m (2150
ft) in a housing equipped with an emergency liquid argon pool and with argon vapor exhaust
ducts. Forced fresh air inlet, liquid/vapor nitrogen in/out ducts, assembling hall with crane and
elevator complete the basic organization of the underground cave. The magnetic field is vertically
oriented and is obtained with a solenoid around the cryostat containing the liquid argon. With
such an orientation the maximum bending for a charged particle is obtained in a horizonta plane
and appears in the imaging as an arc in each of the planes (u,t) and (v,t).
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A similar large volume detector of liquid argon TPC technology exists and one of the first
recorded tracks of cosmic muon shower, imaged by ICARUS, is shown in Figure 6. The
difficulties of the LANNDD project rely mainly on its engineering and safety aspects, areadlistic
mechanical design with costs and construction time estimates is matter of a dedicated feasibility
study to be approved and properly funded.

For the full project definition a preliminary activity is required to study a) the imaging in a
magnetized liquid argon TPC, b) the operation in conditions of high hydrostatic pressure, and c)
drift path of greater than 5 m.
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Figure 8. (@) Schematic drawing of LANNDD underground with its intake and exhaust
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system; (b) Additional details on the assembling and storage hall.

Figure 9. One of thefirst
By images of cosmic muon shower
, il —:>\ ' ~ reoorded recantly by the liquid
N Argon detector ICARUS,

5.3.6 Preliminary study in view of a detailed project for the LANNDD detector at
the WIPP site

Extralarge adive massdetedors, asrequired bythe experimental study d neutrino cscill ations
made with long kasaline neutrino keams, are dso the ided sourcefor the seach of the lower
limitsfor the nucleon lifetime. A detedor, based onthe liquid argontime projedion chamber
(TPC) configuration, appeas particularly appeding for its homogenous (in spacg and
continuous (in time) sengitivity. 1ts 3D “imaging’ capability and its cadorimetric performance
make thiskind d detedor unique for event recnstruction in the finest detail even at very low
energy. The msmic badkgroundsuppresson requires sting such a deviceunderground The
posshility to operate this detedor in magnetic field widensits deteding pover espeaaly in
neutrino oscill ation experiments made with beans generated by reutrino fadories.

A preliminary study has been performed” to put in evidence aset of guidelines for the design o
such an apparatus, based onrequirements and constraints mainly originated from the experience
acawmulated in the design and operation o smaller scde similar detedors. Such criteria and
remarks are mainly dictated bythe user (physicist) point of view. The solution resulting from
this gudyisakind d challenge that need to be cetified by a detail ed complementary study;,
made by the engineaing pant of view, covering isales conreded to the mechanicd stability of
the chamber suppating frames, of the ayostat and d the magnet and to their safe siting,
assembling and operation in an undergroundenvironment. Mining techndogy criteria and
related safety constraints must be taken into acurt for the design d the undergroundcavern,
cgpableto hast a dean laboratory, with proper ventil ation, accessand dher services. Even if
argonisaninert gas, itsuse in liquefied state, in large quantities and in an undergroundsite
requires particular precaitions and coherence with the related safety rules. Surface
infrastructures for liquid argonand ntrogen productionwill be considered. Finally, the dedric
power consumption, mainly conneded to the operation d the magnet, must be evaluated.
Asworking hypdhesis we have assumed to design adetedor a) with adive massof 70'000
tonre (70KT), b) sited at the WIPPundergroundlaboratory (NM) and c) eventually immersed in
amagnetic field.

The main items to be mnsidered are the subjed of the following sedions.

' D.B.Cline J. G. Learned, K. T. McDonald and F. Sergiampietri, LANNDD - A Massive Liquid Argon Detector for Proton Decay, Supernova
and Solar Neutrino Studies and a Neutrino Factory Detector. Proceadings of the NUFACT’ 01 WORKSHOP, Tsukuba, |baraki, Japan, May 24-30,
2001 Astro-PH/0105442
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a) Shape and modularity

A cylindricd shape, with height approximately equal to the diameter, appeas as an ogtimal
choiceif omni-diredional sensitivity isrequired together with a minimum surfaceto-volume
(S/V) rétio. If the gylinder is oriented with verticd axis and is equipped with top and bdtom
toro-emisphericd shells, this ape gopeas promising from the point of view of the medhanicd
stiffnessand d the eay design d the internal detedor eledrodes (compare with sphericd and
cubic shapes that have the same S/V ratio).
The SV ratio isthe dedding criterionfor a dhoice between configurations based onasingle
large unit or onan array of equal, smaller moduar units. The following parameters depends
roughy linealy onthe inverse of the linea size of modues:

- Number of channels (i.e. wires, wire cmbs, connedors, cables — and heat input through them —, signal
feadthroughs, eledronic chains, data acquisition and storage power. By excluding the magnet, the most
important fraction of the total detedor cost results proportional to the number of channels)

- Impurities

- Heat input (coding power)

- Magnetic power

- Magnet coil weight

Other important parameters depend onthe inverse of the size of modues, even if lessthan
linealy:

- Activeffiducial volume ratio

- Magnet iron yoke weight

The @ove parameter dependences, that qualify the detedor and determine its cost, suggest
withou any doul the dhoicefor asingle modue wnfiguration. The resulting adive volume size
isroughHy a gylinder 40 min dameter, 40 min height. These sizes are still redistic for the liquid
argon TPC operation (consider, per example, that a40 mlongwire with 3mmwire spadng, as
those in the wire chamber planes, has an eledricd capadtance of [BOOpF, for which the
equivalent noise energy is of the order of 40 keV rms, whil e the energy deposed alongthe 3 mm
wire spadngis, at minimum, 2.1 MeV). On the other side, the pradicd feasibility, in safe
conditions, of this configurationis matter for an engineaing study and evaluation.

b) Insulation

Considering that the outer cryostat surfaceis of the order of 8000nT, ahed inpu of 1 W/nt
(correspondngto aliquid nitrogen evaporation rate of 0.64 |/n/day), the total li quid nitrogen
consumption amourts to 5m’/day. The vacauum insulation appeas as the ided tedchnique for the
thermal shielding d the ayostat. Hed inpu rates of the order of < 0.5 W/nT are ommonly
readied with such techniqgue combined with a @ating o superinsulation layers (average
condLctivity A0 = 4010° WI 'K ™). Whil e techniques based onexpanded foams or other
solid-state insulators are generally 20-100times lessefficient (for expanded foams of
polyurethane, polystyrene, PVC the average ondtctivity isA ;¢ = 2.500° W' [K™; for
horeycomb panelsin aramidic fiber, fill ed with nitrogen gas— asfor the ICARUS cryostat —, it
results A, . > 10" WIH'K*, with ahea input of the order of 20-40 Win).
Particular design solutions must be alopted to cope with the required safety and ensure the

required stiffnessand reliability of the ayostat wall. With large sizes, one of the main points

to take into acount is the thermal shrinkage of the inner walls, compared to the outer walls.
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c) Magnetic field

The physics requirements for immersing the LANNDD detector in magnetic field are related
manly to the study of neutrino oscillations. Preliminary calculations indicate that, for charge-
sign discrimination, a magnetic field intensity of 0.2 T is suitable for muonswhile 1 T is
required for electrons (if their energy islower than 10 GeV). The decision of thefield intensity is
then related also to the perspectives on future long baseline beams and on their energy
distributions.

A second matter to discuss is the choice between warm and superconducting coil.

Finally a decision must be taken on the relevance of outfitting the coil and the cryostat, inside it,
with an iron return yoke. The mass of the iron required at 0.2 T is of the order of 120 tonne

(247 tonnefor 0.4 T and 677 tonne for 1 T). A solution without yoke implies specia precautions
to be observed and an accurate choice of non-ferromagnetic materials for any infrastructures and
facilitiesin the underground hall.

The possible integration of the eventual iron yoke in the pit walls and aslink to the cryostat
outer vessel must be studied.

Preliminary studies for awarm magnet with maximum field of 0.2 T indicated a power
consumption of about 17 MW (37 MW at 0.4 T and 79 MW at 1 T). This estimate is obtained by
equilibrating the copper cost with the power cost during 10-year operation.

d) Underground

A tectonic and geological survey isrequired. Rock solidity and stability must be verified as
suitable to carry a pressure load of 50-100 tonne/m’ distributed over an area of about 2000 n’.
The basic configuration of the LANNDD underground laboratory should include a barrel vault
hall (used, initialy, for preparation and intermediate assembly of detector details, and later for
hosting cryogenic and purification devices) and awell in the hall floor where the detector will be
located. By this configuration, due to the density of argon higher than the air density, in case of
leakage, the argon will concentrate in the bottom of the well.

Upcast shaft for argon vapor exhaust and downcast shaft for fresh air intake, both with properly
sized fans, are needed to face eventual important liquid argon leaks. The argon shaft is
connected to atoroidal duct surrounding the lower base of the well, while the fresh air shaft is
connected to a similar duct around the upper part of the well.

Thermally insulated pipes are required for liquid argon and liquid nitrogen transfer from the
surface cryogenic plant to the cryostat, for filling (liquid argon) and cooling/stabilizing (liquid
nitrogen) the cryostat. The (vertical) transfer pipes, equipped with adequate intermediate stations
for hydrostatic pressure reduction, are combined with auxiliary larger section pipes for vapor
exhaust. The pipe for argon vapor is utilized as safety expansion volume for eventual liquefied
argon pressure compensation.

A mobile bridge craneisrequired in the underground hall to list semi-assembled detailsin the
detector well for final assembling.

The hall should include a closable hut, usable as electronic counting room and as emergency safe
volume. Connected to it, alift for people should be foreseen.

The hall must be designed to foresee, at the moment of the final detector assembly, a clean box
as access to the detector, with people properly dressed for clean room operation.

€) Surface infrastructures
A set of services and infrastructures has to be foreseen in an area on the surface on the vertical
from the underground well:
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- A liquid Argon/nitrogen plant to economically produce the liquid argon to fill the detector and the liquid
nitrogen for cooling and stabilizing in temperature.

- A mechanica yard equipped with a semi-fixed crane for the detail construction and for their moving down
through the fresh airs emergency shaft (initially used for this purpose).

- An dectric power sub-station.

f) Conclusions

The construction of an apparatus characterized by a 70 KT sensitive massis mainly an
engineering task. The principal guidelines dictated by physics and detector considerations have
been introduced. A preliminary technical study aimed to freeze the genera strategic choices on
the detector configuration, its magnet and its underground siting is highly required.

5.4 Nuclear emulsion

Nuclear emulsion detectors on a scale much smaller than one required for a neutrino factory
have been used in CHOOZ and are planned for OPERA [ref_ OPERA] and MINOS
[ref_MINOS]. The concept of alarge (1 kt to 20 kt) detector with nuclear emulsion planes
sandwiched with steel plates and low-Z gaps inside a large toroidal magnet has been proposed.
Such a detector would alow identification (including charge) and energy measurement on an
event-by-event basis of all primary lepton types.

Nuclear emulsion detectors are very fine grained and provide complete reconstruction of
contained events. This might allow them to be somewhat smaller than other detector designs
while till remaining effective. Real time data acquisition through automated microscopic
digitizers have been demonstrated (CHORUS) to simplify data gathering.

Nuclear emulsions have the disadvantage of high cost.

5.5 0Others

Other detectors that have been mentioned in the literature [ref Nuphysics] are
perfluorohexane (CgF14) filled Cherenkov detectors and microstrip gas chambers. Both are

noted as being effective for the specific detection of tau particles.

5.6 Detector considerations

Experimental detectors will experience the highest interaction rates with oscillated neutrinos if
they are located at source distances at or near the leading  oscillation maximum; however,
distances greater than the first oscillation maximum complicate interpretation since it can be
uncertain upon which oscillation cycle the detector islocated. The vacuum oscillation length for
one cycleis afunction of the ratio of the neutrino energiesin the beam E, in GeV and the mass

difference squared Am;? in eV 2/c4,

with L in km [ref_Geer]. At present the best determination of Am;? is 3.5 x 10-3 eV2/c# from
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Super-K. The present best value of Sin“(203) is 1 and also comes from Super-K. Sin2(2913) is

not well determined, but the best value comes from CHOOZ with sin2(2913) ~ 0.047

[ref_ CHOOZ]. Muon neutrino to tau neutrino vacuum oscillations, using these parameters, will
have the first oscillation maximum at approximately 4,960 km for a E, of 14 GeV (the rough
equivalent of 20 GeV muons in the factory storage ring). Oscillation probabilities of the other
neutrinos will be lower, but the oscillation lengths will be the same. Matter oscillation lengths will

be on the order of 10,000 km for ordinary rock with a density of around 3.0 g/cm3. While matter
oscillations are not dependent on neutrino energy, the combined vacuunymatter oscillations are
dependent.

Intense v, beams will produce a comparatively large flux of muons by interacting with the rock
(salt) in advance of the detector. These muons will create a significant background in the
detectors. Placing a powerful magnet between the detector and rock face could steer muons
away from the detector and lower this background.

By utilizing two identical far detectors at radically different locations or one detector receiving
identical beams from two factories at different distances, such as WIPP from Fermilab or BNL
and WIPP from CERN or Gran Sasso from CERN and Gran Sasso from Fermilab or BNL, it may
be possible to consider somewhat smaller detectors. Many of the uncertainties related to the
beam, the detector, and cross sections could be removed through ratios. For example, the ratio of
any of equations (4) through (6) for different combinations of factory-detector lengths drops out
the sin“0,5 dependencies, leaving Amg,” as the only variable. Furthermore, all three equations
result in the same variable. It would be possible to ratio equations (4) and (5) at the same or
different factory-detector combinations to zero in on Sin“(20,3). Such a start would assist in the
unravelling of the other parameters in a manner more direct than curve fitting. Care must be
taken in selecting the data with the best statistics for this purpose, as ratios can increase the error
ranges.

Where two detectors are not available for a given beam, it is possible to run two different
experiments with one detector but with different beam energies. The equations will ratio in the
same manner; however, the different energies will introduce some systematic error since beam
spectra and cross sections will be different and perhaps not well known.

Whatever primary neutrino detector is chosen for a factory neutrino beam, magnetic
spectrometers and calorimeters should be included in the mix. These will likely be located at the
ends of multiple modules or, if the modules are small enough, the entire modules may be located
within magnetic fields. Furthermore, it may be desirable to combine more than one type of
primary detector, such as a magnetized steel/scintillator of large mass and nuclear emulsion
detector or liquid argon detectors of a smaller mass. If CP violation is to be studied, it will
probably require some form of tau detection.

6 DETECTOR PROPOSAL

i) Tunneling in the salt at alarge angle for alignment of detector towards the neutrino source.
This could require engineering study of the salt formation.
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if) Configuring the detector to run in parallel as an OMNIS detector.
i) Cost and time scale of tunneling and the detector.

This paper presents a proposa for the study of a remote detector to serve with a neutrino
factory or superbeam to study long baseline oscillations of neutrino flavors. The study will focus
on physics benefits, detector design, neutrino detection methods, simulation of the experiment, the
results expected from the experiment, and future upgrades possible for the experiment.

The neutrino factory location is unknown, but for purposes of this study it will be assumed to
be located either at Brookhaven National Laboratory or a Fermilab, eventually perhaps both.
There may also be future neutrino factories in Europe or Japan. The beam parametersto be used
in this study will be the Fermilab parameters as addressed previously. However, during the course
of the study if more favorable parameters are provided by either Fermilab or Brookhaven, the
revised parameters may be substituted. Although it is probable that there will ultimately be more
than one detector location in the world, this study will be concentrated on a detector located at
the Carlsbad National Underground Laboratory. This National Laboratory provides al of the
needed components for the location of aworld class neutrino detector.

6.1 Detector location

The multiple factory, single detector approach taken here will allow for comparisons to be
made using the final study data, which ultimately may have a bearing on final factory site
selection. In addition, the study will look at longer baseline experiments from a potential neutrino
factory located at CERN near Geneva, Switzerland.

Some detectors and experimental scenarios are more sensitive to the muon flux from cosmic
rays than are others. Since the factory beam is pulsed, it is possible to obtain a good value of
cosmic ray backgrounds during the dead time, which can then be subtracted from the live events.
However, to keep the statistical fluctuations of the background low, it would be prudent to have a
deep enough experimental site, at least of the order of 2000 mwe.

Neutron background flux from uranium or thorium in the surrounding strata could be a
problem for detectors using NC reactions and neutron signals for the detection mechanism. If
neutron levels were high enough, supplemental shielding might be required. How important
neutron backgrounds are would have to be evaluated for each type of experiment considered.

The Waste Isolation Pilot Plant (WIPP) in Carlsbad, New Mexico, has been designated by the
Department of Energy as a national scientific underground laboratory, named the Carlsbad
Underground National Laboratory (CUNL). There has been intense interest recently among the
scientific community in establishing a national underground laboratory for neutrino and other
experiments. For neutrino oscillation studies, the most important criteriafor locating a detector
are its distance from the neutrino factory, reasonable underground depth to avoid cosmic ray
backgrounds, low radiation backgrounds from the surrounding underground strata, and a well
developed infrastructure to support the experimentation. Distances which approximate the first
vacuum oscillation maximum would be preferable. Since the parameters used to calculate this
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distance ae not well known, the best available values have been used. At present this distance
would be 2450 km for 7 GeV neutrinos, ranging upto 12,250 km for 35 GeV neutrinos. The
neutrino deteaor for thiswill be located at the CNUL in Carlsbad, New Mexico.

6.1.1 Carlsbad Underground National L aboratory

The Waste Isolation Pilot Plant (WIPP) locaed nea Carlsbad, New Mexico, has been
established by the Department of Energy for use & a United States underground laboratory
fadlity using the name Carlsbad Underground National Laboratory (CUNL). Such afadlity
would be afavorable site to locate adetedor for a neutrino fadory. At areceit workshop on
WIPP asthe Next Generation US National Underground Research Facility held in Carlsbad,
New Mexico, on June 12-14, 200Q a ollaboration was announced for design and development of
adetedor for neutrino fadory beans at WIPP. Among the ollaborators are representatives from
UTD, UCLA, LANL, DOE/WIPP, TAMU, TAMU-Kingsville, and Princeton. This proposa
results from that collaboration.

Factory Site To CUNL (km) E,(GeV) at 1st Max
FNAL 1,749 4.9
BNL 2,903 8.2
CERN 8,136 230

Table 2. Distancesto the CUNL site from likely locations of neutrino fadories. E, corresponds
to the first oscill ation maximum for ead distance

The CUNL siteislocaed such that it can be on the first vaauum oscill ation maximum from
Fermilab, Brookhaven, or CERN by using a mean beam energy that is avail able from the neutrino
fadory. The parameters values used may differ from adual values; however, adjustments of
neutrino energy can change where the detedor falls on the oscill ation cycle, making it possble to
enhance oscill ations at the detedor. The Fermilab and Brookhaven distances have the advantage
of low values for matter oscill ations, thereby making analysis of the vaauum oscill ations easier to
isolate.

The CUNL site has other qualities which make it agood locaion for this detedor. The
underground laboratory site is presently 655 meters below the surface with a possble increase to
1300meters. Cosmic radiation shielding at these levels are estimated at 1,840and 3524 mwe
(taking into acaount flat surface ad muon angular distribution). The material from which the
laboratory is excavated is rock salt, which in comparison to rock, is much lessexpensive to
excavate. The salt contains low levels of radioadive dements; uranium 30-50 pf, thorium 70-80
ppb, and potassum-40 Q1-0.8 ppm. Freeneutron levels have been measured at 332+ 148
neutrons/m*/day with thermal and epi-thermal neutron flux levels at 115+ 22 neutrons/m?/day.
Radon concentrations are & surface & concentrations sncethe fadlity is provided with large
quantities of fresh circulating air. The site is operated by the US Department of Energy, which
maintains a large infrastructure of power, lighting, elevators, and surfacefadlities along with
operational, safety, seaurity, and environmental services.
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Figure 4. Distancesto Carlsbad Underground

National Laboratory (CUNL) from respective

TR world accelerators where neutrino factory can
P be built.

Long BaselineBeam  Distance to CUNL (km) Oy 0.
FNAL 1,691 +47.9° + 7.8°
BNL 2,839 +62.5° +12.9°
CERN 8,097 +41.6° +39.5°
KEK 9,073 —44.7° +45.4°

Table 3. Distances and angles to Carlsbad Underground National Laboratory (CUNL) from
respective world accelerators.

6.2 Detector design

It is assumed from the start that any detector that is built, along with a neutrino factory, must
meet certain cost constraints. The approach to be taken in this study will be to design a cost
efficient initial detector, that can be augmented with additional detectors, modules, electronics,
etc. in the future to expand itsinitial capabilities. The possibility of using this detector for
astrophysics studies on solar, atmospheric, supernova, extra-galactic, and relic neutrinos will be
considered.

All detector types as presented above will be considered as candidates for further study;
however, a single detector type will be selected for more detailed study. For example, afirst
detector type could be a 10 metric kton collection of iron plate targets, sandwiched with
electronic particle detectors. These particle detectors could be arrays of scintillating plastic or
liquid scintillation detectors with scintillating fiber readouts. Electromagnets would provide for a
toroidal magnetic field in the steel plates. This detector would have properties very similar to the
MINOS detector. A detailed study would arrive at afinal design after applying the results of
experimental smulations. It would not be the intent of the study to enter into the detailed
engineering design of the detector, beyond establishing general parameters.

The size of size of such a detector and number of identified reactions is especially important
for those detectors relying on statistical methods of identification such as the one described above.
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To give an indicaion of the number of eventsthat could be recorded in this detedor, Table 3 lists
the number of events expeded in one yea of operation for the 10 k detedor at CUNL with the
fadory at Fermilab. The neutrino beam is taken as the Fermilab flux of 6x10™ muon reutrinos
and (eledron antineutrinos) per yea at an energy E = 14 (12) GeV. The neutrino oscill ation
parameters are sin*(20:3) = 0.47 and Sin“(20,3) = 1.0. For other fadtory-detector combinations the
number of events will be dmost inversely proportional to the square of the distances.

Ame? | P( Vi-Ve) PVy-Ve) P(vy—-Ve) P(V,-Ve) | Ve Vi V; Ve Vy Vg

.000 .0000 .0000 .0000 .0000 0 14,134 0 6,057 0O O
.001 .0012 .0236 .0017 .0017 18 13,818 80 6,037 10 2
.002 .0049 .0920 .0065 .0065 69 12902 312 5978 40 9
.003 .0105 1984 .0139 0139 | 148 11,477 673 5889 84 20
.004 .0175 3323 .0227 0227 | 248 9,685 1127 5,782 138 33
.005 .0253 4804 .0319 .0319 | 358 7,703 1629 5671 193 46
.006 .0331 .6278 .0401 .0401 468 5,729 2130 5572 243 58

Table 4. Probabilities and number of events for a u™-decgy bean for various values of
Amg;* asauming oscill ations with sin(2613) = 0.47, sin%(2023) = 1.0, Eyy = 20 GeV and L
= 1749 km. Bolded events are from non-oscill ated neutrinos.

6.3 Detection methods

This gudy would consider the physicsinherent in different detedion methodsto arrive & a set
of procedures which can be smulated using Monte Carlo methods. These procedures follow
from the discussons of sedions 4 and 5 of this paper. The procedures would consider adions
such astaking prudent energy cuts for the dimination of bad<ground, finding methods to
eliminate or minimize systematic arors, or using mathematicd tools sich as ratiosto enhance
cdculations from the data sets obtained. The procedures will be designed with regard to
increasing the significance of the statisticd data where possble.

6.4 Simulations

Based upon the procedural methods chosen for particle detedion, sets of simulations using
different parameters of the beam, fadory-detedor combinations, and neutrinos will be runin
order to (1) optimize the beam running energy, (2) optimizethe detedor design and parameters,
and (3) arrive & afinal set of predicted experimental results. The predicted results would be used
as the templates for comparison with adual experiment results in the final caculation of neutrino
parameters or in establishing new limits of the neutrino parameter spaces.

The smulation program which would be gpropriate for this gudy would be the GEANT4
detedor program, available from CERN. Spedal code will have to be written to fit these
experiments into GEANT. Other spedfic programs used in the particle physics experimental
community may also be used. The GEANT4 program is avail able for use with either the UNIX or
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Windows operating systems. Since programs of this complexity require considerable computer
capacity, it will be necessary to use an appropriate computer, e.g. the UCLA or UT System

central computers.

6.5 Detector Summary

Neutrino experiments are presently a very important part of experimental physics, both from a
particle physics aspect and astrophysics. Neutrino factory and detector experiments, similar to the
one described in this proposal, are likely to be undertaken in the next ten to fifteen years. The
results that come from this proposal should benefit in the planning of such experiments. The
procedures developed and the simulations run should be able to provide significant guidance in
the final design. Should the final experiments be similar in nature to those proposed here, the
simulations could become templates for comparison and calculation of the neutrino parameters

being sought.
Basdine length Vertical Angle? Angl€e® to North
(km) (deg) (deg)
FNAL - Soudan, MN 731.04 [-0.39] @FNAL 3.473[+0.182]° -23.625 [+0.073]
@Soudan 3.126 [-0.164] 153.597 [+0.073]
FNAL - Carlsbad, NM  1,748.87[-0.18] @FNAL 7.791[-0.098] -121.626[-0.081]
@Carlshad 8.009 [+0.120] 48,689 [-0.075]
FNAL - Homestake, SD 1,290 @FNAL
@Homestake
FNAL - GranSasso, It  7,332.89[-2.82] @FNAL 35.149 [+0.008] 50.087 [+0.004]
@GranSasso  35.155[+0.005]  —50.749 [-0.006]
FNAL - Kamioka, Jon  9,133.63[-1.87] @FNAL 45,811 [+0.008]  -35.178[-0.016]
@Kamioka 45.828 [+0.026] 32.102 [+0.007]
BNL - Soudan, MN 1,715.25[-0.87] @BNL 7.826 [+0.093]  -56.330 [+0.076]
@Soudan 7.665 [-0.081] 110.081 [+0.076]
BNL - Carlsbad, NM 2,903.08[-0.20] @BNL 13.118[-0.048]  -98.421 [-0.053]
@Carlshad 13.239 [+0.065] 62.563 [—0.041]
BNL — Homestake, SD  2,540° @BNL
@Homestake
BNL - Gran Sasso, It 6,526.73[-2.30] @BNL 30.825 [+0.011] 56.812 [+0.002]
@GranSasso  30.830[+0.001]  -59.240 [-0.010]

%positive = north/east ; negative = west.
Pnumbersin [ ] are values of the dliptic Earth minus those of the spherical Earth.
V. Barger, D. Marfatia, K. Whisnant, hep-ph0108090

Table 5. Distance between possible locations of the Neutrino Factory and the Far Detectors.
Angles at each locations are also given.
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7 ENGINEERING FEASIBILITY AND SAFETY STUDY FOR
LANNDD AND OTHER PARTICLE PHYSICS DETECTORS IN
THE WIPP UNDERGROUND

1. Introduction
2. Potential experiments

a. Conceptual design. (Design elements related to safety, shafts, boreholes,
containment structures) Description of experimental setups (concentrating on size,
fluids, containment issues)

b. Safety Issues (general underground safety, need for containment and venting
systems, potential hazards if these are not accounted for, need for procedures and
general safety systems)

3. Safety systems analysis

a. Systemsin place at the WIPP

b. Incorporation of these systems into an experimental facility

c. Safety elements resulting from experimental setups. (Includes a discussion of
resulting engineering configuration control, development of operating and
maintenance procedures, etc)

4. Coordination Engineering: Practical Issuesin fielding of experiments underground

a. Issuesrelated to fielding of experiments (difficulties of working underground, need
for tight control of personnel and equipment, regulatory issues)

b. Capabilities existing at WIPP and LANL to support fielding

5. Scope of Work

a. Conceptua Engineering Studies and Layouts

b. Safety and Risk Assessment

c. Practical Issuesrelated to fielding of experiments
Schedule and Cost
Conclusion
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7.1 Introduction

While mankind has extraded mineral resources from the eath since time immemorial, the
creaion of underground spacefor other purposesis, relatively, very new. The utili zaion of this
space often by large numbers of the untrained general public, creaes unique situations where
common methods for ensuring safe and effedive operations may be inadequate and ineffedive.
The mineral extradion industry has developed a number of prescriptive cdes and rulesto
enhance safety in underground mining situations, most of which are based on hitter experience
While these aodes and rules in general also apply to ather underground applicaions which are not
related to mining, they rarely cover many of the spedfic and unusual underground space
applicaions now being considered. The Waste Isolation Pilot Plant may be unique in this regard,
sinceit has degp and relevant experiencein meding and excealing highly prescriptive operational
and safety regulatory requirements. Sinceits inception, the Waste Isolation Pilot Plant has
achieved world-wide recognition of its safety culture & applied to unique and demanding
underground applications. One unique feaure of the WIPPIliesin the combination of the safety
systems and methods adopted from the mining industry, with those developed by the nuclea
industry. Thisindustry has developed rigorous processes for ensuring safe cnstruction and
operation of nuclea fadlities, and in applying these has established an enviable safety record.

In recent yeas, the particle physics community has reagnized the potential for discovering
fundamentally new physics beyond the standard model by siting extraordinarily sensitive particle
detedorsin deg underground settings. With much reduced badkground “noise” from cosmic ray
induced reacions above ground, these experiments promise to revolutionize our understanding of
the universe in which we live. Some of these detedor concepts are relatively simple and can be
safely designed and operated within the normal envelope of underground operations pradiced by
the modern mining community. Others, however, contain exotic materials and are of such asize
that conventional design and safety pradices are stretched even for surface gplication, let alone
the much-more demanding underground environment. Certainly, safe installation and operation of
the proposed LANNDD, with tens of thousands of tons of oxygen-displadng liquid argon at
cryogenic temperatures, will require significant safety engineering considerations.

This chapter describes the engineeing feasibility and conceptual design efforts that will be
conducted to evaluate the install ation and operation of the LANNDD in an underground setting.
While LANNDD could conceptually be sited at any number of underground fadlities, we believe
that the optimum location (including safety considerations and cost) is at WIPPand that only
WIPPhas the experienceto ecnomicdly design, evaluate, permit, construct, and operate an
underground LANNDD meding acceptable operational and safety standards. The recent fires
from flammeable (or other hazadous chemicd) shipments through highway tunnels has cdled into
guestion the advisability of siting physics experiments with a potential for serious sfety
implications in these types of fadlities. Even the Channel Tunnel, with its extreme emphasis on
safety, experienced a significant fire. Siting afadlity such asa LANNDD in any deep mine with
limited egresscapability (for both egresstime and evacauation options), will be astly and will
likely depend on the use of refuge rooms, an undesirable and problematic solution

The extraordinary physics potential of LANNDD (charge, massand dredionality) does not

demand a degp setting. Overburden depths of 10062000 meters of water equivalent (mwe),
which can be adieved at the WIPP, provide adequate atenuation of cosmic ray generated muons
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and subsequent fast neutrons. Indeed, siting of LANNDD at WIPP will derive additional benefit,
due to the extremely low radon production potential of the host rock.

Siting a facility such asthe LANND in a hard-rock location, where mining is difficult and
dow, could add significantly to the overall cost of supplying suitable egress and suitable venting
systems in the event of mgjor disruptions of containment. By contrast, the low cost of mining,
shaft installation, and material removal in a salt mine provides a cost effective solution to the
safety implications posed by installation and operation of LANNDD in an underground
environment. Multiple emergency air dumps and sources, along with multiple egress options, can
be smply created at reasonable cost. This chapter describes the feasibility study that will be
conducted and lays out milestones for delivering conceptual designs for a variety of detector
installations. These will be accompanied by preliminary safety analyses and cost estimates, both
of which will be discussed in detail. Development of a detailed design (Title 1) for LANNDD at
WIPP is not proposed.

The WIPP facility has along history of dedication to safe operations. Indeed, it can credibly
claim to be the safest underground operation in the US today. It has won numerous safety
awards, and continues to be recognized for its safety culture around the world. Application of
this culture to LANNDD is an exciting opportunity for both WIPP and the physics community.

7.2 Potential Experiments

Two types of detector have been suggested for the Carlsbad site, these being a 50 KT
magnetized Fe tracking detector and a 70 KT liquid argon magnetized detector. Conceptually
either, or both of these detectors would be located at the current WIPP horizon of 655 m bgs, and
would include necessary underground space for control, operation and maintenance of the
detectors. This experimental areawould, in concept, maintain access to the WIPP storage areas
for additional egress and safety reasons, but would be isolated and would maintain a separate
means of access from the surface. The engineering and safety issues that would be addressed in a
feasibility study of these detectors are discussed in the following sections.

7.2.1 Magnetized Fe Detector

In concept this detector would consist of a stack of alternating magnetized iron plates
separated by active detectors with nominal dimensions of 8 m high x 8 m wide x 150 m (500m??)
long. The detector would be housed in atunnel of sufficient size to allow access to the detector,
and oriented so asto point towards the site of a neutrino factory. This site might be FNAL, BNL,
CERN or JHF. The requirement for the detector to point towards the factory site will require it
to be oriented toward that site in the horizontal plane, and decline at angles to the horizontal
which would be 7.8° for afactory at FNAL, or up to 39.5° for one at CERN.

Engineering Issues

Conceptually the tunnel required to house this detector might need to be about 10 mx 10 min
section to allow access to the detector for maintenance. Mining such atunnel in salt at the WIPP
horizon should not be a problem, provided the required grade is less than about 15% (or about
8.5%). The expected span of the tunnel of the order of 10 mis similar to the current span in the
WIPP storage rooms. The height of nominally 10 mis larger than the current excavations, which
have a height of the order of 4 m, but this should be achievable with careful design. Careful
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design of roof control systems would aso be needed for atunnel crossng clay and anhydrite
partings.

A tunrel at a steeper grade, such asthat nealed for a CERN detedor would be much more
difficult to mine, equip and maintain, since normal mining and underground transport equipment
cannot operate on these stegp grades, and spedal equipment would be neaded. In addition
empladng the detedor, and physicdly restraining it, at stegp grades would be dhallenging: some
form of ded and hoist arrangement would need to be designed. For a shallower grade installation
would be more straightforward, though some issues would need to be resolved in the methods of
handling large (8 m x 8 m) platesin the wnfines of the shafts and the underground.

Engineeing isaies to be aldresses during the feasibility study would include:

» Design of the tunnel sedion to acoommodate aee closure of the sedion

» Design of tunnel mining pettern to aid in roof control

» Design of roof and strata cntrol and maintenance systems

» Spedal considerations for a high angle tunnel (if needed)

» Ingtadlation, restraint (if needed) and maintenance procedures for the detedor.

Safety Issues

For alow angle (FNAL) tunnel, the design and layout is arelatively minor deviation from
current designs, so safety issles are well understood, and mostly concern strata control during
mining and operation. Installation of large and heary elements of the detedor in the cnfined
shaft and underground spacewill also bring safety isaues, but these ae in the redms of normal
industrial safety pradices.

A high angle tunnel, such as would be needed to point towards CERN for example, involves
more complex isaues of safety. Mining such a tunnel would be most easily achieved using drill
and blast techniques — aternatively the tunnel would have to be mined in a series of benches.
Eadh of these methods brings gedal safety issues during construction. As noted above, the
emplacement of heavy detedor elements would be quite challenging in a high angle tunnel and
would involve potentially hazadous working conditions, as would maintenance of the detecor
during operation.

All of these issues will bereviewed in detail in the feasibility study. There ae no spedal
safety concerns related to the detedor itself, save thase having to dowith physicd restraint in a
high angle detedor.

7.2.2 Liquid Argon Detector
Conceptually this detedor would involve atank containing 70 KT of liquid argon. This mass
of liquid argon trandlates into about 50,000m°, or a g/lindricd container about 40 m (130ft) in

diameter and 40m (130ft) high. The agon container will be surrounded by a solenoid coil and a
cryostat.
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Engineering Issues

The conceptual design for this detector would call for alarge cavity being mined at, or close
to, the WIPP horizon. This cavity would, in concept, be avertical cylinder that, athough it will
be large, represents the most stable shape for the WIPP conditions that will minimize horizontal
creep closure. The roof and floor of this cavity will show more pronounced effects of creep, and
the possibility of dabbing and roof falls. The potential for these can be reduced by effective
design of the roof and floor, and by appropriate use of support elements. Examples of effective
design would be to use an arched roof, and to place the cavity vertically so that major parting
planes (clay and anhydrite seams) are avoided at critical locations in the cavity.

Other engineering issues would be related to access requirements for the large detector and
safety elements associated with the need to control unintended releases if argon gas. Engineering
items to be evaluated in the feasibility study would include:

* Location of the cavity in the salt section so asto avoid partings at critical locations

» Design of the roof section so asto optimize stability

» Design of the floor, and the supports for the argon chamber, so asto minimize the effects of
creep.
» Conceptua design of mining approach and mucking systems to develop the cavity at
reasonable cost and in areasonable time.

» Development of roof and strata control systems..

Safety Issues

The major safety issues associated with this detector are centered on the containment of the
liquid argon, and the possibility of leakage or of a catastrophic release. The cavity and detector
design will need to address this issue through the use of safety shields to mitigate the effects of
unexpected ground movement, and through the design of containment systems. Containment
design would start with the location of the detector: by situating it below the working horizon the
potential inundation of working areas with heavier than air argon would be minimized. This
would be combined with passive collection systems at the base of the structure, and venting
systems associated with boreholes to the surface.

Other safety issues would revolve around the control of the ground surrounding the argon
detector, and the normal industrial hazards associated with constructing and maintaining such a
large structure. All of these would be addressed as part of the feasibility study.

7.2.3 Ancillary Systems

Any detector of the size and complexity of those described here will bring with it various
ancillary systems. These might include power, ventilation, cooling systems and various
maintenance items. In addition these large detectors will need to be constructed underground,
and all components will need to be brought in from the surface. Experimenters and support
personnel will need access to the detectors and associated instrumentation and computer facilities,
and maintenance personnel will need shop facilities to effect repairs.

Some of these systems may be deployed on the surface, but most will need to be in the

underground. Accesswill likely include a dedicated shaft for removal of salt during mining, for
bringing components and supplies into the underground during construction, and for access
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during operations. Underground facilities for ancillary systems are expected to be routine in terms
of construction and maintenance, since they will by and large be of similar designsto current
openings. However the scope and extent of these facilities will be evaluated as part of the
feasibility study.

7.3 Safety Systems

A significant advantage of WIPP as a host for these experiments lies in the existing culture of
safety at this facility, which is more stringent than other mining settings. Many safety systems and
processes are aready in place and available for adoption by the physics community.

7.3.1 Safety at WIPP

The WIPP has in place ingtitutional programs that provide an inclusive strategy to support
safe operation of the WIPP facility. These programs fulfill the objectives of protection of human
health and the environment; emergency preparedness; and cost effective project management.

These programs create a comprehensive safety culture based on several formal processes.
These processes identify safeguards that:

. control facility design and changes thereto;

. apply appropriate design classifications, codes, and standards;

. manage configuration control, document control, and quality assurance;

. ensure adequate conduct of operations, engineering, and maintenance; and
. control material usage, operating and maintenance procedures, training and

qualification programs, and emergency plans and procedures.

The application of these programs to a unique and complex facility such asthe LANNDD will
provide a high degree of assurance that the facility can be built and operated in a safe and
effective manner. 1n addition to the beneficial safety improvements, a properly managed and
controlled experimental facility will have a much greater probability of meeting stringent operation
specifications and thus achieving research objectives.

7.3.2 Safety Analysis

The WIPP safety is based on:

. determination of the adequacy of the design basis and the application of appropriate
engineering codes, standards, and quality assurance requirements;

. selection and control of principle design and safety criteria;

. determination of necessary Technical Safety Requirements (TSRS);

. controlled conduct of operations; and

. institutional control of safety assurance.

Thisinvolves a number of steps, of which one is a hazard and operability study (HAZOP),
culminating in a Safety Analysis Report (SAR). While these processes are generally understood
within the nuclear community, they may be unfamiliar to others and hence are described in
following sections.
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HAZOP Process

A hazard and operahility study is a systematic method of identifying process hazards and
potential operating problems by investigating process deviations. Largely qualitative techniques
are used to pinpoint weaknesses in design or operation of the facility that could lead to accidents.
The hazard analysis process identifies and categorizes accident scenarios that may be internally
initiated, externally initiated, or due to natural phenomena. Accident analyses at WIPP currently
utilize applicable Rules, DOE Orders, standards, and guidance. These are directed almost entirely
at radiological safety and it will be necessary to find (and possibly develop) similar standards for
an experimental facility such asthe LANNDD.

In evaluating hypothetical accidents, alevel of conservatism is used in the safety analysis
assumptions in order to provide potential consequences that are overestimated rather than
underestimated. The level of conservatism chosen should bound the full range of possible
scenarios. Then, when system variability is taken into account, there is reasonable assurance that
the:

. safety envelope of the facility is defined;

. design of the facility is adequate in response to the accident scenarios analyzed; and

. TSRs assigned provide adequate protection of human health and the environment.

It will be necessary to chose appropriate levels of conservatism for the facilities evaluated
since those used for WIPP as a nuclear waste repository may not suitable.

AR

A safety analysis is a documented processto 1) provide systematic identification of hazards;
2) describe and analyze the adequacy of the measures taken to eliminate, control, or mitigate
identified hazards; and 3) analyze and evaluate potential accidents and their associated risks. A
Safety Analysis Report (SAR) is a document that describes the adequacy of the safety analysis to
ensure that the facility can be constructed, operated, maintained, and shutdown safely and in
compliance with applicable laws and regulations. A "preliminary” SAR generaly refersto a
facility in the design, construction, or pre-operational stage while a"final" SAR indicates that the
facility is operating.

A SAR generaly contains sections which describe the facility being evaluated, the genera
design and method of operation of the facility, and the HAZOP and accident analyses performed
for that facility. It then describes the necessary measures to ensure the safe operation of the
facility. It is proposed to prepare a Preliminary Safety Analysis Report (PSAR) for the
experimental facilities. Parts of this PSAR may be applicable to these facilities no matter where
they might be constructed, but since the PSAR will obviously build on the extensive WIPP
foundation already in place, it will not be generally applicable to any other site.

Technical Safety Requirements (TSRs) define the conditions, safe boundaries, and
management and administrative controls necessary to ensure the safe operation of the facility.
Established policies and procedures must be in place ensuring normal and emergency procedures
are implemented, adequate directions have been provided to personnel concerning actionsto be
taken in a potential accident environment, and adequate procedures are available for follow-up
response. They ensure that facility operations are conducted by trained and certified/qualified
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personnel in a planned and controlled manner. And finally, they ensure that hazards remain within
the bounds assumed or that deviations from the assumed hazard bounds are at an acceptably low
frequency. TSRswill likely play alarge role in the operation of alarge and complex facility such
asthe LANNDD where accident consequences are significant and many people who use the
facility are likely to be unaware of the variety of accident consequences possible in an
underground environment.

Recent examples illustrate the importance of such an intensive safety analysis and the controls
derived fromit. The Kaprun tunnel fire, which claimed 155 lives, was apparently caused by a
faulty space heater, installed illegally, adjacent to hydraulic pipes. The accident resulted from a
series of controllable events. The steepness of the tunnel and the complete lack of evacuation
facilities then exacerbated the consequences. This situation should not be thought unique. A
recently completed 24.5 km long road tunnel has no automatic alarms or escape routes. The
recent fire in the St Gotthard tunnel left at least 11 dead in spite of fire detectors, phone and push
button alarms, video monitoring, and a parallel escape tunnel. Available safety systems worked
well and the alert was sounded within 4 minutes but if truck drivers familiar with the tunnel had
not helped othersto safety, the death toll might have been much higher.

7.3.3 Application to Experimental Facilitiesat WIPP

The general approach described above will be used to prepare aPSAR . Initidly this
document will be rather general and it will need to be revised as the design of the facility
progresses. The first version however should provide fundamental system safety requirements
and identify aspects requiring further consideration at a later date. Once areasonably complete
conceptual design is available a HAZOP will be performed. The identification and use of
appropriate available WIPP resources (such as policies, processes, and procedures) will greatly
speed the completion of the PSAR.

This systematic approach to hazard analysis will conducted by a leader knowledgeable in the
HAZOP methodology and the HAZOP team will consist of personnel from various disciplines
familiar with the intended design and operation of the facility. The HAZOP team will identify
deviations from the intended design and operation of the facility that could result in worker injury
or fatality, sowdown or shutdown of operations, or an abnormal release of contained materials.

The HAZOP team will attempt to assign a qualitative consequence and frequency ranking for
each deviation. A hazard evaluation ranking mechanism will utilize the frequency and most
significant consequences to separate the low-risk hazards from high-risk hazards. Thiswill allow
resources to be efficiently directed during later design activities. Based on this ranking approach
HAZOP deviations whose combined hazard rank are identified to be of moderate or high risk may
be selected for quantitative analysis to identify higher level safety requirements.

The conceptual design will be summarized in the PSAR along with the results of the HAZOP.
System specifications and TSRs which derive from these will likely be general at this stage but
should reasonably define the designs, configurations, processes, procedures, and administrative
controls necessary for the safe operation of the facility.
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7.4 Coordination Engineering: Practical Issuesin Fielding Experiments Underground

7.4.1 Issuesrelated to fielding of experiments

The fielding of complex, large-scde experiments or testsin diversely regulated, multi-use
fadlitiesis always challenging and unique to ead test, fadlity and participant situation. Only a
handful of programs and fadli ties worldwide have undertaken this type of integrated technicd and
logisticd challenge, and few organizations have the experience and capability to safely and
succesdully field these types of experimental programs, espedally in an underground
environment.

During the detailed planning and implementation phases of the LANNDD program at WIPP, a
diverse range of issues will need to be addressed by the integrated team of investigators, test and
fadlity designers, constructors and fadlity operators. These issues must be identified at this
feasibility stage, and a methodology for addressng them developed. Mgjor areas of focus and
examples of the asciated isales include:

 Fadlity owner (DOE) interface

o] Fadlity cleaances, site and underground accessand ac@untabili ty, escort
requirements, official site representation, liability assgnments

» User’s basic knowledge and sophistication

o] Underground and surfacefadlity operations knowledge, safety and seaurity sensitivity
* Training requirements for accessand function authorization
o] Crossmatrix training required by external organization(s), fadlity operators, fadlity

owners, and applicable locd, state and federal regulatory agencies

» Work Authorizaion

o] Fadlity operations interface potential union issues, safety reviews and controls,
document control

* Logistics Support

0 Transportation, acoommodations, remote-site issues, communication infrastructure

In addition to fadlity-driven issues and interfacerequirements, investigators must address
several key issles, unique to the underground environment, regarding the fielding of their
experiments. Most of these isales relate to the complexity of mapping experimental requirements
against fadlity infrastructure (fadlities, utili ties, operations and maintenance support and
reliability, data olledion and accesy. The integration of testing requirements and responsibili ties
with faali ty operations requirements and responsibili tiesis a aiticd, but often difficult and
ignored planning requisite, asis the neeal to separate test preferences and enhancements from
adual requirements. The subsequent trandation of test requirementsto design, construction and
operation requirements, the trade-off and cost analyses for identified options, and the assessment
of impads on experiments due to the seledion of alternatives are dl crucial integration challenges.

Often overlooked in planning large, complex field experiments which require multiple
organizational interfaces is the development and strict adherenceto a dnange antrol system that
fairly and equitably represents operations and experimental requirements and ensures that
unilateral changes do not occur. At the same time it must be recognized that field or test
conditions often require rapid dedsions to be made on modifications or adjustments, so afield-
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based control system, which allows rapid response to conditions, also is essential. The WIPP
change control system, with elements from both the nuclear and mining industries, is uniquely
suited to deal with this situation.

The initial phase (engineering feasibility and conceptual design) of the work proposed here
will only require limited scoping of field requirements and initial, high-level definition of interface
requirements and testing logistics. It ismost critical, however, at this stage to establish, and
clearly utilize, interface mechanisms and organizations. These will initialy (at high level, low
detail) and subsequently (at low level, high detail) provide on-site representation in logistics
planning and test organization for the design, construction, and facility operation organizations.
Establishing this technical liaison and on-site coordination role in the early phase will insure
effective interface control and technical test implementation later.

During this project phase, the WIPP organizations will provide a focused support function to
work with investigators and conceptual designersto define and trandate high-level requirements
and safety considerations for fielding selected experiments in the underground. This function will
be expanded in later planning and implementation phases to provide on-site support for
investigators in scooping design and operations, and in formal planning.

7.4.2 Existing capabilitiesat LANL and WIPP to support field experimentation

The WIPP team of contractors and the existing facility infrastructure is uniquely qualified and
experienced in fielding geotechnical experiments in the underground.

Experience gained over the past 20 years on the performance assessment experiments
conducted at the WIPP provide invaluable experience for the planning and scheduling of
resources in an efficient manner, so asto save time and money during both the construction phase
and the operating phase. The question of when and how to excavate specialized opening can be
readily addressed by the WIPP mine engineering staff, and is addressed elsawhere in this proposal.
The WIPP has developed many excavation and test-support plans for efficient and timely
development of panels and drifts for waste emplacement and geotechnical testing.

The WIPP has ateam of certified Industrial Hygienists that will evaluate the experimental
program and suggest proactive design features that will ensure the highest level of safety to
protect the scientists and the expensive experimental equipment. This team knows the regulations
and limits, ensuring that scientists will be able to incorporate the right controls and safety features
to operate within the limits identified in the PSAR. In addition, the WIPP has a supporting work
control organization that will help in the execution of the construction process.

Los Alamos National Laboratory (LANL) Carlsbad Operations brings the dual expertise of
having a long history of active nuclear and astro-physics research, coupled with and over 50 years
of practical expertise in planning and managing the fielding of complex underground and
atmospheric tests in both weapons and repository science programs. The WIPP-based LANL
team will have access to, and will utilize the extensive physics expertise in various technical
divisions of the national laboratory, to assist the WIPP-based LANL support team in defining test
requirements and trandating these requirements into design and operations systems and interfaces.
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Los Alamos will provide unique science-oriented engineaing and logistics support modeled
after the succesdul Nevada Test Site Program. At the NTS, LANL has provided lead
management and engineeing field support for al nuclea wegpons tests snce1951 In addition,
Los Alamos has been the organizaional lead for planning and fielding surface ad underground
testing and site charaderization at the YuccaMountain projed since 1988 The aurrent test
program manager at YuccaMountain from 1989to 1998is the resident manager for LANL’S
WIPPorganization in Carlsbad, and brings extensive personal management experiencein fielding
major test programs.

LANL’ s unparalleled experiencein field test management and logistics coordination, coupled
with the WIPPMOC's ste-spedfic expertise in testing programs performed underground at
WIPP, provides world-classcapabili ty for test planning, fadlity design, and implementation.

7.5 Scope of Work
7.5.1 Conceptual Engineering Studies and L ayouts

Scope of Work

The acivities to be performed in this phase of the feasibili ty study will be direded towards the
preparation of a Conceptual Underground Design Report for the proposed physics experiments.
Thiswill i nvolve initially a preliminary evaluation of the neeads for the different experiments, in
terms of the excavations required for the main experiment (liquid argon tank and/or iron
detedor), aswell asthose for ancill ary equipment, access and services. These design
requirements will fall into two broad categories. those related to the experimental fadlities
themselves and those related to the utili zation of underground space The former will be
determined in close mnsultation with the experimenters. Following development of the
experimental neeals, the conceptual design team will i nterad with the safety assessment personnel
and WIPP operations to evaluate the latter in terms of risk containment, hedth and safety
requirements, and operations. These alditional needs might include, for example, the
development of separate acces venting systems, ventilation, and power.

At this point the draft Conceptual Underground Design Report will be prepared. This report
will contain the fundamental performance spedficaions for the experimental fadlities, which will
be used to establish preliminary requirements for the operational and safety standards. This report
will form the basis for a program design review to confirm the general adequacy of the proposed
spedficaions and standards.

This draft report will then form the base for more detailed design adivities. For example, it
will be used to determine the best stratigraphic horizon for the various fadli ties, which then forms
the basis for preliminary stability and ground support cdculations. From these studies it will then
be possble to refine layouts, and to prepare preliminary estimates for excavation and support
costs. These studies will also fead into the design of experimental fadlities and how they relate
and interad with the underground environment. Regular interadion between the various design
teans will be vital to the successof this exercise and spedfic dlocaions of time have been made
for this purpose.
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When these studies are complete, the draft Conceptual Underground Design Report will be
revised. It will then be reviewed with the experimental team, safety, and operations and
adjustments will be made as needed. The agreed conceptual design will be used as a basis for
determining the expected feasibility, cost and schedule for construction. The draft report will then
be revised to include these elements and will be issued in final form.

Ddliverables

The draft version of the Conceptual Underground Design Report will be developed,
maintained, and presented in electronic format. The report will include drawings sufficient to
permit a preliminary estimate of the cost and time necessary to construct the underground facility
and any interfaces to the experimental installations.

The final Conceptua Underground Design Report will be prepared in both electronic and
hard copy versions. The report will detail the underlying basis for the conceptual design,
necessary supporting calculations, safety and operational analyses, and estimated costs and
schedules.

7.6 Safety and Risk Assessment (WTYS)

Scope of Work

WIPP will prepare a preliminary Safety Analysis Report for the proposed physics experiments
to be performed underground at WIPP. This SAR will be based on conceptual designs for both
the experimental installations and the underground configuration selected to house them. The
work will consist of several phases.

The first phase will essentially consist of oversight and review of the initial conceptual design
activities and determination of fundamental risk elements and parameters. Once preliminary
conceptual designs and specifications are available, a HAZOP will be performed to identify those
design parameters that most impact facility design and operation. Because the design is still
conceptual and broad in nature, it may not be possible to do more than identify the nature of
processes and procedures necessary during the detailed design and operation periods for the
facility. This phase will require about 500 hours of exempt time.

Once a complete conceptual design is available the second phase will be performed. The
second phase will consist of a comprehensive HAZOP and revision of the preliminary SAR. The
HAZOP will include several members from outside the design team in order to ensure that an
adequate degree of independent opinion is available. Any impacts on WIPP repository operations
will be identified but the WIPP SAR will not be modified. This phase will require about 1200
hours of exempt time.

The third phase will be a comprehensive review of the final conceptual designs and such
revisions of the preliminary SAR as may be necessary. At the completion of this stage the
Preliminary SAR should have identified all significant design requirements. Most operational and
administrative TSRs should be identified but it islikely that their specific detail cannot be specified
until more detailed designs are available. This phase will require about 300 exempt hours.
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Thiswork will aso require about 400 hours of non-exempt time. Thisis associated primarily
with secretarial and administrative activities. The work will also require about 400 hours of
management and supervision time. All work will be performed using the appropriate WIPP
procedures and standards.

Ddliverables

The phase one and two drafts of the Preliminary SAR will be developed, maintained, and
presented in electronic format. The final Preliminary SAR will be prepared in both electronic and
hard copy versions. Both will be delivered concurrently with the Conceptual Underground
Design Report.

7.7 Coordination Engineering: Practical Issuesin Fielding Experiments

Scope of Work

WIPP will develop and then initiate a change control system that fairly and equitably
represents operations and experimental requirements and ensures that unilateral changes do not
occur. This change control system will be designed to facilitate rapid decision making on
modifications or adjustments. WIPP will also propose afield-based control system, which will
allow rapid response to conditions during construction. Both the Conceptual Underground
Design Report and the SAR will be developed using this change control process.

Theinitial phase (engineering feasibility and conceptual design) of the work proposed here
will only require limited scoping of field requirements and initial, high-level definition of interface
reguirements and testing logistics. During this project phase, the WIPP organizations will provide
afocused support function to work with investigators and conceptual designers to define and
trandate high-level requirements and safety considerations for fielding selected experimentsin the
underground. This function must be expanded in later planning and implementation phases (not
proposed here) to provide on-site support for investigators in scooping design and operations,
and in formal planning.

Ddliverables

A Facility Operations Interface Report will be prepared that presents a recommended change
control system. It will include analyses of potential union issues, safety reviews/controls,
document control, and work authorization. It will also make recommendations for consideration
during detailed design and construction on logistics support, transportation, accommodations,
remote-site issues, and communication infrastructure

7.8 Schedule and Cost

Budget for Feasbility Study and Conceptual Engineering

Labor Rate Hours Cost

Principal $150.00 160 $24,000
Senior Engineer  $100.00 700 $70,000
Project Engineer $75.00 1040  $78,000
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Staff Engineer $65.00 1040 $67,600

Drafting $55.00 320 $17,600
Secretarial $45.00 160 $7,200

subtotal $264,400
M aterials $10,000
Trave

Assume: 2 x 5-day trips Denver - Los Angeles.
2 x 5-day trips Denver-Carlsbad

Per Diem (20 days) $145.00 20 $2,900.00
Airfares (4 fares) $900.00 4 $3,600.00
sub-total $6,500.00
Sub-total $280,900.00
NM Tax 5.75% $16,151.75

Total for Conceptual Engineering Studies and L ayouts

Budget for Safety System Analysis

L abor
Exempt: 2000 hrs @ Senior Engineer*  $123,960.00
Non-exempt: 400 hrs @ Secretary* $ 7,888.00
Supervision 400 hrs @ Line Manager*  $ 30,440.00
sub-total $162,288.00

Materials
Office sub-total **  $ 1,000.00

Travel
Assume two 5-day trips Carlsbad - Los Angeles.
Persona 10 days @ $145**  $ 1,450.00
Airfares 2 fares @ $900 ** $ 1,800.00
sub-total $ 3,250.00

Overhead, Fee, Tax, Miscellaneous
sub-total  $166,538.00

Fee @6.8% $11,325.00

Tax @5.75% $ 9,576.00

Subtotal for Safety Systems Analysis  $187,439.00

Notes. * Ratesused are:
. Sr. Engineer $61.98
. Secretary  $19.72

S7
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. Line Manager $76.10
*** 5. 75% Tax and 6.8% Fee goply to cost of labor, materials, and travel. Overhead appliesto
labor cost only and is aready included in given rates.

Budget for Coordination Engineering

Labor
Tedhnicd Staff — Carlsbad 80Hrs $10000
Tednicd Staff — LosAlamos 60 Hrs $7500

SedAdmin Staff — Carlsbad 80Hrs $4.000
Subtotal $21,500

Travel

Two 5-day trips: Carlsbad/L os Alamos $1,500
To Los Angeles, CA

Expenses

Airfare ($800trip x 4 man-trips) $3200

Subtotal for Coordination Engineering $26,200

7.9 Conclusion

The WIPPfadlity has along history of dedicéion to safe operations. Indeed, it can credibly
claim to be the safest underground operation in the US today. It has won numerous sfety
awards, and continues to be reaognized for its sfety culture aound the world. Applicaion of
this culture to LANNDD is an exciting opportunity for both WIPPand the physics community.

DOE receantly dedded to formally promote use of the WIPPfor reseach purposes unrelated
to its prime misson of waste disposal. In October of 200Q former Seaetary of Energy, Bill
Richardson designated the Carlsbad Office & a"Field" Office This designation allowed WIPPto
offer its mine operations infrastructure and spacein the underground to researchers requiring a
dee underground setting with dry conditions and very low levels of naturally occurring
radioadive materials.

Severa other particle physics detedors of modest scde ae aurrently being developed for
installation in WIPP. However, their size and scde do not warrant the depth of analysis that will
be required for large, complex and inherently hazadous detedors sich as LANNDD. However,
even these room-scde experiments using passve materials are being subjeded to analyses and
safety planning as part of WIPP sinherent safety culture. The proposed LANNDD and other
neutrino fadory detedors will demand substantially more analysis and planning. The proposed
effort described in the preceling sedions represents an important first step towards redizing the
development of large underground phyics detedors herein the US. WIPPis proudto
contribute its fadlity and expertise in this endeavor.
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