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Executive Summary

This document describes the design of the Daya Bay reactor neutriedreemt. Recent discoveries in
neutrino physics have shown that the Standard Model of particle phgsrmsomplete. The observation of
neutrino oscillations has unequivocally demonstrated that the massestohogare nonzero. The small-
ness of the neutrino masses eV) and the two surprisingly large mixing angles measured have thus far
provided important clues and constraints to extensions of the Standarel.Mod

The third mixing anglef;s, is small and has not yet been determined; the current experimental boun
is sin® 2613 < 0.17 at 90% confidence level (from Chooz) farn?, = 2.5 x 1073 eV2. It is important to
measure this angle to provide further insight on how to extend the Stanaattel M\ precision measurement
of sin? 26,3 using nuclear reactors has been recommended by the 2004 APS Muli#iStudy on the
Future of Neutrino Physics as well as a recent Neutrino Scientific AssggsGroup (NUSAG) report.

We propose to perform a precision measurement of this mixing angle lhssafor the disappearance
of electron antineutrinos from the nuclear reactor complex in Daya BapaChA reactor-based determi-
nation ofsin® 20,3 will be vital in resolving the neutrino-mass hierarchy and future measursnoés' P
violation in the lepton sector because this technique cleanly sepératieesm C P violation and effects of
neutrino propagation in the earth. A reactor-based determinatisim 026, 3 will provide important, com-
plementary information to that from long-baseline, accelerator-basestimgnts. The goal of the Daya
Bay experiment is to reach a sensitivity of 0.01 or bettediir 26,5 at 90% confidence level.

The Daya Bay Experiment

The Day Bay nuclear power complex is one of the most prolific sourcestfeaitrinos in the world.
Currently with two pairs of reactor cores (Daya Bay and Ling Ao), seearby about 1.1 km, the complex
generates 11.6 GW of thermal power; this will increase to 17.4 GW by eafly @hen a third pair of
reactor cores (Ling Ao Il) is put into operation and Daya Bay will be amibiegfive most powerful reactor
complexes in the world. The site is located adjacent to mountainous terraihfodes&ing underground
detector laboratories that are well shielded from cosmogenic backdgotihis site offers an exceptional
opportunity for a reactor neutrino experiment optimized to perform a poecgetermination ofin? 263
through a measurement of the relative rates and energy spectrunctfrraatineutrinos at different base-
lines. In addition, this project offers a unique and unprecedentedriymyity for scientific collaboration
involving China, the U.S., and other countries.

The basic experimental layout of Daya Bay consists of three underdrexperimental halls, one far
and two near, linked by horizontal tunnels. Figure 0.1 shows the detectiwlendeployment at these sites.
Eight identical cylindrical detectors, each consisting of three nesteddeidal zones contained within a
stainless steel tank, will be deployed to detect antineutrinos via the invetaalbcay reaction. To maxi-
mize the experimental sensitivity four detectors are deployed in the fartlia# &rst oscillation maximum.
The rate and energy distribution of the antineutrinos from the reactomnanéored with two detectors
in each near hall at relatively short baselines from their respecta&aecores, reducing the systematic
uncertainty insin? 26,3 due to uncertainties in the reactor power levels to about 0.1%. This caatfigur
significantly improves the statistical precision over previous experiment$(h2hree years of running)
and enables cross-calibration to verify that the detectors are identical degector will have 20 metric tons
of 0.1% Gd-doped liquid scintillator in the inner-most, antineutrino target zarsecond zone, separated
from the target and outer buffer zones by transparent acrylic sgsgé be filled with undoped liquid scin-
tillator for capturing gamma rays that escape from the target thereby imgrédwnantineutrino detection
efficiency. A total of 224 photomultiplier tubes are arranged along the mifetence of the stainless steel
tank in the outer-most zone, which contains mineral oil to attenuate gammaaoeay$r&ce radioactivity in
the photomultiplier tube glass and nearby materials including the outer tank.etéetat dimensions are
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Fig. 0.1. Default configuration of the Daya Bay experiment, optimized fet sensi-
tivity in sin?26,3. Four detector modules are deployed at the far site and two each at

each of the near sites.

summarized in Table 0.1.

| Dimensions | Inner Acrylic | Outer Acrylic | Stainless Stee]l
Diameter (mm) 3200 4100 5000
Height (mm) 3200 4100 5000
Wall thickness (mm) 10 15 10
Vessel Weight (ton) 0.6 1.4 20
Liquid Weight (ton) ~20 ~20 ~40

Table 0.1. Summary of antineutrino detector properties. The liquid weighferattee
mass of liquid contained only within that zone.

With reflective surfaces at the top and bottom of the detector the enesglutien of the detector is
about 12% at 1 MeV.

The mountainous terrain provides sufficient overburden to supposssic muon induced backgrounds
to less than 1% of the antineutrino signal. The detectors in each experimaltlehshielded by 2.5 m of
water from radioactivity and spallation neutrons in the surrounding rble&.detector halls include a muon
detector system, consisting of a tracker on top of the water pool and wiaéee@kov counters in the water
shield, for tagging the residual cosmic muons.

With this experimental setup, the signal and background rates at the Rgyaer hall, Ling Ao near



hall and the far hall are summarized in Table 0.2.

] | Daya Bay Nearl  Ling Ao Near Far Hall \
Baseline (m) 363 481 from Ling Ao | 1985 from Daya Bay
526 from Ling Ao Il | 1615 from Ling Ao’s
Overburden (m) 98 112 350
Radioactivity (Hz) <50 <50 <50
Muon rate (Hz) 36 22 1.2
Antineutrino Signal (events/day) 930 760 90
Accidental Background/Signal (%) <0.2 <0.2 <0.1
Fast neutron Background/Signal (%) 0.1 0.1 0.1
8He+’Li Background/Signal (%) 0.3 0.2 0.2

Table 0.2. Summary of signal and background rates for each detectareratothe
different experimental sites.

Careful construction, filling, calibration and monitoring of the detectors eitluce detector-related
systematic uncertainties to a level comparable to or below the statistical ungeralsie 0.3 is a summary
of systematic uncertainties for the experiment.

] Source H
Reactor Power

Uncertainty |
0.087% (4 cores
0.13% (6 cores)
0.38% (baseline

0.18% (goal)
Signal Statistics 0.2%

Table 0.3. Summary of uncertainties. The baseline value is realized throagénp
experimental methods, whereas the goal value should be attainable with ralditio
research and development.

Detector (per module

The horizontal tunnels connecting the detector halls will facilitate crossratibin and offer the possi-
bility of swapping the detectors to further reduce systematic uncertainties.

Civil construction is scheduled to begin in the spring of 2007. Deployméthe first pair of the
detectors in one of the near halls will start in February 2009. Data taking tiee baseline configuration of
two near halls and the far hall will begin in June 2010. With three yearsnofing and the estimated signal
and background rates as well as systematic uncertainties, the sensitiayaBay forsin? 26,3 is 0.008
or better, relatively independent of the value/of3; within its currently allowed range.
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1 PHYSICS 1

1 Physics

Neutrino oscillations are an ideal tool for probing neutrino mass and atinelamental properties of
neutrinos. This intriguing phenomenon depends on two neutrino masseditfes and three mixing angles.
The neutrino mass differences and two of the mixing angles have beennedasth reasonable precision.
The goal of the Daya Bay reactor antineutrino experiment is to determinesthanllenown neutrino mixing
angled,3 with a sensitivity of 0.01 or better in sid6;3, an order of magnitude better than the current
limit. This section provides an overview of neutrino oscillation, the key featofereactor antineutrino
experiments, and a summary of the Daya Bay experiment.

1.1 Neutrino Oscillations

The last decade has seen a tremendous advance in our understdrniimgewutrino sector [1]. There
is now robust evidence for neutrino flavor conversion from solar, spineric, reactor and accelerator ex-
periments, using a wide variety of detector technologies. The only conséstglanation for these results
is that neutrinos have mass and that the mass eigenstates are not the sarfitagsrtbigenstates (neu-
trino mixing). Neutrino oscillations depend only on mass-squared diffeseand neutrino mixing angles.
The scale of the mass-squared difference probed by an experinparidieon the ratid./ E, whereL is
the baseline distance (source to detector) And the neutrino energy. Solar and long-baseline reactor ex-
periments are sensitive to a small mass-squared difference, while atmosphert-baseline reactor and
long-baseline accelerator experiments are sensitive to a larger onateTordy disappearance experiments
have convincingly indicated the existence of neutrino oscillations.

The SNO experiment [2] utilizes heavy water to measure high-eri@ggolar neutrinos via charged
current (CC), neutral current (NC) and elastic scattering (ES}iogec The CC reaction is sensitive only
to electron neutrinos whereas the NC reaction is sensitive to the total asf@rensutrino flux ¢., v, and
v.). Elastic scattering has both CC and NC components and therefore asraesonsistency check. The
neutrino flux indicated by the CC data is about one-third of that given bi@eata, and the NC data also
agrees with the standard solar model prediction foPBeeutrino flux. Since only,’s are produced in the
sun, the SNO data can only be explained by flavor transmutation v, and/orv,. Super-Kamiokande
has also measured the ES flux for ff&neutrinos [3] with a water Cherenkov counter and their data agree
with the SNO results.

Radiochemical experiments can also measure lower-energy solar nsittiaddition t6°B neutrinos.
The Homestake experiment [4] is sensitive’®e and pep neutrinos using neutrino capture’@@l. The
SAGE, GALLEX and GNO experiments [5] are sensitive to all sourcesotaraneutrinos, including the
dominant pp neutrinos, using neutrino capturég®a. A global fit to all solar neutrino data yields a unique
region in the oscillation parameter space, known as the Large Mixing Anilélsolution.

Using a liquid scintillator detector, the KamLAND experiment [6] measured aitlefi electron an-
tineutrinos from reactord(/ E sensitive to the mass-squared difference indicated by the solar netajo d
consistent with neutrino oscillations. Furthermore, KamLAND has also ebdex spectral distortion that
can only be explained by neutrino oscillations. The oscillation parametersaitadiby KamLAND agree
with the LMA solution. Since they were done in completely different envirorisygihe combination of
solar neutrino and KamLAND data rules out exotic explanations such ataratard neutrino interactions
or neutrino magnetic moment [1].

The atmospheric-neutrino induceeike events of Super-Kamiokande show a depletion at long flight-
path compared to the theoretical predictions without oscillations, whiledile events agree with the
non-oscillation expectation [7]. The detailed energy and zenith angle distnis for both electron and
muon events agree with the oscillation predictions if the dominant oscillation eh&aw), — .. More
recently, the long-baseline accelerator experiments K2K [8] and MINKD®@ve measureq, survival that
is consistent with the atmospheric neutrino data. The mass-squaredrdifiénglicated by the atmospheric
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neutrino data is about 30 times larger than that obtained from the fits to stéarTdee existence of two
independent mass-squared difference scales means that the threeaedwave different masses.

The Chooz [10] and Palo Verde [11] experiments, which measured thizalyprobability of reactor
electron antineutrinos at dny/ E sensitive to the mass-squared difference indicated by the atmospheric neu
trino data, found no evidence for oscillations, consistent with the lack wfvolvement in the atmospheric
neutrino oscillations. However, oscillations for this mass-squared difference are still allowed at roughly
the 10% level or less.

There exists another set of neutrino oscillation data from the LSND slasghne accelerator exper-
iment [12], which found evidence of the oscillation) — 7. A large region allowed by the LSND data
has been ruled out by the KARMEN experiment [13] and astrophysicasorements [14]. The remaining
allowed region is currently being tested by the MiniBooNE experiment [£5prfirmed, the LSND signal
would require the existence of new physics beyond the standard thrggao oscillation scenario.

1.2 Neutrino Mixing

The phenomenology of neutrinos is described by a mass matrixy Fawvors, the neutrino mass matrix
consists ofV mass eigenvalued/ (/N —1)/2 mixing anglesN (N —1)/2 C P phases for Majorana neutrinos
or (N—1)(N—-2)/2 CP phases for Dirac neutrinos. The mixing phenomenon is caused by the misatign
of the flavor eigenstates and the mass eigenstates which are related by a miting Tha mass matrix
which is commonly expressed in the flavor base is diagonalized using the mixinig.rratrthree flavors,
the mixing matrix, usually called the Maki-Nakagawa-Sakata-Ponteconjarjing matrix, is defined to
transform the mass eigenstates, (2, v3) to the flavor eigenstatesy v, v-) and can be parameterized as

1 0 0 013 0 S’i“g 012 512 0 eiqjl
Umvmnsp = 0 Co Sa 0 1 0 —S12 Ci2 0 ei?2
0 —S2 Cag ~S13 0 Ci3 0 0 1 1
Ci12Ci3 C13512 St 't '
= —512C23 — C12513523  Cr2Caz — 512513523 C13523 e'o2 (1)
S12523 — C12513C23  —C12523 — 512513C23 C13C23 1

whereCj, = cos b, Sjk = sin by, Sy = 9P gin 015, The ranges of the mixing angles and the phases
are:0 < 0, < m/2,0 < dcp, 1, P2 < 2. The neutrino oscillation phenomenology is independent of the
Majorana phaseg; and¢s, which affect onlyneutrinoless double beta-decay experiments.

For three flavors, neutrino oscillations are completely described by saxneders: three mixing angles
012, 013, 23, two independent mass-squared differene®sy3, = m3 — m?, Am3, = m3 — m3, and
one CP phase anglécp (note thatAm3, = m2 — m? = Am2, + Am3,). An extensive discussion of
theoretical effects of massive neutrinos and neutrino mixings can be foyh7].

1.2.1 Current Knowledge of Mixing Parameters

Various solar, atmospheric, reactor, and accelerator neutrino expesindata have been analyzed to
determine the mixing parameters separately and in global fits. In the threefflamework there is a gen-
eral agreement on solar and atmospheric parameters. In particuldolat {its in the2o range, the solar
parameters\m3, andsin? 615 have been determined to 9% and 18%, respectively; the atmospheric pa-
rametergAm3,| andsin? 623 have been determined to 26% and 41%, respectively. Due to the absence o
signal, the global fits ofl;3 result in upper bounds which vary significantly from one fit to anothiee Jixth
parameter, th€’ P phase anglécp, is inaccessible to the present and near future oscillation experiments.

We quote here the result of a recent global fit véith(95% C.L.) ranges [18]:

Am3, = T7.92(1.0040.09) x 1077 eV?  sin?615 = 0.314(1.00751%) )
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|Am3,| = 2.4(1.0070%) x 1073 eV? sin® 3 = 0.44(1.007053) (3)
sin 013 = (0.9723) x 1072 (4)

A collection of fits ofsin® ;3 with different inputs as given in [18] is reproduced in Fig. 1.1. Note

Jv oscillation parameter bounds on
T T T T

\e]
T

number of sigma

o .P ! ! ! I
0 0.02 0.04 0.06 0.08 0.1

$in” %,

Fig. 1.1. Global fits tein? 6,3, taken from [18].

that fits involving solar or atmospheric data separately i#faye= 0 coinciding with the minima of the chi-
square. However global analyses taking into account both solar andpteric effects show? minima at a
non-vanishing value af,3. Another very recent global fit [19] with different inputs finds allowadges for
the oscillation parameters that overlap significantly with the above resultsaever{(68% C.L.). The latest
MINOS neutrino oscillation results [9] significantly overlap those in the gldibgl8]. All these signify
the convergence to a set of accepted values of neutrino oscillation garame:3,, |Am3,|, sin? 62, and
Sin2 (923.

At 95% C.L., the upper bound @f3 extracted from Eq. 4 is about 10T his corresponds to a value of
sin? 2613 of 0.12, which should be compared to the upper limit of 0.17 at 90% C.L. olstéip€hooz (see
Section 1.6.1). We can conclude that, unlke andé-3, the mixing anglé), 5 is relatively small.

At present the three parameters that are not determined by the solar, bémosand KamLAND data
arefs, the sign ofAm3, which fixes the hierarchy of neutrino masses, and the QifBphaseic p.

1.3 Significance of the Mixing Angled;s

As one of the six neutrino mass parameters measurable in neutrino oscill&tipissimportant in its
own right and for further studies of neutrino oscillations. In additihg,is important in theoretical model
building of the neutrino mass matrix, which can serve as a guide to the thebuetitsastanding of physics
beyond the standard model. Therefore, on all considerations, it is Higisiyable to significantly improve
our knowledge orf3 in the near future. The February 28, 2006 report of the Neutrino Siadefissessment
Group (NUSAG) [20], which advises the DOE Offices of Nuclear Phsyaitd High Energy Physics and the
National Science Foundation, and the APS multi-divisional study’s reponeutrino physicghe Neutrino
Matrix [21], both recommend with high priority a reactor antineutrino experiment tsureasin26,; at
the level of 0.01.
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1.3.1 Impact on the experimental program

The next generation of neutrino oscillation experiments has several impgdals to achieve: to mea-
sure more precisely the mixing angles and mass-squared differenceshédipe matter effect, to determine
the hierarchy of neutrino masses, and very importantly to determine the ©iPgghase. The mixing ma-
trix element which provides the information on thé> phase anglé-p appears always in the combination
U.s = sinfize~ P If 0,5 is zero then it is not possible to probe leptodi® violation in oscillation
experiments. Given the known mixing angtas andé,3 which are both sizable, we thus need to know the
value off 3 to a sufficient precision in order to design the future generation of @rpats to measuré-p.
The matter effect, which can be used to determine the mass hierarchy, pswddeon the size df;s. If
013 > 0.01, then the design of future oscillation experiments is relatively straightfar{22]. However, for
smallerf;3 new experimental techniques and accelerator technologies are likelyeckduo carry out the
same sets of measurements.

1.3.2 Impact on theoretical development

The observation of neutrino oscillation has far reaching theoretical implicatio date, it is the only
evidence of physics beyond the standard model in particle physics. &tterrp of the neutrino mixing
parameters revealed so far is strikingly different from that of quarks has already put significant con-
straints and guidance for constructing models involving new physicse®hy the value of, 3, studies of
the neutrino mass matrix have reached some interesting general conclusions

In general, if9;3 is not too small i.e., close to the current upper limisdf? 26,3 ~ 0.1 andfy; # T
the neutrino mass matrix does not have to have any special symmetry featmeimes referred to as
anarchy models, and the specific values of the mixing angles can be toudeas a numerical accident.

However, iff3 is much smaller than the current limit, special symmetries of the neutrino mass matrix

will be required. As a concrete example, the study of Mohapatra [23}skteat forf,; < £ *01 ~ 0.03a

u-7 lepton-flavor-exchange symmetry is required. It disfavors a quantoteunification type theory based
onSU.(4) or SO(10) models.
For a larger value of,3, it leaves open the question of quark-lepton unification.

1.4 Complementarity of Reactor-based and Accelerator-based Né&ino Oscillation Experiments

Long-baseline accelerator experiments with intenséeams and very large detectors, in addition to
improving the measurements [@fm3,| andfs; via the study of, survival, will also be able to search for
v, appearance due t9, — v, oscillations. A measurement of bothh — v, andv, — 7, oscillations
allows one to measur, s, test forC' P violation in the lepton sector, and determine the hierarchy of the
neutrino masses, provided that is large enough. However, there are potentially three two-fold parameter
degeneracies leading to the following ambiguities [1,24]:

1. thedcp — 013 ambiguity,
2. the ambiguity in the sign ahm3, and

3. thedy3 ambiguity, which occurs because omi)yl2 2093, ot 023, is measured iw, survival.

The degeneracies can all be present simultaneously, leading to as macteight-fold ambiguity in the
determination of);3 anddcp. Another problem is that Earth-matter effects can induce €akeviolation,
which must be taken into account in any determinatiol;gfanddsp. One advantage of matter effects is
that they may be able to distinguish between the two possible mass hierarchies.

There are experimental strategies that can overcome some of thesenw.dbte example, by combin-
ing the results of two long-baseline experiments at different baselinesiginef Am3, could be determined
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if 613 is large enough [25]. By sitting near the peak of the leading oscillation withraweand beanmy; 5
can be removed from th& p — 6,3 ambiguity [26]. However, neither of these approaches resolvethe
ambiguity, andd;3 may not be uniquely determined.

The 77, survival probability for reactor antineutrinos at short baseline dépenly ond;3 and Am3,,
and is independent @ » and insensitive t@;, and Am3,. Furthermore, matter effects are negligible due
to the short distance. Therefore, a short-baseline reactor antineexpeoment is an ideal method for mea-
suringéd;3 with no degeneracy problem. #i3 can be unambiguously determined by a reactor antineutrino
experiment, then thé-p — 6,3 ambiguity is resolved and long-baseline accelerator experiments can mea-
suredcp and determine the sign dfm2, [27]. Figure 1.2 is an illustration of the synergy between reactor
experiments and the future very long-baseline accelerator experimemf.NFOr sin? 2053 > 0.87 at 68%

;:"3 | NOvA + Reactor
§ L Amy,2=2.5107 oV
e
9 098 |
- 30.2x10% pot
I foreach vand v
with a reactor with ¢ = 0.004
096 |
0od | Are_a in
L which
I the 05
092 ambiguity
- can be
resolved.
M " L L " M |
08 3 E]

10 10 ,
sin®(260,;)

Fig. 1.2. Resolving ambiguity i3 with sin? 26,3 determined by reactor experiments.
Not only does the reactor experiment provide a precise measurensant 26,3, but it
provides a precise measurementgf by resolving an ambiguity in the interpretation
of the accelerator data. The blue line is the 95% C.L. curve averagedhm/éwo
mass-hierarchy solutions and possible value%-gf.

C.L. [9], using both muon neutrino and antineutrino beams, NOVA canniiglissh the value of,3. Yet,
for Am§2 = 2.5 x 103 eV? andsin® 26,3 > 0.035, a reactor antineutrino experiment with an error of
0.004 can help single out the correct valuefgy.

1.5 Reactor Antineutrino Experiments

Nuclear reactors have played crucial roles in experimental neutrirgigghyvost prominently, the very
first observation of the neutrino was made at the Savannah River Mirdsator in 1956 by Reines and
Cowan [28], 26 years after the neutrino was first proposed. Recagifyn using nuclear reactors, Kam-
LAND observed disappearance of reactor antineutrinos at long baseiih distortion in the energy spec-
trum, strengthening the evidence of neutrino oscillation. Furthermore, @ssdisd in Section 1.4, reactor-
based antineutrino experiments have the potential of uniquely deterndinireg a low cost and in a timely
fashion.
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In this section we summarize the important features of nuclear reactors at@atrucial to reactor-
based antineutrino experiments.

1.5.1 Energy Spectrum and Flux of Reactor Antineutrinos

A nuclear power plant derives its power from the fission of uranium@atbnium isotopes (mostly
235U and?*’Pu) which are embedded in the fuel rods in the reactor core. The fissidnges daughters,
many of which beta decay because they are neutron-rich. Each figsiavecage releases approximately
200 MeV of energy and six antineutrinos. The majority of the antineutrings tary low energies; about
75% are below 1.8 MeV, the threshold of the inverse beta-decay reactionvilh be discussed in Sec-
tion 1.5.2. A typical reactor with 3 GW of thermal power (3 G\Wemits6 x 10?° antineutrinos per second
with antineutrino energies up to 8 MeV.

Many reactor antineutrino experiments to date have been carried ouésdupized water reactors
(PWRs). The antineutrino flux and energy spectrum of a PWR deperséwm@ral factors: the total ther-
mal power of the reactor, the fraction of each fissile isotopes in the fuefigsien rate of each fissile
isotope, and the energy spectrum of antineutrinos of the individual fissilepes.

The antineutrino yield is directly proportional to the thermal power that is esttatemeasuring
the temperature, pressure and the flow rate of the cooling water. Ther#aermal power is measured
continuously by the power plant with a typical precision of about 1%.

Fissile materials are continuously consumed while new fissile isotopes argcpobftom other fission-
able isotopes in the fuel (maink#®U) by fast neutrons. Since the antineutrino energy spectra are slightly
different for the four main isotope$*U, 238U, 23°Pu, and?*!Pu, the knowledge on the fission composition
and its evolution over time are therefore critical to the determination of the atrimediux and energy
spectrum. From the average thermal power and the effective endegged per fission [29], the average
number of fissions per second of each isotope can be calculated adiarflof time. Figure 1.3 shows the
results of a computer simulation of the Palo Verde reactor cores [30].
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Fig. 1.3. Fission rate of reactor isotopes as a function of time from a Monte Ca
simulation [30].

It is common for a nuclear power plant to replace some of the fuel rods ioatteeperiodically as the
fuel is used up. Typically, a core will have 1/3 of its fuel changed et&mnonths. At the beginning of each
refueling cycle, 69% of the fissions are fraftU, 21% from?3?Pu, 7% from?38U, and 3% from**!Pu.
During operation the fissile isotopé¥’Pu and?*'Pu are produced continuously frof*U. Toward the
end of the fuel cycle, the fission rates frdfiU and?3°Pu are about equal. The average (“standard”) fuel
composition is 58% of3°U, 30% of?3?Pu, 7% of?3*U, and 5%**'Pu [31].
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In general, the composite antineutrino energy spectrum is a function of thelépendent contributions
of the various fissile isotopes to the fission process. The Bugey 3 expecorapared three different models
of the antineutrino spectrum with its measurement [32]. Good agreemermtbsas/ed with the model that
made use of the, spectra derived from th@ spectra [33] measured at the Institute Laue-Langevin (ILL).
The ILL derived spectra for isotopé® U, 23Pu, and**! Pu are shown in Fig. 1.4. However, there is no data
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Fig. 1.4. Yield of antineutrinos per fis- Fig. 1.5. Antineutrino energy spectrum
sion for the several isotopes. These are for four isotopes following the param-
determined by converting the corre- eterization of Vogel and Engel [34].

sponding measured spectra [33].

for 238U; only the theoretical prediction is used. The possible discrepancy betthe predicted and the
real spectra should not lead to significant errors since the contributiam®2U is never higher than 8%.
The overall normalization uncertainty of the ILL measured spectra is 1.9¢toldal shape uncertainty is
also introduced by the conversion procedure.

A widely used three-parameter parameterization of the antineutrino spefotrtime four main isotopes,
as shown in Fig. 1.5, can be found in [34].

1.5.2 Inverse Beta-Decay Reaction

The reaction employed to detect the from a reactor is the inverse beta-decay+ p — e™ + n.
The total cross section of this reaction, neglecting terms of oFjgi\/, whereE, is the energy of the
antineutrino and// is the nucleon mass, is

o) = ao(f? + 3¢°)(ELp©) /1MeV?) (5)

whereEéO) = E,—(M,—M,) is the positron energy when neutron recoil energy is neglecteqhé@rid the
positron momentum. The weak coupling constantsfate 1 andg = 1.26, andoy, is related to the Fermi
coupling constant: -, the Cabibbo anglé., and an energy-independent inner radiative correction. The
inverse beta-decay process has a threshold energy in the laboratog/H, = [(m, + me)* — m2]/2m,,

= 1.806 MeV. The leading-order expression for the total cross section is

0% = 0.0952 x 10~2cm?(EOp®) /1MeV?) (6)

Vogel and Beacom [35] have recently extended the calculation of thectatsd section and angular distri-
bution to orderl /M for the inverse beta-decay reaction. Figure 1.6 shows the comparisioa toital cross
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Fig. 1.6. Total cross section for inverse beta-decay calculated in leaditeg and

next-to-leading order.

sections obtained in the leading order and the next-to-leading order ¢alnaldNoticeable differences are
present for high antineutrino energies. We adopt the ordéf formulae for describing the inverse beta-
decay reaction. The calculated cross section can be related to the rigetime, whose uncertainty is only

0.2%.

The expected recoil neutron energy spectrum, weighted by the antireatrérgy spectrum and the
v, +p — e 4+ n cross section, is shown in Fig. 1.7. Due to the low antineutrino energy eetatihe mass
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Fig. 1.7. Recoil neutron energy spec-
trum from inverse beta-decay weighted
by the antineutrino energy spectrum.
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Fig. 1.8. Angular distributions of
positrons and recoil neutrons from
inverse beta-decay in the laboratory
frame.

of the nucleon, the recoil neutron has low kinetic energy. While the posiingnlar distribution is slightly
backward peaked in the laboratory frame, the angular distribution of titeomes is strongly forward peaked,
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Fig. 1.9. Antineutrino energy spectrum, total inverse beta-decay cext®rs, and

count rate as a function of antineutrino energy.

as shown in Fig. 1.8.
1.5.3 Observed Antineutrino Rate and Spectrum at Short Distance

The observed antineutrino spectrum in a liquid scintillator detector, whichhisritree protons in the
form of hydrogen, is a product of the reactor antineutrino spectrutinttaa cross section of inverse beta-
decay. Figure 1.9 shows the differential antineutrino energy spectrenotifd cross section of the inverse
beta-decay reaction, and the expected count rate as a function oftiheusino energy. The differential
energy distribution is the sum of the antineutrino spectra of all the radiogisstm the fuel. It is thus
sensitive to the variation of thermal power and composition of the nuclelr fue

By integrating over the energy of the antineutrino, the number of eventsecdetermined. With one-
ton* of liquid scintillator, a typical rate is about 100 antineutrinos per day perG&/100 m from the
reactor. The highest count rate occurgiat~ 4 MeV when there is no oscillation.

1.5.4 Reactor Antineutrino Disappearance Experiments

In a reactor-based antineutrino experiment the measured quantity is¥habprobability forv, — 7,
at a baseline of the order of hundreds of meters to about a coupledubkitbmeters with the/, energy
from about 1.8 MeV to 8 MeV. The matter effect is totally negligible and so tleeiwan formula for the
survival probability is valid. In the notation of Eq. 1, this probability has a $inexpression

Psur = 1- 0%3 sin2 2912 sin2 Agl — 0122 sin2 2913 sin2 A31 — S%Q sin2 2913 sin2 A32 (7)
where

L(km)

N 2 (o2 3
A = 1.267Am3(eV?) x 10 BNV

(8)

2 2 2
Amj = mj —my

*Throughout this document we will use the term ton to refer to a metric to0@® kg.



1 PHYSICS 10

L is the baseline in kmZ the antineutrino energy in MeV, and; the j-th antineutrino mass in eV. The
Ve — U, SUrvival probability is also given by Eq. 7 whéhPT is not violated. Eq. 7 is independent of the

C P phase angléc-p and the mixing angléss.
To obtain the value o3, the depletion of,, has to be extracted from the experimemadisappearance

probability,

Pdis = 1- Psur
= (Cfysin® 2019 sin? Agy + CFy sin? 2013 sin? Agz; + S%, sin” 20,3 sin? Ay (9)

Sincef; 5 is known to be less than 10we define the term that is insensitive@ as
P12 = Cf3 sin2 2912 SiIl2 A21 ~ SiIl2 2912 SiIl2 Agl (10)
Then the part of the disappearance probability directly relatégsts given by

Pi3 = Pgs— P2
= +C%,sin® 2013sin? Az + Sy sin? 20,3 sin? Ay (11)

The above discussion shows that in order to obfigirwe have to subtract th s-insensitive contribu-
tion P> from the experimental measurementfof;. To see their individual effect, we pldt s in Fig. 1.10
together withPy, and P> as a function of the baseline from 100 m to 250 km. The antineutrino energy is

08

—P 12

—P_13
—P_dis \/-

Probability

M /\J/

02 i i
0.1 1 10 100

Baseline (km)

Fig. 1.10. Reactor antineutrino disappearance probability as a functidistaince
from the source. The values of the mixing parameters are given in Ed?12s the
slowly rising blue curveP;3 is the green curve that has a maximum near 2 km. The
total disappearance probabilify; is the red curve.

integrated from 1.8 MeV to 8 MeV. We also tak? 26,5 = 0.10, which will be used for illustration in
most of the discussions in this section. The other parameters are taken to be

0120 = 34°, Am2, =7.9x 107°eV?, Am3; = 2.5 x 10 3eV? (12)

The behavior of the curves in Fig. 1.10 are quite clear from their definjtiegs. (9), (10), and (11).
Below a couple kilometer$’, is very small, andP;3 and Py, track each other well. This suggests that
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the measurement can be best performed at the first oscillation maximipg(afax) ~ sin? 26;3. Beyond
the first minimumP; 3 and Py; deviate from each other more and morelamcreases wheir;5; becomes
dominant inPy;s.

When we determiné;3(max) from the differencéy;, — Pio, the uncertainties oéy» and Am?2; will
propagate tdP;s. It is easy to check that, given the best fit values in Eq. 2, whet26, 5 varies from 0.01
to 0.10 the relative size dP, compared taP; 3 is about 25% to 2.6% at the first oscillation maximum. Yet
the uncertainty in determiningn? 26,3 due to the uncertainty dP;, is always less than 0.005.

In Fig. 1.11 P, 3 integrated ove from 1.8 to 8 MeV is shown as a function ét.,, the best possible
distance for the detector, for three values/of.3, that cover the allowed range dfm3, at 95% C.L. as
given in Eq. 3. The curves show thBj;, is sensitive taAm2,. ForAm3, = (1.8, 2.4, 2.9) x 1073 eV?, the

0.1 y
0.08 |
Q-a |
0.04
0.02 i == = Am?=1.8 %103 V2
L | m—Am?=24 %107 eV?2
F ......... Am? =29 2107 eV2
0
2 3 4 5
Baseline (km)

Fig. 1.11. Reactor antineutrino disappearance probability due to the mixghg &p
as a function of the baseling,, over the allowed @ range inAm3,.

oscillation maxima correspond to a baseline of 2.5 km, 1.9 km, and 1.5 km, reghedtrom this simple
study, placing the detector between 1.5 km and 2.5 km from the reactortimblkesa good choice.

We conclude from this phenomenological investigation that the choidg.pbe made so that it can
cover as large a range ofm3, as possible.

1.6 Determining 6,3 with Nuclear Reactors

In this section previous attempts to meastire 26,3 are summarized, and a new method for a high-
precision determination ain? 265 is presented.

1.6.1 Past Measurements

In the 1990’s, two reactor-based antineutrino experiments, ChooaftPalo Verde [11], were carried
out to investigate neutrino oscillation. Baseddm3, = 1.5x 10~2 eV? as reported by Kamiokande [36], the
baselines of Chooz and Palo Verde were chosen to be about 1 km. Thiscdisorresponded to the location
of the first oscillation maximum aof, — v, when probed with low-energy reactar. Both Chooz and Palo
Verde were looking for a deficit in the, rate at the location of the detector by comparing the observed rate
with the calculated rate assuming no oscillation occurred. With only one detbotbrexperiments had to
rely on the operational information from the reactors, in particular, the ositipn of the nuclear fuel and
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the amount of thermal power generated as a function of time, for calculagén@té of, produced in the
fission processes.

Chooz and Palo Verde utilized Gd-doped liquid scintillator (0.1% Gd by weigligtect the reactat,
via the inverse beta-dec@y + p — n + e™ reaction. The ionization loss and subsequent annihilation of the
positron give rise to a fast signal obtained with photomultiplier tubes (PMT®.energy associated with
this signal is termed the prompt energy,. As stated in Section 1.5.%;, is directly related to the energy
of the incidentr,. After a typical moderation time of about 3@, the neutron is captured by a Gd nucléus,
emitting severady-ray photons with a total energy of about 8 MeV. This signal is called theeydd energy,
E4. The temporal correlation between the prompt energy and the delayeyy eoastitutes a powerful tool
for identifying ther, and for suppressing backgrounds.

The value ofsin® 26,5 was determined by comparing the observed antineutrino rate and eney sp
trum at the detector with the predictions that assumed no oscillation. The noftetected antineutrinos
Nyt 1S given by

Naew = 47]:%2 / c0 PayySAE (13)
whereN, is the number of free protons in the targetis the distance of the detector from the reactas,

the efficiency of detecting an antineutrinois the total cross section of the inverse beta-decay profgss,

is the survival probability given in Eq. 7, arfflis the differential energy distribution of the antineutrino at
the reactor shown in Fig. 1.9.

Since the signal rate is low, it is desirable to conduct reactor-based @intiroeexperiments under-
ground to reduce cosmic-ray induced backgrounds, such as neatrdithe radioactive isotopki. Gamma
rays originating from natural radioactivity in construction materials andah®snding rock are also prob-
lematic. The random coincidence ofyaray interaction in the detector followed by a neutron capture is a
potential source of background. For Chooz, their background ratel W1 + 0.24 events per day in the
1997 run, and.22 + 0.14 events per day after the trigger was modified in 1998. The backgrowerdsev
were subtracted fromV.. beforesin? 26,3 was extracted.

The systematic uncertainties and efficiencies of Chooz are summarizedl@s Tab and 1.2 respec-

| parameter | relative uncertainty (%)
reaction cross section 1.9
number of protons 0.8
detection efficiency 1.5
reactor power 0.7
energy released per fissign 0.6
| combined | 2.7 |

Table 1.1. Contributions to the overall systematic uncertainty in the absoluteahor
ization of Chooz.

tively.

Neither Chooz nor Palo Verde observed any deficit intheate. This null result was used to set a limit
on the neutrino mixing anglé 3, as shown in Fig. 1.12. Chooz obtained the best limit of 0.17 if28in
for Am3, = 2.5 x 1073 eV? at the 90% confidence level.

TThe cross section of neutron capture by a proton is 0.3 b and 50,00@Gk.0
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| selection | € (%) | relative error (%))
positron energy 97.8 0.8
positron-geode distance 99.9 0.1
neutron capture 84.6 1.0
capture energy containmeft 94.6 0.4
neutron-geode distance 99.5 0.1
neutron delay 93.7 0.4
positron-neutron distance || 98.4 0.3
neutron multiplicity 97.4 0.5

| combined | 69.8 | 1.5 \

Table 1.2. Summary of the antineutrino detection efficiency in Chooz.
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Fig. 1.12. Exclusion contours determined by Chooz, Palo Verde along eitildwed

region obtained by Kamiokande. [10]

1.6.2 Precision Measurement of3

With only one detector at a fixed baseline from a reactor, according tbE hooz and Palo Verde had
to determine the absolute antineutrino flux from the reactor, the absolutesgokson of the inverse beta-
decay reaction, and the efficiencies of the detector and event-seleetjoinements in order to measure
sin? 26,3. The prospect for determiningn? 26,3 precisely with a single detector that relies on a thorough
understanding of the detector and the reactor is not promising. It is amfalte reduce the systematic un-
certainties of such an absolute measurement to sub-percent levelaégecreactor-related uncertainties.

Mikaelyan and Sinev pointed out that the systematic uncertainties can ity grggpressed or totally
eliminated when two detectors positioned at two different baselines are uftiZzgd he near detector close
to the reactor core is used to establish the flux and energy spectrum afttheudrinos. This relaxes the
requirement of knowing the details of the fission process and operationdltions of the reactor. In this
approach, the value efn? 26,5 can be measured by comparing the antineutrino flux and energy distribution
observed with the far detector to those of the near detector after scalingligtiéimce squared. According
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to Eq. 13, the ratio of the number of antineutrino events with energy betweamd £ + dF detected at
distancel; to that at a baseline df,, is given by

- ()@ e
Ny N Np7n Ly €n Psur<E7 Ln)
If the detectors are made identical and have the same efficiency, the nagiodieonly on the distances

and the survival probabilities. By placing the near detector close to tleescmh that there is no significant
oscillating effectsin? 26,5 is approximately given by

Sin? 20, ~ A(ElLf) ll - (ﬁ) (?ﬂ (15)

whereA(E, L¢) =sin? Ag; with A3; defined in Eq. 8 is the analyzing power when the contributioth ofs
small. Indeed, from this simplified picture, it is clear that the two-detectomselie an excellent approach
for pin-pointing the value oin® 26,5 precisely. In practice, we need to extend this idea to handle more
complicated arrangements involving multiple reactors and multiple detectors ascasthef the Daya Bay
experiment.

1.7 The Daya Bay Reactor Antineutrino Experiment

As discussed in Section 1.5.4, probitig? 26,5 with excellent sensitivity will be an important milestone
in advancing neutrino physics. There are proposals to explafed,; with sensitivities approaching the
level of 0.01 [22]. The objective of the Daya Bay experiment is to detersiime26,; with sensitivity of
0.01 or better.

In order to reach the designed goal, it is important to reduce both the staasiitsystematic uncertain-
ties as well as suppress backgrounds to comparable levels in the Daye Bayno oscillation experiment.

This experiment will be located at the Daya Bay nuclear power complex itheouChina. Its geo-
graphic location is shown in Fig. 1.13. The experimental site is about 55 kiln-east from Victoria Harbor
in Hong Kong. Figure 1.14 is a photograph of the complex. The complexsterts three nuclear power
plants (NPPs): the Daya Bay NPP, the Ling Ao NPP, and the Ling Ao Il NR&.Ling Ao Il NPP is under
construction and will be operational by 2010-2011. Each plant has ®vidi@él reactor cores. Each core
generates 2.9 GW during normal operation. The Ling Ao cores are about 1.1 km east dDdya Bay
cores, and about 400 m west of the Ling Ao Il cores. There are miouratiages to the north which provide
sufficient overburden to suppress cosmogenic backgrounds in teeground experimental halls. Within
2 km of the site the elevation of the mountain varies generally from 185 m to 400 m.

The six cores can be roughly grouped into two clusters, the Daya Batechistwo cores and the
Ling Ao cluster of four cores. We plan to deploy two identical sets of neteaors at distances between
300 m and 500 m from their respective cluster of cores to monitor the atriimefiuxes. Another set of
identical detectors, called the far detectors, will be located approximatelgmi.Borth of the two near
detector sets. Since the overburden of the experimental site increasegistéthce from the cores, the
cosmogenic background decreases as the signal decreaseskéepicg the background-to-signal ratio
roughly constant. This is beneficial to controlling systematic uncertaintiesoByparing the antineutrino
fluxes and energy spectra between the near and far detectors, theBagyexperiment will determine
sin? 26,3 to the designed sensitivity. Detailed design of the experiment, including basgtmization
accounting for statistical and systematic uncertainty, backgrounds aagrémtical information will be
discussed in the following chapters.

It is possible to instrument a mid detector site between the near and far sieemidlietectors along
with the near and far detectors can be used to carry out measuremesystéamatic studies and for internal
consistency checks. In combination with the near detectors close to theBagydPP, they could also be
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Fig. 1.13. Daya Bay and vicinity: The nuclear power complex is locatedtéiiokm
from central Hong Kong.

Fig. 1.14. The Daya Bay nuclear power complex. The Daya Bay nucteeemplant
is in the foreground. The Ling Ao nuclear power plant is in the backgitolihe ex-
perimental halls will be underneath the hills to the left.

utilized to provide a quick determination sifa? 26,3, albeit with reduced sensitivity, in the early stage of

the experiment.
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2 Experimental Design Overview

To establish the existence of neutrino oscillation dué o and to determine st2d; 3 to a precision of
0.01 or better, at least 50,000 detected events detected at the far sikedee rand systematic uncertainties
in the ratios of near-to-far detector acceptance, antineutrino flux asidjtzaund have to be controlled to a
level below 0.5%, an improvement of almost an order of magnitude over ¢v@ps experiments. Based on
recent single detector reactor experiments such as Chooz, Palo Yiet#&mLAND, there are three main
sources of systematic uncertainty: reactor-related uncertainty of%@-+#ckground-related uncertainty of
(1-3)%, and detector-related uncertainty of (1-3)%. Each souncecefrtainty can be further classified into
correlated and uncorrelated uncertainties. Hence a carefully desgypediment, including the detector
design and background control, is required. The primary considesadidving the improved performance
are listed below:

o

identical near and far detectorsUse of identical detectors at the near and far sites to cancel reactor-
related systematic uncertainties, a technique first proposed by Mikadlydnfer the Kr2Det ex-
periment in 1999 [1]. The event rate of the near detector will be usedettiqirthe yield at the far
detector. Even in the case of a multiple reactor complex, reactor-relatedainties can be controlled

to negligible level by a careful choice of locations of the near and far.sites

multiple modules Employ multiple, identical modules at the near and far sites to cross checkdretwe
modules at each location and reduce detector-related uncorrelatathirites. The use of multiple
modules in each site enables internal consistency check to the limit of statistittgpl®modules
implies smaller detectors which are easier to move. In addition, small modules pitienwer cosmic-
ray muons, resulting in less dead time, less cosmogenic background acel $realler systematic
uncertainty. Taking calibration and monitoring of detectors, redundamy,cost into account we
settle on a design with two modules for each near site and four modules far thigef

three-zone detector moduleEach module is partitioned into three enclosed zones. The innermost
zone, filled with Gd-loaded liquid scintillator, is the antineutrino target whichiigsuded by a zone
filled with unloaded liquid scintillator called the-catcher. This middle zone is used to capturethe
rays from antineutrino events that leak out of the target. This arrangeaesubstantially reduce the
systematic uncertainties related to the target volume and mass, positron éamestipld, and position

cut. The outermost zone, filled with transparent mineral oil that doescirttilate, shields against
externaly rays entering the active scintillator volume.

sufficient overburden and shieldingLocations of all underground detector halls are optimized to
ensure sufficient overburden to reduce cosmogenic backgrourttie tevel that can be measured
with certainty. The antineutrino detector modules are enclosed with suffigcéssive shielding to
attenuate natural radiation and energetic spallation neutrons from tlesdimg rocks and materials
used in the experiment.

multiple muon detectors By tagging the incident muons, the associated cosmogenic background
events can be suppressed to a negligible level. This will require the muoctatete have a high
efficiency and that it is known with small uncertainty. Monte Carlo study shthat the efficiency

of the muon detector should be better than 99.5% (with an uncertainty less.2&#)0 The muon
system is designed to have at least two detector systems. One system utdizesteh buffer as a
Cherenkov detector, and another employs muon tracking detectors wihtdeasition resolution.
Each muon detector can easily be constructed with an efficiency of (P-9&ch that the overall
efficiency of the muon system will be better than 99.5%. In addition, the two rdatettors can be
used to measure the efficiency of each other to a uncertainty of better.2%%6.0
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o movable detectorsThe detector modules are movable, such that swapping of modules between th
near and far sites can be used to cancel detector-related uncertaithiegxtent that they remain un-
changed before and after swapping. The residual uncertaintieg, $sgondary, are caused by energy
scale uncertainties not completely taken out by calibration, as well as dreilependent uncertain-
ties. The goal is to reduce the systematic uncertainties as much as possitaeefy design and
construction of detector modules such that swapping of detectors is cegssy. Further discussion
of detector swapping will be given in Chapters 3 and 10.

With these improvements, the total detector-related systematic uncertainty eteskpebe~0.2% in
the near-to-far ratio per detector site which is comparable to the statisticaftaimty of ~0.2% (based
on the expected 250,000 events for three years of running at the farlsiag a globaly? analysis (see
Section 3.5.1), incorporating all known systematic and statistical uncertaintefnd thatin? 26,3 can be
determined to a sensitivity of better than 0.01 at 90% confidence level asgtin Sec. 3.5.2.

2.1 Experimental layout

Taking the current value oAm3, = 2.5 x 1073 eV? (see equation 12), the first maximum of the
oscillation associated with; 3 occurs at~1800 m. Considerations based on statistics alone will result in
a somewhat shorter baseline, especially when the statistical uncertaintyestlaan or comparable to the
systematic uncertainty. For the Daya Bay experiment, the overburdennicéisiehe optimization since it
varies along the baseline. In addition, a shorter tunnel will decreasétheonstruction cost.

The Daya Bay experiment will use identical detectors at the near anddarte cancel reactor-related
systematic uncertainties, as well as part of the detector-related systentitaimties. The Daya Bay site
currently has four cores in two groups: the Daya Bay NPP and the LingNRB. The two Ling Ao Il
cores will start to generate electricity in 2010-2011. Figure 2.1 shows tagidas of all six cores. The

\ Baycores -
ﬂ :HW -

Fig. 2.1. Layout of the Daya Bay experiment.

distance between the two cores in each NPP is about 88 m. Daya Bay is 1ft6fhrhing Ao, and the
maximum distance between cores will be 1600 m when Ling Ao |l starts operdtie experiment will
locate detectors close to each reactor cluster to monitor the antineutrinos eroittetiéir cores as precisely
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as possible. At least two near sites are needed, one is primarily for mogitbgrDaya Bay cores and the
other primarily for monitoring the Ling Ao—Ling Ao Il cores. The reactolated systematic uncertainties
can not be cancelled exactly, but can be reduced to a negligible revelyas 0.04% if the overburden
is not taken into account. A global optimization taking all factors into accowpedally balancing the

overburden and reactor-related uncertainties, results in a resideabreincertainty 0£0.1%

Three major factors are involved in optimizing the locations of the near sitesfifBh one is overbur-
den. The slope of the hills near the site is around 30 degrees. Hencedtieimen falls rapidly as the
detector site is moved closer to the cores. The second concern is oscillasof e oscillation probability
is appreciable even at the near sites. For example, for the near defdatmd approximately 500 m from
the center of gravity of the cores, the integrated oscillation probabililyli x sin? 26,3 (computed with
Am3, = 2.5 x 1073 eV2). The oscillation contribution of the other pair of cores, which is arour@DIth
away, has been included. The third concern is the near-far cancelditieactor uncertainties.

After careful study of many different experimental designs, the bmsiguration of the experiment is
shown in Fig. 2.1 together with the tunnel layout. Based on this configuratigiopal y? fit (see Eq. 29)
for the best sensitivity and baseline optimization was performed, taking intmatbackgrounds, mountain
profile, detector systematics and residual reactor related uncertairtesegult is shown in Fig. 2.2.
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Fig. 2.2. Site optimization using the globgf analysis. The optimal sites are labelled
with red triangles. The stars show the reactors. The black contourstek@ensitivity
when one site’s location is varied and the other two are fixed at optimal sheset
lines with tick marks are the perpendicular bisectors of the reactor paiesndlntain
contours are also shown on the plot (blue lines).

Ideally each near detector site should be positioned equidistant from i tbat it monitors so that
the uncorrelated reactor uncertainties are cancelled. However, takénguoden and statistics into account
while optimizing the experimental sensitivity, the Daya Bay near detector sitesiddmmated 363 m from
the center of the Daya Bay cores. The overburden at this location is 28%m{.w.e.): The Ling Ao near
detector hall is optimized to be 481 m from the center of the Ling Ao cores5aéadn from the center of
the Ling Ao Il core$ where the overburden is 112 m (291 m.w.e).

The far detector site is about 1.5 km north of the two near sites. Ideallytbédashould be equidistant
between the Daya Bay and Ling Ao—Ling Ao Il cores; however, the lmueten at that location would be

*The Daya Bay near detector site is about 40 m east of the perpendidséstds of the Daya Bay two cores to gain more
overburden.

TThe Ling Ao near detector site is about 50 m west of the perpendiculactbisef the Ling Ao-Ling Ao Il clusters to avoid
installing it in a valley which is likely to be geologically weak, and to gain more loweten.
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only 200 m (520 m.w.e). At present, the distances from the far detector noidhpeint of the Daya Bay cores
and to the mid point of the Ling Ao—Ling Ao Il cores are 1985 m and 1615 speetively. The overburden
is about 350 m (910 m.w.e). A summary of the distances to each detector idgatav Table 2.1.

| Sites [DYB| LA | Far]
DYB cores 363 | 1347| 1985
LA cores 857 | 481 1618
LA llcores | 1307| 526/ 1613

Table 2.1. Distances in meters from each detector site to the centroid of @aaf p
reactor cores.

It is possible to install a mid detector hall between the near and far sites satch 11156 m from
the midpoint of the Daya Bay cores and 873 m from the center of the Ling lAng-Ao Il cores. The
overburden at the mid hall is 208 m (540 m.w.e.). This mid hall could be useadaick measurement of
sin® 2613, studies of systematics and internal consistency checks.

There are three branches for the main tunnel extending from a junctartime mid hall to the near
and far underground detector halls. There are also access ariducting tunnels. The length of the access
tunnel, from the portal to the Daya Bay near site, is 295 m. It has a gradedr® 8% and 12% [2]. A sloped
access tunnel allows the underground facilities to be located deeper with auerburden. The quoted
overburdens are based on a 10% grade.

2.2 Detector Design

As discussed above, the antineutrino detector employed at the neasitganps two (four) modules
while the muon detector consists of a cosmic-ray tracking device and adies buffer. There are several
possible configurations for the water buffer and the muon tracking det@stdiscussed in Section 7. The
baseline design is shown in Fig. 2.3.

The water buffer in this case is a water pool, equipped with photomultiplier {if}3$s) to serve as a
Cherenkov detector. The outer region of the water pool is segmentedateo tanks made of reflective PVC
sheets with a cross section of 2xh m and a length of 16 m. Four PMTs at each end of the water tank are
installed to collect Cherenkov photons produced by cosmic muons in thetaakeiThe water tank scheme
first proposed by Y.F. Wang [3] for very long baseline neutrino expents as a segmented calorimeter is a
reasonable choice as a muon tracking detector for reasons of boincbchnical feasibility. Above the
pool the muon tracking detector is made of light-weight resistive-plate chan(R@Cs). RPCs offer good
performance and excellent position resolution for low cost.

The antineutrino detector modules are submerged in the water pool thasshielchodules from am-
bient radiation and spallation neutrons. Other possible water shieldingyaaations will be discussed in
Section 2.3.

2.2.1 Antineutrino detector
Antineutrinos are detected by an organic liquid scintillator (LS) with high hgelnocontent (free pro-
tons) via the inverse beta-decay reaction:

17@+p—’6’++n

The prompt positron signal and delayed neutron-capture signal ambiced to define a neutrino event
with timing and energy requirements on both signals. In LS neutrons areredgiy free protons in the
scintillator emitting 2.2 Me\&-rays with a capture time of 180@s. On the other hand, when Gadolinium
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OVERHEAD CRANE
RPC MODULE
{LOWER SUPPORTED)

PC MODULE
(UPPER SUPPORTED)

WATER CHERENKOV-
MODULES

Fig. 2.3. Layout of the baseline design of the Daya Bay detector. Fdumeairino
detector modules are shielded by a 1.5 m-thick active water Cherenkaar.bBifr-
rounding this buffer is another 1-meter of water Cherenkov tanks geasnmuon
trackers. The muon system is completed with RPCs at the top.

(Gd), with its huge neutron-capture cross section and subsequenV 8déase ofy-ray energy, is loaded
into LS the much highety energy cleanly separates the signal from natural radioactivity, whioioily
below 2.6 MeV, and the shorter capture tirae3Q 11s) reduces the background from accidental coincidences.
Both Chooz [4] and Palo Verde [5] used 0.1% Gd-loaded LS that yieldspaure time of 28:s, about a
factor of seven shorter than in undoped liquid scintillator. Backgrourmais fandom coincidences will thus
be reduced by a factor of seven as compared to unloaded LS.

The specifications for the design of the antineutrino detector module follow:

o Employ three-zone detector modules partitioned with acrylic tanks as showg 2¥4fi The target
volume is defined by the physical dimensions of the central region of Gietbaquid scintillator.
This target volume is surrounded by an intermediate region filled with normtd E&tchys escaping
from the central region. The liquid-scintillator regions are embedded inwame of mineral oil to
separate the PMTs from the scintillator and suppress natural radioadtoitythe PMT glass and
other external sources.

Four of these modules, each with 20 T fiducial volume, will be deployed afathsite to obtain
sufficient statistics and two modules will be deployed at each near siteljranaboss calibrations.
The matching of four near and four far detectors allows for analyziteywligh matched near-far pairs.

In this design, the homogeneous target volume is well determined without a pasitigince neu-
trinos captured in the unloaded scintillator will not in general satisfy the oe@nergy requirement.
Each vessel will be carefully measured to determine its volume and eaeh wésbe filled with the

same set of mass-flow and flow meters to minimize any variation in relative detetiare and mass.
The effect of neutron spill-in and spill-out across the boundary betwheetwo liquid-scintillator re-

gions will be cancelled when pairs of identical detector modules are ugke aear and far sites.
With the shielding of mineral oil, the singles rate will be reduced substantialky tiidgpger threshold
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Fig. 2.4. Cross sectional slice of a 3-zone antineutrino detector modulérghthe
acrylic vessels holding the Gd-doped liquid scintillator at the center (20 Tidliq
scintillator between the acrylic vessels (20 T) and mineral oil (40 T) in ther oedéon.
The PMTs are mounted on the inside walls of the stainless steel tank.

can thus be lowered to below 1.0 MeV, providingd 00% detection efficiency for the prompt positron
signal.

o The Gd-loaded liquid scintillator, which is the antineutrino target, should hasame composition
and fraction of hydrogen (free protons) for each pair of detectors at a near site and the other at the
far site). The detectors will be filled in pairs (one near and one far dejdobon a common storage
vessel to assure that the composition is the same. Other detector compoobras snloaded liquid
scintillator and PMTs will be characterized and distributed evenly to a pagtefotor modules during
assembly to equalize the properties of the modules.

o The energy resolution should be better than 15% at 1 MeV. Good enesgjution is desirable for
reducing the energy-related systematic uncertainty on the neutron engr@ood energy resolution
is also important for studying spectral distortion as a signature of neutsititbations.

o The time resolution should be better than 1 ns for determining the event time rastddging back-
grounds.

Detector modules of different shapes, including cubical, cylindrical,sqietrical, have been consid-
ered. From the point of view of ease of construction cubical and cytialdshapes are particularly attractive.
Monte Carlo simulation shows that modules of cylindrical shape can proeitiertenergy and position reso-
lutions for the same number of PMTs. Figure 2.4 shows the structure of aggéhohodule. The PMTs are
arranged along the circumference of the outer cylinder. The suréddhe top and the bottom of the outer-
most cylinder are coated with white reflective paint or other reflective ima#géeo provide diffuse reflection.
Such an arrangement is feasible since 1) the event vertex is determigedthrthe center of gravity of the
charge, not relying on the time-of-flight informatiér2) the fiducial volume is well defined with a three-

iAlthough time information may not be used in reconstructing the eventwattwill be used in background studies. A time
resolution of 0.5 ns can be easily realized in the readout electronics.
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zone structure, thus no accurate vertex information is required. Detdhe @intineutrino detector will be
discussed in Chapter 5.

2.2.2 Muon detector

Since most of the backgrounds come from the interactions of cosmic-raggwiith nearby materials,
it is desirable to have a very efficient active muon detector coupled witlelketréor tagging the cosmic-ray
muons. This will provide a means for studying and rejecting cosmogenigbaukd events. The three de-
tector technologies that are being considered are water Cherenkoteaesistive plate chamber (RPC),
and plastic scintillator strip. When the water Cherenkov counter is combinedawitttker, the muon de-
tection efficiency can be close to 100%. Furthermore, these two indepatetectors can cross check each
other. Their inefficiencies and the associated uncertainties can be weglinileed by cross calibration dur-
ing data taking. We expect the inefficiency will be lower than 0.5% and thertainty of the inefficiency
will be lower than 0.25%.

Besides being a shield against ambient radiation, the water buffer carbalstilized as a water
Cherenkov counter by installing PMTs in the water. The water Cherenktectbr is based on proven
technology, and known to be very reliable. With sufficient PMT covemau reflective surfaces, the effi-
ciency of detecting muons should exceed 95%. The current baseliign ddéghe water buffer is a water
pool, similar to a swimming pool with a dimensions of 16 m (length)l6 m (width) x 10 m (height)
for the far hall containing four detector modules, as shown in Fig. 2.5.PM&s of the water Cherenkov

Fig. 2.5. The water pool with four antineutrino detector modules inside. wai&s of
dimension 1 nx1 m are used as an outer muon tracker.

counters are mounted facing the inside of the water pool. This is a simple evehgechnology with very
limited safety concerns. The water will effectively shield the antineutrinootiete from radioactivity in the
surrounding rocks and from Radon, with the attractive features ogjls@mple, cost-effective and having a
relatively short construction time.

The muon tracking detector consists of water tanks and RPCs. RPCsrarecemomical for instru-
menting large areas, and simple to fabricate. The Bakelite based RPC dasl/elpHEP for the BES-III
detector has a typical efficiency of 95% and noise rate of 0.1 Hzfmmlayer. [6]. A possible configuration
is to build three layers of RPC, and require two out of three layers hit withimea window of 20 ns to
define a muon event. Such a scheme has an efficiency above 99% amdateisf<0.1 Hz/n?. Although
RPCs are an ideal large area muon detector due to their light weight, gdodpence, excellent position
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resolution and low cost, it is hard to put them inside water to fully surroun@véiter pool. The best choice
seems to use them only at the top of the water pool.

Water tanks with a dimension of 11 m and a length of 16 m as the outer muon tracking detector
have a typical position resolution of about 30 cm. Although not as goodhas choices, the resolution is
reasonably good for our needs, in particular with the help of RPCs atghAdtually the water tanks are not
really sealed tanks, but reflective PVC sheets assembled on a staingéssratgure, so that water can flow
freely among water pool and water tanks, and only one water purificagstera is needed for each site.
Water tanks can be easily installed at the side of the water pool, but must imacsections at the bottom
to leave space for the supporting structure of antineutrino detector mod@isel tank will be equipped
with four PMTs at each end to collect Cherenkov photons produce@dsiyic-muons. A few more PMTs
are needed for the bottom tanks to take into account optical path obstrbgtibe supporting structure of
the antineutrino detector modules. A 13 m long prototype has been built ded {8% A detailed Monte
Carlo simulation based on the data from this prototype shows that the total ditijtted at each end is
sufficient, as will be discussed in detail in Chapter 7. The technology emglioythis design is mature and
the detector is relatively easy and fast to construct.

2.3 Alternative Designs of the Water Buffer

We have chosen a water pool as the baseline experimental design (s28Jighe two near detector
sites have two antineutrino detector modules in a rectangular water pookaghthie far site has four an-
tineutrino detector modules in a square water pool. The distance from thesatfce of each antineutrino
detector is at least 2.5 m to the water surface, with 1 m of water betweermptichutrino detector.

Our primary alternative to the baseline design is the “aquarium” option. Aeginal design, showing
a cut-away side view is provided in Fig. 2.6. Several views are shown in2i-ig The primary feature of

Fig. 2.6. Side cutaway view of a near detector site aquarium with two detetsdrke.

this aquarium design is that the antineutrino detector modules do not sit in ttewgume, but are rather
in air. The advantages of this design are ease of access to the antindetentors, ease of connections to
the antineutrino detectors, simpler movement of the antineutrino detectorsflexdodity to calibrate the
antineutrino detectors and a muon system that does not need to be partiadiyedidled or moved when
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Fig. 2.7. End, side and top views of the conceptual design of a neataledée aquar-
ium. All distances are in mm.

the antineutrino detectors are moved. The primary disadvantages of tigs dedude the engineering
difficulties of the central tube and the water dam, safety issues associtlethevliarge volume of water
above the floor level, cost, maintenance of the antineutrino detectorsffradam and radioactive debris.
This is preserved as the primary option for a “dry detector” and servesiasecondary detector design
option. Other designs that have been considered include: ship-lockfiedogiquarium, water pool with a
steel tank, shipping containers, and water pipes, among others.

The cost drivers that we have identified for the optimization of the expetaheonfiguration include:

o Civil construction

Cranes for the antineutrino detectors

o

o

Transporters for the antineutrino detectors

(@]

Safety systems in the event of catastrophic failure

@]

Storage volume of purified water
o Complexity of seals in water environment
The physics performance drivers that we have identified include:
o Uniformity of shielding against’s from the rock and cosmic muon induced neutrons

o Cost and complexity of purifying the buffer region of radioactive impurities
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o Amount and activity of steel near the antineutrino detectors (walls and mieahaupport structures)

o Efficiency of tagging muons and measurement of that inefficiency

The primary parameters that we have investigated in the optimization of the detesign are the thickness
of the water buffer, the optical segmentation of this water Cherenkovtdettite PMT coverage of this
water Cherenkov detector, the size and distribution of the muon trackemsythe number of PMTs in

the antineutrino detector, the reflectors in the antineutrino detector. Theistadgoing, but existing work

favors the water pool.
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3 Sensitivity & Systematic Uncertainties

The control of systematic uncertainties is critical to achievingsiié 263 sensitivity goal of this
experiment. The most relevant previous experience is the Chooz expéfitherhich obtainedin? 26,3 <
0.17 for Am2, = 2.5 x 10~3eV? at 90% C.L., the best limit to date, with a systematic uncertainty of
2.7% and statistical uncertainty of 2.8% in the ratio of observed to expectedseat the ‘far’ detector. In
order to achieve ain? 20,3 sensitivity below 0.01, both the statistical and systematic uncertainties need to
be an order of magnitude smaller than Chooz. The projected statisticataintefor the Daya Bay far
detectors is 0.2% with three years data taking. In this section we discussaiagyg for achieving the level
of systematic uncertainty comparable to that of the statistical uncertainty.\Auogidis very ambitious goal
will require extreme care and substantial effort, and can only be redliz@tcorporating rigid constraints
in the design of the experiment.

There are three main sources of systematic uncertainties: reactorrdanttgand detector. Each source
of uncertainty can be further classified into correlated and uncorralatesttainties.

3.1 Reactor Related Uncertainties

For a reactor with only one core, all uncertainties from the reactoreleded or uncorrelated, can be
canceled precisely by using one far detector and one near detectomiag the distances are precisely
known) and forming the ratio of measured antineutrino fluxes [2]. In reality Daya Bay nuclear power
complex has four cores in two groups, the Daya Bay NPP and the Ling Ab Afother two cores will
be installed adjacent to Ling Ao, called Ling Ao Il, which will start to genestztricity in 2010-2011.
Figure 2.1 shows the locations of the Daya Bay cores, Ling Ao coresthantluture Ling Ao Il cores.
Superimposed on the figure are the tunnels and detector sites. The distaween the two cores at each
NPP is about 88 m. The midpoint of the Daya Bay cores is 1100 m from the midgibthe Ling Ao
cores, and will be 1600 m from the Ling Ao Il cores. For this type of mgeament, with more reactor cores
than near detectors, one must rely upon the measured reactor powslineaddition to forming ratios of
measured antineutrino fluxes in the detectors. Thus there is a residealainty in the extracted oscillation
probability associated with the uncertainties in the knowledge of the reactar pevels. In addition to the
reactor power uncertainties, there are uncertainties related to uncest@mtiee effective locations of the
cores relative to the detectors.

3.1.1 Power Fluctuations

Typically, the measured power level for each reactor core will haverielabed (common to all the
reactors) uncertainty of the order of 2% and an uncorrelated undgrtdisimilar size. Optimistically, we
may be able to achieve uncorrelated uncertainties of 1%, but we cotigeljvassume that each reactor
has 2% uncorrelated uncertainty in the following. (We note that both Chad#alo Verde achieved total
reactor power uncertainties of 0.6—0.7%. The appropriate value foradlga Bay reactors will need to be
studied in detail with the power plant and could hopefully be reduced belowe core.) If the distances
are precisely known, the correlated uncertainties will cancel in the aeaatio.

For the geometry of the Daya Bay experiment, we have (effectively) two detectors. One near site
primarily samples the rate from the two Daya Bay cores and and the other fyisamnples the rate from
the (two or four) Ling Ao cores. The detectors at the far site do not satheleeactor cores equally, so one
needs to consider the weighting of the data from the near sites relative tartbigef In order to provide
optimal relative weights of the near sites one can utilize the following combinafioatios in the event
rates of the far and near detectors:

o= o o + S| /T 9
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whereg, is the antineutrino flux at unit distance from cetd.; is the distance from reactorto the far site,

LPB (LL4) is the distance from reactorto the near Daya Bay (Ling Ao) site, ands a constant chosen to
provide the proper weighting of the near site data and minimize the sensitivitipdhe uncertainties in the
relative reactor power levels. (In Eg. 16 we have neglected neutrizibations. In the absence of oscilla-
tions and given a value ef, the quantityp is completely determined by the geometry. Thus a measurement
of p that differs from this value could then be used to determine the oscillatiombpili that depends upon
sin? 26,3 with minimal systematic uncertainty due to the uncorrelated reactor powertaimties. )

To illustrate the utility of the ratipp in Eq. 16, we can consider a slightly simplified geometry where
there are only two cores, each very close to a near detector. Thenodgetatk in a near detector from
the other core can be neglected and the valua cf (L{A/LfDB)2 will correct the ratiop for the fact
that the two reactors are not sampled equally by the far detector. (lb{%,eandL{ 4 are the distances of
the far detector from the two reactor cores.) Then the raticould be independent of the reactor power
uncertainties.

For the more complex situation as in Fig. 2.1, the optimal choice of the weightitay facs somewhat
different, and can be computed from knowledge of the relative distaaru@powers of the reactor cores.
One can also determine by Monte Carlo simulations that minimize the systematic uncertaingy doe
to uncorrelated reactor power uncertainties. The weighting of near siteg &1 does introduce a slight
degradation (in our casel1% fractional increase) in the statistical uncertainty. The correlateztiaaties
of the reactors are common to both the numerator and denominator of the, ratid therefore will cancel.

Using the detector configuration shown in Fig. 2.1, with two near sitesb@0 m baselines to sample
the reactor power and a far site at an average baseliredl800 m, an uncorrelated uncertainty of 2% for
each core and optimal choice @fleads to the estimated reactor power contributiont@.e., the fractional
uncertainty in the rati@) shown in Table 3.1 for the case of four (six) reactor cores. In Se8tA below,
we study the sensitivity of the Daya Bay experiment to neutrino oscillationssiai@6,3 using a more
generaly? analysis that includes all the significant sources of systematic uncerfEetypptimal weighting
of near sites in that analysis is implemented by allowing all the reactor corerpdwevary in they?
minimization associated with the measured rates in the different detectors.

| Number of cores] a [ o,(power)] o,(location) | o,(total) |

4 0.338| 0.035% 0.08% 0.087%
6 0.392| 0.097% 0.08% 0.126%

Table 3.1. Reactor-related systematic uncertainties for different reamifgurations.
The uncorrelated uncertainty of the power of a single core is assume®fb be

3.1.2 Location Uncertainties

The the center of gravity of the antineutrino source in each core will berdited to a precision of
about 30 cm. We assume that the location uncertainties are uncorrelatesh Hreir combined effect will
be reduced by /N, whereN,. is the number of reactor cores. The resulting fractional uncertainty in the
near/far event ratio is estimated to be 0.08% for the near baselix&@d m.

3.1.3 Spent Fuel Uncertainties
In addition to fission, beta decay of some fission products can also gredineutrinos with energy
higher than the inverse beta decay threshold 1.8 MeV. Some of these hguddtimes, such as [3]

YORU(Ty o = 372d) — '"Rh(Ty/3 =205, Emax = 3.54MeV)
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MiCe(Ty o = 285d) — "MPr(Ty/y = 17m, Enax = 3.00MeV)
YSr(Tyjp =28.6y) — OY(Ty/3 = 64 h, Enay = 2.28MeV) (17)

These isotopes will accumulate in the core during operations. Normally eofdiglill produce power in the
core for 2-3 years. The inverse beta decay rate arising from thegmfigroducts will increase to 0.4-0.6%
of the total event rate. In the 1.8-3.5 MeV range, the yield will increase datad?. Neutron capture by
fission products will also increase the total rate by 0.2% [3].

The Daya Bay and Ling Ao NPPs store their spent fuel in water pools aalgtine cores. A manipulator
moves the burnt-out fuel rods from the core to the water pool duringeliefy. The long lived isotopes
mentioned in the previous paragraph will continue to contribute to the antinetitrin The spent fuel data,
as well as the realtime running data, will be provided to the Daya Bay Collabofay the power plant.

Taking the average of all fuel rods at different life cycles, and tleagén the spent fuel, these isotopes
are estimated to contribute0.5% to the event rate (prior to receiving the detailed reactor data). Aleskth
events are in the low energy region. Since the spent fuel is stored adjdmitne core, the uncertainty
in the flux will be canceled by the near-far relative measurement, in the saypasvthe cancellation of
the reactor uncertainties. The uncertainty associated with the spent foatks smaller than the assumed
2% uncorrelated uncertainty of reactor fission, and thus we expect ihavi#t negligible impact on thiy 5
sensitivity.

3.2 Detector Related Uncertainties

For the detector-related uncertainties, we estimate two values for the DgyaxBariment: baseline
and goal. The baseline value is what we expect to be achievable thresghtially proven methods with
straightforward improvement in technique and accounting for the factwbaeed to consider onhglative
uncertainties between near and far detectors. The goal value is thdt waiconsider achievable through
improved methods and extra care beyond the level of previous experiietitis type. The results are
summarized in Table 3.2 and discussed in the rest of this section.

Source of uncertainty Chooz Daya Bay (elative)
(absolute) | Baseline] Goal | Goal w/Swapping
# protons | H/C ratio 0.8 0.2 0.1 0
Mass - 0.2 0.02 0.006
Detector | Energy cuts 0.8 0.2 0.1 0.1
Efficiency | Position cuts 0.32 0.0 0.0 0.0
Time cuts 0.4 0.1 0.03 0.03
H/Gd ratio 1.0 0.1 0.1 0.0
n multiplicity 0.5 0.05 0.05 0.05
Trigger 0 0.01 0.01 0.01
Live time 0 <0.01 | <0.01 <0.01
Total detector-related uncertainty 1.7% 0.38% | 0.18% 0.12%

Table 3.2. Comparison of detector-related systematic uncertainties (alldaneper
detector module) of the Chooz experimeabgolute) and projections for Daya Bay
(relative). Baseline values for Daya Bay are achievable through essentiallgmrov
methods, whereas the goals should be attainable through additional d&ectsbed

in the text. In addition, the additional improvement from detector swappingiisated

in the last column.
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3.2.1 Target Mass and H/C Ratio

The antineutrino targets are the free protons in the detector, so the atein the detector is propor-
tional to the total mass of free protons. The systematic uncertainty in this quiantiytrolled by precise
knowledge of the relative total mass of the central volumes of the detectanlesods well as filling the
modules from a common batch of scintillator liquid so that the H/C ratio is the same t@iagision.

The mass of the antineutrino target is accurately determined in severallvirsgshe detector modules
will be built to specified tolerance so that the volume is knownr-t®.1% (typically <1 mm dimension
out of a diameter of 3.2 meters). We will make a survey of the detector georuedrglimensions after
construction to characterize the detector volumes to higher precision thin Osing optical measuring
techniques and reflective survey targets built into the detector modulesttaictied to the surfaces of the
acrylic vessels sub-mm precision is easily achievable with conventionasng techniques. A precision
survey of each detector module will be conducted after the assembly oyl aessels and the stainless
steel tank in the surface assembly building near the underground turtreshee.

Once the detectors are underground, we plan to fill each detector fcommon stainless tank the size
of a detector volume using a variety of instrumentation to directly measure themsslume flow into the
detector. A combination of Coriolis mass flow meters (see Fig. 3.1), volume flaarsp@and thermometers

Dual

" Sensing Coll

Sensing Goll " ‘%g
1 _prive Coil

.

Fig. 3.1. Schematic drawing of a Coriolis mass flow meter. The driver coilesxthe
tubes at 150 Hz, and a set of sensing coils measures the tubes’ amplitifdecarency
while liquid is flowing.

in the filling station and load sensors in both the storage tank and possiblytthewdnno detector will
allow us to determine the mass of the liquid scintillator reliably and with independehbowe

We will also measure the fluid flow using premium grade precision volume flowrsetith a re-
peatability specification of 0.02%. Several volume flowmeters will be run iesésr redundancy. Residual
topping up of the detector module to a specified level (only abdifi kg since the volume is known and
measured) is measured with these flowmeters as well.

During the filling process the temperature of the storage tank as well as therat@mperature of the
filling station are controlled and monitored. Liquid level sensors may be useagdthe filling process to
monitor and maintain the relative liquid levels in the antineutrino detector volume anddhtcher region.

Coriolis mass flow meters are devices developed by the processing intlusirgasure directly the
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mass flow of a liquid or gas (compared to the volume flow of conventional flotens)e The measured
mass flow is independent of the liquid’s density and viscosity hence minimizingetbe for environmental
control of the storage tank, filling station, and detector modules, andirgdpossible systematics due to
ambient temperature fluctuations. Coriolis meters use two U-shaped oscillatingfles. A sine voltage is
applied to an electromagnetic driver which produces an oscillating motion tiltles. The vibration of the
tube causes a slight angular rotation about its center. The fluid flow is #ftate:d by the Coriolis force
which changes the tube rotation, The amplitude of this change is related to taélomaand the frequency
is related to the product density. Coriolis meters measure simultaneously theflovassd density of
the liquid. They are commercially available with flow rates ranging from 1g/hi0f@0&g/hr. The quoted
absolute accuracy of the devices is 0.1-0.2%, and their repeatabitit§.i6. Combined with a control
valve system Coriolis flow meters allow the precise and repeatable filling ofetestdr modules with a
chosen target mass.

The volume flowmeters have asolute calibrated precision a#.2%, so we quote a baseline uncer-
tainty of 0.2% for the detector mass. We use the 0.02% repeatability perfoeroatie volume flowmeters
to estimate the goal uncertainty of 0.02%.

The absolute H/C ratio was determined by Chooz using scintillator combustioareatygkis to 0.8%
precision based on combining data from several analysis laboratorgewil\nly require that theelative
measurement on different samples be known, so an improved precistbhf%for better is expected. We
guote this as the estimated baseline H/C systematic uncertainty.

We are presently engaged in a program of R&D with the goal of measuringeliteve H/C ratio
in different samples of liquid scintillator te-0.1% precision. We are exploring three different methods to
achieve this goal: precision NMR, chemical analysis, and neutron cafthesneutron capture method
would need to be utilized before the introduction of Gd into the scintillator, bulidcloe used to precisely
characterize the organic liquids used in the liquid scintillator cocktail. In pri@cipe other methods could
be used on the final Gd-loaded scintillator.

In addition, we will need to determine tieative H/C ratio in they-catcher liquid scintillator to about
1%. This is to control the relative amount of “spill-in” events where a neugyenerated in the-catcher
is captured in the Gd-loaded scintillator after thermal diffusion. This shoeilshbbch more straightforward
than the more demanding requirement on the Gd-loaded scintillator but wilFiigent to achieve the goal
H/C systematic uncertainty in Table 3.2.

3.2.2 Position Cuts

Due to the design of the detector modules, the event rate is measured wéboritto reconstruction
of the event location. Therefore the uncertainty in the event rate is ratatbd physical parameters of the
antineutrino volume. We do not anticipate employing cuts on reconstructéibpde select events, and
there should be no uncertainty related to this issue.

3.2.3 Positron Energy Cut

Due to the high background rates at low energy, Chooz employed a positergy threshold of
1.3 MeV. This cut resulted in an estimated uncertainty of 0.8%. The improveldisty design of the Daya
Bay detectors makes it possible to lower this threshold to below 1 MeV whilangepcorrelated back-
grounds as low as 0.1%. The threshold of visible energy of neutrindsigeh.022 MeV. Due to the finite
energy resolution 0£12% at 1 MeV, the reconstructed energy will have a tail below 1 MeV. Vhtematic
uncertainty associated with this cut efficiency is studied by Monte Carlo simuldtlee tail of the simu-
lated energy spectrum is shown in Fig. 3.2 with the full spectrum shown in et iRor this simulation,
200 PMTs are used to measure the energy deposited in a 20-ton modulendrigg resolution is-15%
at 1 MeV. The inefficiencies are 0.32%, 0.37%, and 0.43% for cuts at\de38 1.0 MeV, and 1.02 MeV,
respectively. Assuming the energy scale uncertainty is 2% at 1 MeV, thiciaacy variation will produce
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Fig. 3.2. Energy spectra associated with the positron’s true energy, stth@aergy
(Geant Energy), and reconstructed energy at 1 MeV. The fulltspads shown in the
inset, where the red line corresponds to the true energy and the blackwasponds
to the reconstructed energy.

a 0.05% uncertainty in the detected antineutrino rate. The upper energseragnt for the positron signal
will be E < 8 MeV and will also contribute a negligible uncertainty to the positron detectiociexify.

3.2.4 Neutron Detection Efficiency

The delayed neutron from the inverse beta decay reaction is produited ¥0 keV of kinetic energy.
The neutron loses energy in the first few interactions with H and C in the sdioitjlend reaches thermal
energy in a few microseconds. The neutrons can capture on either idurihg or after the thermalization
process. We will detect the neutrons that capture on Gd, yielding atdedst/ of visible energy from the
resulting capture rays, during the time period 037" <200 us.

The efficiency for detecting the neutron is given by

en = Poaegper (18)

in which Pg is the probability to capture on Gd (as opposed todg)is the efficiency of theZ > 6 MeV
energy cut for Gd capture, ang is the efficiency of the delayed time period cut. In order to measure the
rates for two detectors (near and far) with a precision to reaci26,; = 0.01 the baseline requirement
for the uncertainty omelative neutron detection efficienciesis25%. Thee,, for neutrons at the center of a
detector module can be determined directly by using a tagged neutron $eitihee2°2Cf, AmBe or both
can be used) and counting the number of neutrons using the time and en&s@fter neutron producing
event. (Corrections associated with uniformly distributed neutrons areedtudgth spallation neutrons, as
discussed in Section 6.) This will require measurement of order 1 million rmecé#otures, and would likely
require several hours of measurement. This will be established durimgjtihecomprehensive calibration
of each detector.

In addition, the individual componeni%;,, ¢z, ander can be monitored separately as an additional
check on the measurementepf
H/Gd ratio

Neutrons are thermalized during their fii$k us of existence in the detector central volume. Thus for
times longer thari0 ps the delayed neutron capture events will exhibit an exponential time ctnstan
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related to the average concentration of Gd in the detector module. The catptofe]” = 1/, is given by:
['=Tgq+TH = [ngioca +nuoulv (19)

wheren g q) is the number density of hydrogen (Gd) in the liquid scintillator aipg,) is the neutron
capture cross section on hydrogen (Gd) ans the thermal velocity. The fraction of neutrons that capture

on Gd rather than H is then .

Tl L' /Tqa

and we would like to know thiselative fraction between different detector modules~0.1%. Thus we

must measure the time constantgor different detector modules to r&lative precision of 0.2us. The

value of 7 is expected to be about 3, so we need to measure it to about 0.5% relative precision. Such a

measurement requires measuring about 30,000 neutron capturescamisa done in a few minutes with a

neutron source. The Chooz experiment measuredatisel(te) ~30 us capture time te:0.5 us precision.
Measurement of to 0.5% precision will provide a relative value 8%, to 0.1% uncertainty, which is

the baseline and goal value in Table 3.2.

Energy cut efficiency

Another issue is the neutron detection efficiency associated with the signathpture of neutrons on
Gd in the antineutrino detector volume. An energy threshold of about 6 Mik¥enemployed to select these
delayed events, and the efficieney93%) of this criterion may vary between detector modules depending
upon the detailed response of the module. However, this can be calibrededtitthe use of radioactive
sources (see Section 6) and spallation neutron captures. The KamLANDtar gain is routinely (every
two weeks) monitored with sources, and a relative long-term gain drift ©¥% is readily monitored with
a precision 0f0.05%. Monte Carlo simulations of the Daya Bay detector response for the Gdreaystu
indicate that 1% energy scale uncertainty will lead to 0.2% uncertainty ,imnd we use this value as the
baseline systematic uncertainty.

We have also performed detailed Monte Carlo simulations of the detectomsEspmneutron sources
and spallation neutrons. The results of these studies indicate that we ead e&tablish the relative value of
er t100.1%, even for reasonable variations of detector properties (such as stint#teenuation length). As
an example, Fig. 3.3 shows how the source data can be used with unifaltatisp neutrons to bootstrap a
non-linear energy scale that corrects the spectrum, independentrafatts length over the extreme range
of 4.5-18 m. Therefore, we estimate a value of 0.1% for the goal systemagctaimty ine .

Paq (20)

Time cuts

The time correlation of the prompt (positron) event and the delayed (mgwvent is a critical aspect of
the event signature. Matching the time delays of the start and end times of thisitidewbetween detector
modules is crucial to reducing systematic uncertainties associated with thes akfhee antineutrino signal.
If the starting time £0.3 us) and ending time~200 u:s) of the delayed event window is determined to
~10 ns precision, the resulting uncertainty associated with missed even@08%. We will insure that
this timing is equivalent for different detector modules by slaving all detesltartronics to one master
clock. We estimate that with due care, the relative neutron efficiency ffareift modules due to timing
is known to~0.03%, and we use this value as the estimated goal systematic uncertaintye \&/aenase
conservative 0.1% value for the baseline value.

3.2.5 Neutron Multiplicity

Chooz required a cut on the neutron multiplicity to eliminate events where it egapdaat there were
two neutron captures following the positron signal, resulting in a 2.6% ineaffigiand associated 0.5%
systematic uncertainty. These multiple neutron events are due to muon-irgpadkdion neutrons, and will
be reduced to a much lower level by the increased overburden avaitahle RBaya Bay site. For the near
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Fig. 3.3. Spallation neutron response for detector modules with scintillatorbptic
tenuation lengths of.5 < d < 18 m. The left panel shows the raw photoelectron
spectra, whereas the right panel shows the spectra rescaled agdordimon-linear
rescaling procedure we have developed. The rescaled 6 MeV effertergy thresh-
old produces a constant valuef = 93% to within 0.4% over this extreme range of
attenuation length.

site at 500 m baseline, the muon rate relative to the signal rate will be more faatoanine lower than
for the Chooz site. Therefore, events with multiple neutron signals will becestiby this factor relative to
Chooz, and should present a much smaller problem for the Daya Bay sittheénéfore estimate a 0.05%
value for this systematic uncertainty and use this for both the baseline aheatjoss.

3.2.6 Trigger

The trigger efficiency can be measured to high precision (0.01%) usidigstwith pulsed light sources
in the detector. (We note that KamLAND has used this method to determine 99 SStutbtrigger effi-
ciency [4].) In addition, we will employ several redundant triggers softtingy can be used to cross-check
each other to high precision. We estimate a systematic uncertainty of 0.01% eahibved, and use this
for both the baseline and goal values.

3.2.7 Live Time

The detector live time can be measured accurately by counting a 100 MHgz wdatg the detector
electronics, and normalizing to the number of clock ticks in a second (aeddiina GPS receiver signal).
The uncertainty associated with this procedure should be extremely smatiegathly negligible relative
to the other systematic uncertainties. For example, SNO measured the relattmnés for their day/night
analysis with a relative fractional uncertainty®ok 10",

3.3 Cross-calibration and Swapping of Detectors
3.3.1 Detector Swapping

The connection of the two near detector halls and the far hall by horizwmaéls provides the Daya
Bay experiment with the unique and important option of swapping the detdetween the locations. This
could enable the further reduction of detector-related systematic untiedaim the measurement of the
ratio of neutrino fluxes at the near and far locations. Although the estimatsalibe and goal systematic
uncertainties in Table 3.2 are sufficient to achieve a sensitivity of 0.Gdnf26,3, implementation of
detector swapping could provide an important method to further redutansgic uncertainties and increase
confidence in the experimental results.

The swapping concept is easy to demonstrate for a simple scenario withe rséugrino source and
only two detectors deployed at two locations, near and far. The desiradumanent is the ratio of event
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rates at the near and far locatiodé/ F'. With detector #1 (efficiency,) at the near location and detector #2
(efficiencyes)at the far location we would measure

N N
L <61> o (21)
Fy e /) F

By swapping the two detectors and making another measurement, we cameneasu
N2 €9 N
e _(z2) L 22
Fy <61) F (22)

where we have assumed that the detector properties (e.g., efficienzirg) dhange when the detector is
relocated. We can now combine these two measurements to obtain a valyd dhat is, to first order,
independent of the detector efficiencies:

1 /Ny N\ N &
2(F2+F1)—F<1+2> (23)

s=2 1 (24)
€1
Note that even if the detector efficiencies are different by as much as&%an determinéV/F' to a
fractional precision better thar)—*.

The layout of the Daya Bay experiment involves two near sites with two deseeaeh, and a far site
with four detectors. The simplest plan is to designate the eight detectorsiragdios: (1,2), (3,4), (5,6),
(7,8). Using four running periods (designated I, 11, 111, 1V, seqtad by three detector swaps) we can arrange
for each detector to be located at the far site half the time and a near site hathéhby swapping two
pairs between running periods, as shown in Table 3.3. Ratios of ewestaan be combined in a fashion

where we have defined

| Run Period| Near(DB) | Near(LA) | Far |
I 1,3 5,7 2,4,6,8
Il 2,3 6,7 1,4,5,8
Il 2,4 68 | 1,357
W, 14 58 | 23,67

Table 3.3. Swapping scheme with four running periods. The detectodl@did—8)
are deployed at the Near(DB), Near(LA), and Far sites during eagbdpas indicated
in this table.

analogous to the above discussion to provide cancellation of detectmerslgstematic uncertainties and
also reactor power systematic uncertainties. Careful calibration of thetdegtdollowing each swap will
be necessary to insure that each detector’'s performance doesangecsignificantly due to relocation. In
particular, all the parameters in Table 3.2 need to be checked and, iEaegerrections applied to restore
the detection efficiency to the required precision through, e.g., changabbration constants.

Successful implementation of this swapping concept will lead to substardiattien in many of the
detector-related systematic uncertainties. The uncertainty associated wi{tlaand H/Gd ratios should
be completely eliminated. By measuring the fluid levels before and after svgpppéncan insure that the
detector volume will be the same with negligible uncertainty. However, due tedidual uncertainty in the
monitored temperature of the detector modulé { C), there will be a residual uncertainty in the detector
mass of 0.006%, and this is the value quoted in Table 3.2.
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3.3.2 Detector Cross-calibration

Another important feature of the design of the Daya Bay experiment is #se=pce of two detector
modules at each near site. During a single running period (I, 11, llliMreach near detector module
will measure the neutrino rate with 0.23% statistical precision. If the systemat&rtamties are smaller
than this, the two detectors at the near site should measure the same ratg agilétector asymmetry
of 0 + 0.34% (statistical uncertainty only). Combining all the detector pairs in all 4 runperpds will
yield an asymmetry off & 0.04% (statistical uncertainty only). These asymmetries are an important check
to ensure that the detector-related systematic uncertainties are undet.dardiddition, this analysis can
provide information on the the degree to which the detector-related systemeaéitainties are correlated
or uncorrelated so that we know how to handle them in the full analysis inguldefar site.

Finally, the near detector data can provide important information on the rgamier measurements.
We will measure the ratio s

Rnear - g (25)

LA

whereSpp (Sr4) is the detector signal (background subtracted, normalized to the rqewter) for the
Daya Bay (Ling Ao) near site. If the reactor powers are correct {hadletector systematic uncertainties
are under control) then we expeBtc., = 1.0 + 0.24% + 0.51%, where the first uncertainty is statistical
(only 1 of the 4 running periods) and the second uncertainty is the detbes®line) systematic uncertainty.
Note that these uncertainties are small relative to the expected 2% untsafnelactor power uncertainty,
SO0 measurement dt,.., will provide an important check (and even perhaps additional informatinrihe
reactor powers. Furthermore, studies of the measured neutrino sipettteadifferent near detectors during
different parts of the reactor fuel cycle can help provide constramte®fuel cycle effects on the spectrum.

3.4 Backgrounds

In the Daya Bay experiment, the signal events (inverse beta decay readieve a distinct signature
of two time-ordered signals: a prompt positron signal followed by a delageitton-capture signal. Back-
grounds can be classified into two categories: correlated and untedrdackgrounds. If a background
event is triggered by two signals that come from the same source, suafsasriduced by the same cosmic
muon, it is a correlated background event. On the other hand, if the twalsigome from different sources
but satisfy the trigger requirements by chance, the event is an und¢ed®ackground.

There are three important sources of backgrounds in the Daya Bayiment: fast neutron§He/“Li,
and natural radioactivity. A fast neutron produced by a cosmic muon isutreunding rock or the detector
can produce a signal mimicking the inverse beta decay reaction in the detbketogcoil proton generates
the prompt signal and the capture of the thermalized neutron provides ltygedesignal. ThéHe/ °Li
isotopes produced by cosmic muons have substantial beta-neutrontdenaking fractions, 16% fdiHe
and 49.5% fo’Li. The beta energy of the beta-neutron cascade overlaps the posdgra sf neutrino
events, simulating the prompt signal, and the neutron emission forms the dsigget Fast neutrons and
8He/ “Li isotopes create correlated backgrounds since both the prompt émgkdesignals are from the
same single parent muon. Some neutrons produced by cosmic muonstareaapthe detector without
proton recoil energy. A single neutron capture signal has some pglibpab fall accidentally within the
time window of a preceding signal due to natural radioactivity in the deteptoducing an accidental
background. In this case, the prompt and delayed signals are framediffsources, forming an uncorrelated
background.

All three major backgrounds are related to cosmic muons. Locating the dstat®ites with adequate
overburden is the only way to reduce the muon flux and the associategrbanl to a tolerable level. The
overburden requirements for the near and far sites are quite difteeeatise the signal rates differ by more
than a factor of 10. Supplemented with a good muon identifier outside the deteetoan tag the muons
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going through or near the detector modules and reject backgrounderfij.

In this section, we describe our background studies and our strategtesckground management. We
conclude that the background-to-signal ratio will be around 0.3% atehe sites and around 0.2% at the
far site, and that the major sources of background can be quantitativdigdin-situ.

3.4.1 Cosmic Muons in the Underground Laboratories

The most effective and reliable approach to minimize the backgrounds iretyeeBay experiment is to
have sufficient amount of overburden over the detectors. The DayaiR is particularly attractive because
it is located next to a 700-m high mountain. The overburden is a major factetermining the optimal
detector sites. The location of detector sites has been optimized by usingahglamalysis described in
Section 3.5.1.

Detailed simulation of the cosmogenic background requires accurate infomaéthe mountain pro-
file and rock composition. Figure 3.4 shows the mountain profile converbed dr digitized 1:5000 topo-
graphic map. The horizontal tunnel and detector sites are designed bobe-20 m PRD? Several rock

£ 500

400—:

300

2400
m

Fig. 3.4. Three dimensional profile of Pai Ya Mountain, where the Dayacaer-
imental halls will be located, generated from a 1:5000 topographic map ofdkea D
Bay area.

samples at different locations of the Daya Bay site were analyzed by tvepémdlent groups. The mea-
sured rock density ranges from 2.58 to 2.68 gicwile assume an uniform rock density of 2.60 g/dmthe
present background simulation. A detailed description of the topographygeology of the Daya Bay area
is given in Chapter 4.

The standard Gaisser formula [5] is known to poorly describe the muorafllatge zenith angle and
at low energies. This is relevant for the Daya Bay experiment since gmbarden at the near sites is only
~100 m. We modified the Gaisser formula as

—2.7
dl E 3.64 GeV 1 0.054
S RV =y ; - (26)
dE,dcos0 (GeV ( E, (cos 0*)1-29 )) 1+ 71-1%(%2;9 1+ 1-;%52;9
which is the same as the standard formula, except that the polarisgiebstituted with9*,
cosd* — (cos )2 + P? + Pg(cos 0)Fs + Py(cos0)s 27)
1+ P1 + P2 + P4

*PRD is the height measured relative to the mouth of the Zhu Jiang River (®eer), the major river in South China.
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as defined in [6]. The parameters are determined taPbe= 0.102573, P, = —0.068287, P; =
0.958633, Py = 0.0407253, and P; = 0.817285, by using CORSIKA to simulate the muon production
in the atmosphere. The comparison of the modified formula with data is shown.iB.Bigvhere the cal-
culations with the standard Gaisser formula are also shown. At muon enefgeveral tens of GeV, the
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Fig. 3.5. Comparison of the modified for- Fig. 3.6. Muon flux as a function of the
mula (solid lines) with data. Calculations energy of the surviving muons. The four
with the standard Gaisser’'s formula are curves from upper to lower correspond to
shown in dashed lines. The data are taken the Daya Bay near site, the Ling Ao near
from Ref. [7,8]. site, the mid site and the far site, respec-

tively.

standard Gaisser formula has large discrepancies with data while the mdalifrada agrees with data in
the whole energy range.

Using the mountain profile data, the cosmic muons are transported from thepagm®go the un-
derground detector sites using the MUSIC package [9]. Simulation resalshawn in Table 3.4 for the
optimal detector sites. The muon energy spectra at the detector sitesareistig. 3.6. The four curves

| | DYB site | LA site | Mid site | Far site|

Vertical overburden (m) 98 112 208 355
Muon Flux (Hz/n¥) 1.16 0.73 0.17 0.041
Muon Mean Energy (GeV 55 60 97 138

Table 3.4. Vertical overburden of the detector sites and the corresgpndion flux
and mean energy.

from upper to lower corresponds to the Daya Bay near site, the Ling Aosiee, the mid site and the far
site, respectively.

3.4.2 Simulation of Neutron Backgrounds

The neutron production rates will depend upon the cosmic muon flux angigge/energy at the detector.
However, the neutron backgrounds in the detector also depend on #heébector shielding. The neutrino
detectors will be shielded by at least 2.5 meters of water. This water witidoe used as a Cherenkov
detector to detect muons. Thus neutrons produced by muons in the detechale or the water buffer will
be identified by the muon signal in the water Cherenkov detector. In additdrirons created by muons
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in the surrounding rock will be effectively attenuated by the 2.5 m watefebufogether with another
muon tracker outside the water buffer, the combined muon tag efficiencgignael to be 99.5%, with an
uncertainty smaller than 0.25%.

From the detailed muon flux and mean energy at each detector site, thengaldo energy spectrum,
and angular distribution can be estimated with an empirical formula [10] whistbbhan tested against
experimental data whenever available. A full Monte Carlo simulation has ¢eeeied out to propagate the
primary neutrons produced by muons in the surrounding rocks, the tuaffer, and the oil buffer layer of
the neutrino detector, to the detector. The primary neutrons are assowittigtieir parent muons in the
simulation so that we know if they can be tagged by the muon detector. Neptrathisced by muons that
pass through the liquid scintillator neutrino detector will be tagged with 100%exfly. Neutrons produced
in the water buffer will be tagged with an efficiency of 99.5%, since theieamuons must pass through
the muon systems. Neutrons produced in the rocks, however, havedosgat least 2.5 meters of water to
reach a detector module. About 70% of the neutrons that enter the detemmdaies from the surrounding
rock arise from parent muons that leave a signal in the muon system (iggetty. About 30% of the
neutrons that enter the detector modules from the surrounding rockdrans muons that miss the muon
system £ “untagged”). The neutron background after muon rejection is the suheafntagged events and
0.5% (due to veto inefficiency) of the tagged events.

Some energetic neutrons will produce tertiary particles, including neutF@emghose events that have
energy deposited in the liquid scintillator, many have a complex time structure dueltiple neutron
scattering and captures. These events are split into sub-events in 50 @rismeé/e are interested in two
kinds of events. The first kind has two sub-events. The first subtdéas deposited energy in the range of
1 to 8 MeV, followed by a sub-event with deposited energy in the ranget@fl@ MeV in a time window
of 1 to 200us. These events, called fast neutron events, can mimic the antineutrind asgo@rrelated
backgrounds. The energy spectrum of the prompt signal of the éagtan events, e.g. at the far site, is
shown in Fig. 3.7 up to 50 MeV. The other kind of events has only one gebte&vith deposited energy in
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Fig. 3.7. The prompt energy spectrum of fast neutron backgroute: &aya Bay far
detector. The inset is an expanded view of the spectrum from 1 to 10 MeV.

range of 6 to 12 MeV. These events, when combined with the natural cidibaevents, can provide the
delayed signal to form the uncorrelated backgrounds. We call there singtron events. Most of the single
neutron events are real thermalized neutrons while others are rectmhprihat fall into the 6-12 MeV
energy range accidentally. About 1.5% thermalized neutrons will suthige00us cut, even though its
parent muon is tagged. This inefficiency will be also taken into account whleulating the single neutron
rate. The neutron simulation results are listed in Table 3.5.

The rate and energy spectrum of the fast neutron backgroundeindied with the tagged sample.
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] \ DYB site \ LA site \ far site\

fast neutron || tagged 19.6 13.1 2.0
(/day/module)| untagged 0.5 0.35 0.03

single neutron| tagged 476 320 45
(/day/module)| untagged 8.5 5.7 0.63

Table 3.5. Neutron rates in a 20-ton module at the Daya Bay sites. The rogleth
"tagged” refer to the case where the parent muon track traversedasdetected by
the muon detectors, and thus it could be tagged. Rows labelled "untaggfedta the

case where the muon track was not identified by the muon detectors.

3.4.3 Cosmogenic Isotopes

Cosmic muons, even if they are tagged by the muon identifier, can proddioactve isotopes in
the detector scintillator which decay by emitting both a beta and a neutraeitron emission isotopes).
Some of these so-called cosmogenic radioactive isotopes live long esaaglihat their decay cannot be
reliably associated with the last tagged muon. Among tiéfe,and’Li with half-lives of 0.12 s and 0.18 s,
respectively, constitute the most serious correlated backgroundesourie production cross section of
these two isotopes has been measured with muons at an energy of 190 GeRM.[11]. Their combined
cross section is(°Li +° He) = (2.12 & 0.35) pbarn. Since their lifetimes are so close, it is hard to extract
individual cross sections. About 16% tfle and 49.5% ofLi will decay by 3-neutron emission. Using the
muon flux and mean energy at each detector site (from Section 3.4.1) ené@y dependent cross section,
oiot(Ey) o< EY, with o = 0.73, the estimatedHe+Li backgrounds are listed in Table 3.6.

] | DYB site | LA site | Far site]
| CHe+#Li)/day/module]| 37 | 25 [ 0.26 |

Table 3.63He+"Li rates in a 20-ton module at the Daya Bay sites.

The recent Double Chooz paper [13] includes new reactor-off data €hooz [1] that allow a better
separation of Li from fast neutron background. This basically comes from includimyipusly unreleased
high energy data in the fit. The extractéid background level was 040.2 events/day. The mean muon
energy in Chooz was- 60 GeV, almost the same as the Daya Bay near site (55 GeV) and the Ling Ao
near site (60 GeV). The fitting is based on the assumption that the fastméairkground is flat in energy
spectrum. Scaling from the Chooz result, the Daya Bay experiment will $ivé5.4, and 0.57Li events
per module per day at the Daya Bay near site, the Ling Ao near site, andrtiief, respectively. These
estimates are twice as large as the estimates from the CERN cross section.

The KamLAND experiment measures tiisi/ 8He background very well by fitting the time interval
since last muon. The muon rate is 0.3 Hz in the active volume of KamLAND detédter mean time
interval of successive muons-s 3 seconds, much longer than the lifetimes' b *He. For the Daya Bay
experiment, the target volume of a 20 ton detector module has a cross sectiod 40 m, thus the muon
rate is around 10 Hz at the near sites, resulting in a mean time interval ossivxeceuons shorter than the
lifetimes ofLi/®He. With a modified fitting algorithm, we find that it is still feasible to measure the isotop
backgroundn-situ.

From the decay time ang-energy spectra fit, the contribution fle relative to that ofLi was deter-
mined by KamLAND to be less than 15% at 90% confidence level [14]. Fumibwe, the®He contribution
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can be identified by tagging the double cascide —3Li —°Be. So we assume that all isotope backgrounds
are”Li. They can be determined with a maximum likelihood fitting even at 10 Hz muonbgtiaking all
contributions from the preceding muons into account. The resolution ofatliegbound-to-signal ratio can

be determined to be [15] .
Ub:ﬁ’\/(1+TRM)2—]. (28)

where N is the total number of neutrino candidatesis the lifetime of’Li, and R,, is the muon rate in
the target volume of detector. The resolution is insensitive t0théevel since the statistical fluctuation
of neutrino events dominates the uncertainty. The background-to-gigti@lof °Li background can be
measured te- 0.3% with two 20-ton modules at the near sites of the Daya Bay experiment &ntho at
the far site with four 20-ton modules, with the data sample of three years wifwginT he fitting uses time
information only. Inclusion of energy and vertex information could furihgsrove the precision.

A Monte Carlo has been carried out to check the fitting algorithm. The baghkgdrto-signal ratio is
fixed at 1%. The total number of neutrino candidate®.5sx 10°, corresponding to the far site statistical
uncertainty, 0.2%. Figure 3.8 shows the fitting results as a function of mteTitze data sample generation
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Fig. 3.8. Fitting results as a function of Fig. 3.9. The fitting precision as a func-
the muon rate. The uncertainty bars show tion of the muon rate, comparing with
the precision of the fitting. Thg? fitting the analytic estimation of Eq. 28. The y-
uses the same muon rate as the maximum axis shows the relative resolution of the
likelihood fitting and is shown to the right background-to-signal ratio.
of it.

and fitting were performed 400 times for each point to get the fitting precisidiig. 3.9 the fitting precision
is compared to the analytic formula Eq. 28 with the same Monte Carlo samples.drite Barlo results for
minimizing x?2, the maximum likelihood fit, and the simple analytical estimation are in excellentragreée
KamLAND also found that mostHe/ ?Li background are produced by showering muons [14]. A 2-
second veto of the whole detector is applied at KamLAND to reject thesegbmakds. Roughly 3% of
cosmic muons shower in the detector. It is not feasible for Daya Bay to a@pphgecond veto since the
dead time of the near detector would be more than 50%. However, if the Dayal@&ector is vetoed
for 0.5 s after a showering muon, about 85% of thte/ *Li backgrounds caused by shower muons can
be rejected. Approximately 30% of th#de/ °Li background will remain~ 15% from non-showering
muons andv 15% from showering muons. Although additional uncertainties may be introddedo the
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uncertainties in the relative contributions from showering and non-stimgvenuons and the uncertainties
arising from the additional cuts (e.g., increased dead time), this rejection nethantoss check the fitting
method and firmly determine the background-to-signal ratio to 0.3% at thesitesiand to 0.1% at the far
site.

Some other long-lived cosmogenic isotopes, such’B#' 2N, beta decay without an accompanying
neutron. They can not form backgrounds themselves but can faldethged ‘neutron’ signal of an acci-
dental background if they have beta decay energy in the 6—-10 Me\érdimg expected rates from these
decays in the antineutrino detector are listed in Table 3.7.'¥B£2N cross section is taken from Kam-
LAND [14] and the others are taken from measurement at CERN [1By &e extrapolated to Daya Bay
mean muon energies using the power taw (£,,) o« E2~73. The total rates of all these isotopes of visible
energy in detector in the 6-10 MeV range, where they can be misidentif@deastron capture signal on
Gadolinium, are 210, 141, and 14.6 events per module per day at the RgyaeBr site, the Ling Ao near
site, and the far site, respectively. The dominant contribution is B 2N. KamLAND found that'?N
yield is smaller than 1% of’B. Since the half-life of'?B is short comparing to the mean muon interval,
the rate can be well determin@al situ by fitting the time since last muon. Using Eq. 28, the yield can be
determined to a precision of 0.34, 0.25, and 0.015 events per module pat tay Daya Bay near site,
the Ling Ao near site, and the far site, respectively, using three yeata'sample. Therefore, we expect
those isotopes will introduce very little uncertainties in the background satisinaOn the other side, these
isotopes, uniformly produced inside the detector, can be used to monitotatatsponse.

isotopes|  Enax T 2(s) DYB site LA site far site
(MeV) (s) (/day/module)| (/day/module)| (/day/module)
2B/12N | 13.4 (37) | 0.02/0.01 396 267 27.5
e 16.0 31) 0.13 16.6 11.2 1.15
8B 13.7 31) 0.77 24.5 16.5 1.71
8Li 16.0 37) 0.84 13.9 9.3 0.96
HUBe | 11.5(37) 13.8 <8.0 <5.4 <0.56
Total in 6-10 MeV 210 141 14.6

Table 3.7. Cosmogenic radioactive isotopes without neutron emission bubetith
decay energy greater than 6 MeV. Cross sections are taken from KaDLA4]
(*2B/*2N) and Hagner [11] (others).

3.4.4 Radioactivity

Natural radioactivity and the single neutron events induced by cosmic mugnsaoar within a given
time window accidentally to form an uncorrelated background. The coinceleate is given by?, R, 7,
whereR, is the rate of natural radioactivity events, is the rate of spallation neutron, ands the length
of the time window. With the single neutron event rate given in the previodmgethe radioactivity should
be controlled to 50 Hz to limit the accidental backgrourd8.1%. The accidental backgrounds can be well
determinedn-situ by measurement of the individual singles rates from radioactivity andrgieseutrons.
The energy spectrum can be also well determined.

Past experiments suppressed uncorrelated backgrounds with a cthambofacarefully selected con-
struction materials, self-shielding, and absorbers with large neutronreagass section. However, addi-
tional care is necessary to lower the detector energy threshold much bétaV. A higher threshold will
introduce a systematic uncertainty in the efficiency of detecting the posittdhelfollowing, the singles
rate is from radioactivity depositing1l MeV of visible energy in detector.
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Radioactive background can come from a variety of sources. For sitgplic Th, K, Co, Rn, Krin the
following text always mean their radioactive isotopg&J, 232Th, 4°K, 50Co, 222Rn, #Kr. The radioactive
sources include

o U/Th/K in the rocks around the detector hall.

o U/Th/K'in the water buffer.

o Cointhe detector vessel and other supporting structures.
o U/Th/K in weld rods.

o U/Th/Kin the PMT glass.

o U/Th/K in the scintillator.

o U/Th/K in materials used in the detector.

o Dust and other impurities

o Rnand Krin air.

o Cosmogenic isotopes.

The radioactivity of rock samples from the Daya Bay site has been meblsyrgeveral independent
groups, including the Institute for Geology and Geophysics (IGG). Tmeentrations ares10 ppm for
U, ~30 ppm for Th, and-5 ppm for K. The effect of the rock radioactivity on the antineutrino detec
has been studied with Monte Carlo. With the shielding of 2.5-meter water tarfted5 cm oil buffer, there
are 0.65 Hz, 2.6 Hz, and 0.26 Hz singles rates with visible energy greatet thigV in each antineutrino
detector module for U/Th/K, respectively. The total rate-&.5 Hz.

The geological environment and rock composition are very similar in Honggkémd Daya Bay. The
spectrum of natural radioactivity that we have measured of the rock iAlieedeen Tunnel in Hong Kong
is shown in Fig. 3.10.

The water buffer will be circulated and purified to achieve a long attenukgigth for Cherenkov light
as well as low radioactivity. Normally tap water has 1 ppb U, 1 ppb Th, ardlapgpb K. If filling with tap
water, the water buffer will contribute 1.8 Hz, 0.4 Hz, and 6.3 Hz singles ifaten U/Th/K, respectively.
Purified water in the water pool will have much lower radioactivity. Thus dukoactivity from water buffer
can be ignored.

The Co in stainless steel varies from batch to batch and should be measiioeel use as detector
material, such as the outer vessel. U/Th/K concentration in normal weld redegy high. There are non-
radioactivity weld rods commercially available. Weld rods TIG308 used in K&NID were measured to
have<1 ppb Th,0.2 + 0.08 ppb U,0.1 + 0.03 ppb K, and2.5 + 0.04 mBg/kg Co, five orders of magnitude
lower than normal weld rods. The welded stainless steel in KamLAND hagegiage radioactivity of 3 ppb
Th, 2 ppb U, 0.2 ppb K, and 15 mBg/kg Co. Assuming the same radioactivitthéovessel of the Daya
Bay neutrino detector module, the corresponding rate from a 20-ton evstdinless steel vessel are 7 Hz,
4.6 Hz, 1.5 Hz, 4.5 Hz for U/Th/K/Co, respectively for a total of 17.6 Hz.

A potential PMT candidate is the Hamamatsu R594h low radioactivity glass. The concentrations
of U and Th are both less than 40 ppb in the glass, and that of K is 25 pplvidhte Carlo study shows
that the singles rate is 2.2 Hz, 1 Hz, 4.5 Hz for U/Th/K, respectively, with an2®@il buffer from the PMT
surface to the liquid scintillator. The total rate from the PMT glass is 7.7 Hz.

TThe R5912 is a newer version of the R1408 used by SNO [12].
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Gamma spectra taken in the Aberdeen Tunnel

Black = Spectrum taken in the cross tunnel
Red = Spectrum taken in the laboratory
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Fig. 3.10. Spectrum of natural radioactivity measured with a Ge crystakiiltng
Kong Aberdeen Tunnel. Prominent peaksftf (1.461 MeV) and’® Tl (2.615 MeV)
are clearly evident along with many other lines associated with the U/Th series.

Following the design experience of Borexino and Chooz, backgrofrods impurities in the liquid
scintillator can be reduced to the required levels. A major source is the Ufitaronation in the Gadolin-
ium, which can be purified before doped into liquid scintillator. The U/Th/K emi@tion ofl0~12¢/g in
liquid scintillator will contribute only 0.8 Hz of background in a 20-ton detectodmie.

Radon is one of the radioactive daughter$®$tJ, which can increase the background rate of the exper-
iment. The Radon concentration in the experimental halls can be kept to eptatie level by ventilation
with fresh air from outside. Since the neutrino detector modules are immersed.5meter thick water
buffer, it is expected that the radon contribution, as well as the krypeompe safely ignored for the water
pool design.

The 8 decay of long lived radioactive isotopes produced by cosmic muons inith@lator will con-
tribute a couple of Hz at the near detector, and less than 0.1 Hz at theidataieThe rate of muon decay
or muon capture are 2—6% of the muon rate. So they can be ignored whet\as a source of singles.

3.4.5 Background Subtraction Uncertainty

There are other sources of backgrounds, such as cosmogeni stapeed-muon decay, and muon
capture. While they are important for a shallow site, our study shows that#imebe safely ignored at Daya
Bay.

Assuming a muon efficiency of 99.5%, the three major backgrounds are sigachiam Table 3.8 while
the other sources are negligible (the signal and singles rates are alsdethiclin our sensitivity study,
the uncertainties were taken to be 100% for the accidental and fast méastoigrounds. Thé&He/ °Li
background can be measured to an uncertainty of 0.3% and 0.1% at ttenddar sites, respectively.

The rates and energy spectra of all three major backgrounds can kenedia-situ. Thus the back-
grounds at the Daya Bay experiment are well controlled. The simulatedyesgectra of backgrounds are
shown in Fig. 3.11. The background-to-signal ratios are taken at tiséda
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|

H DYB site \ LA site \ far site \

Antineutrino rate (/day/module) 930 760 90
Natural radiation (Hz) <50 <50 <50
Single neutron (/day/module) 18 12 15
(-emission isotopes 210 141 14.6
Accidental/Signal <0.2% | <0.2% | <0.1%
Fast neutron/Signal 0.1% 0.1% | 0.1%
8He’Li/Signal 0.3% 0.2% | 0.2%

Table 3.8. Summary of signal and background rates in the antineutrindatstat
Daya Bay. A neutron detection efficiency of 78% has been applied to threeatrino

and single-neutron rates.
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Fig. 3.11. Spectra of three major backgrounds for the Daya Bay exp#rame their
size relative to the oscillation signal, which is the difference of the expe&ettino
signal without oscillation and the ‘observed’ signal with oscillation or® 20,5 =

0.01.

3.5 Sensitivity

46

If 613 is non-zero, a relative rate deficit will be present at the far detectertawscillation. At the
same time, the energy spectra of neutrino events at the near and far deteitltde different because
neutrinos of different energies oscillate at different frequenciesh Bhe rate deficit and spectral distortion
of neutrino signal will be exploited in the final analysis to obtain maximum seitgitit¥hen the neutrino
event statistics are low<@00 tonGW-y), the sensitivity is dominated by the rate deficit. For luminosity
higher than 8000 toeW-y, the sensitivity is dominated by the spectral distortion [16]. The Daya Bay
experiment will have~4000 tonGW-y exposure in three years, so both rate deficit and shape distortion

effects will be important to the analysis.
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3.5.1 Globaly? Analysis

Many systematic uncertainties will contribute to the final sensitivity of the DagyadXperiment, and
many of them are correlated. The correlation of the uncertainties must & italo account correctly. A
rigorous analysis of systematic uncertainties can be done by constructihduaction with pull terms,
where the uncertainty correlations can be introduced naturally [16—19]:

2
8 Nogs [MA = TA (14 0 + 5, wiar + B +ep +24 ) = nf B = i NA = s

xX° = min I
T oAmt it T + oy,
2 2 Npins 2 2 3 A 2 AN 2 A 2 A 2
« « < € € n
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whereA sums over detector moduléssums over energy bins, andienotes the set of minimization param-
etersyy = {ac, ar, Bi,ep, 4,07, mi nit . They's are used to introduce different sources of systematic un-
certainties. The standard deviations of the corresponding paramesgts.af,, osnp, 0 p, 04, a]é‘, ol oA},
They will be described in the following text” is the expected events in thigh energy bin in detector

A, andM; is the corresponding measured eveiits, N/*, S# are number of fast neutron, accidental, and
8He/ ?Li backgrounds, respectively. For each energy bin, there is a statigticertainty7* and a bin-to-

bin systematic uncertainty,y,. For each point in the oscillation space, tpefunction is minimized with
respect to the parameteys

Assuming each uncertainty can be approximated by a Gaussian, this foyfncah be proven to be
strictly equivalent to the more familiar covariance matrix foyh= (M — T)"V~Y(M — T), whereV is
the covariance matrix df\M — T') with systematic uncertainties included properly [17].

To explore the sensitivity t6;3, we use the single parameter raster scan method. We make an assump-
tion of no oscillations so thaf;* are the event numbers without oscillation. For each giten?,, the
"measured” event numbeM;“ are calculated with differentin? 26,5. Thesin? 26,3 value corresponding
to x2 = 2.71 is the limit of the experiment to exclude the "no oscillation” assumption at 90% aemde
level.

The systematic uncertainties are described in detail:

o The reactor-related correlated uncertaintyis~ 2%. This fully correlated uncertainty will be can-
celled by the near-far relative measurement and has little impact on thedgnsiti

o The reactor-related uncorrelated uncertainty for goi®o, ~ 2%. These enter the normalization of
the predicted event rate for each detectaiccording to the weight fractions’. After minimization,
the o, contribute a total 0~~0.1% to the relative normalization of neutrino rate. This is essentially
equivalent to the analysis described in Section 3.1, and takes into adbeucorrelations of this
uncertainty with the others (like the detector efficien@.ig};

o The spectrum shape uncertaintyis,, ~ 2%: The shape uncertainty is the uncertainty in the neu-
trino energy spectra calculated from the reactor information. This umuiria uncorrelated between
different energy bins but correlated between different detectamseSve have enough statistics at
near detector to measure the neutrino energy spectrum to much better thamagdittle effect on
the Daya Bay sensitivity.

o The detector-related correlated uncertainty js ~ 2%. Some detection uncertainties are common
to all detectors, such as H/Gd ratio, H/C ratio, neutron capture time on Gdharedge effects,
assuming we use the same batch of liquid scintillator and identical detectoed Baghe Chooz
experiencegp is (1-2)%. Like other fully correlated uncertainties, it has little impact oniteits
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o The detector-related uncorrelated uncertainty,is= 0.38%. We take the baseline systematic uncer-
tainty as described in Section 3.2. The goal systematic uncertainty with svgapp@stimated to be
0.12%.

o The background rate uncertainti@ﬁ, o, ando?, corresponding to the rate uncertainty of fast neu-
tron, accidental backgrounds, atide/°Li isotopes. They are listed in Table 3.8.

o Bin-to-bin uncertaintyoo,: The bin-to-bin uncertainty is the systematic uncertainty that is uncor-
related between energy bins and uncorrelated between differentatetecdules. The bin-to-bin
uncertainties normally arise from the different energy scale at diffeneergies and uncertainties of
background energy spectra during background subtraction. Tje@vious reactor neutrino exper-
iment that performed spectral analysis with large statistics is Bugey, whethaibin-to-bin uncer-
tainty of order of 0.5% [20,21]. With better designed detectors and muché#esground, we should
have much smaller bin-to-bin uncertainties than Bugey. The bin-to-bin tantgrcan be studied by
comparing the spectra of two detector modules at the same site. We will usetbe38ame level as
the background-to-signal ratio, in the sensitivity analysis. The sensiibuitgt sensitive t@ o, at this
level. For example, varyingy;, from 0 to 0.5% will change thein® 26,3 sensitivity from 0.0082 to
0.0087 at the best fihm3,.

There are other uncertainties not included intAéunction. 1) Due to the energy resolution, the spectra
are distorted. However, the energy bins used for sensitivity anatysie pins) is 2-6 times larger than the
energy resolution, and the distortion happens at all detectors in the sgmi¢ Ivees little impact on the final
sensitivity. 2) Detector energy scale uncertainty has significant impadetattion uncertainties (neutron
efficiency and positron efficiency) which has been taken into account iln energy scale uncertainty will
shift the whole spectrum, thus directly impacting the analysis, especially orestidibvalues. However,
this shift has very little impact on our sensitivity computations. 3) Currentieage onfo and Amoq
has around 10% uncertainties. Although the primary oscillation effect &dlya Bay baseline is related to
013 only, the subtraction of;» oscillation effects introduce very small uncertainties (see Section 1.5.4). We
have studied the above three sources of uncertainty and found trebhtbrem have a significant impact on
the sensitivity of the Daya Bay experiment. For simplicity, they are ignorediirydanalysis of sensitivity.

3.5.2 63 Sensitivity

Figure 3.12 shows the sensitivity contours in the’ 26,3 versusAm3, plane for three years of data,
using the globak? analysis and the baseline values for detector-related systematic uncestdihtegreen
shaded area shows the 90% confidence regiafvof; determined by atmospheric neutrino experiments.
Assuming four 20-ton modules at the far site and two 20-ton modules at eaclsite, the statistical un-
certainty is around 0.2%. The sensitivity of the Daya Bay experiment with #8$gd can achieve the
challenging goal of 0.01 with 90% confidence level over the entire allo®8#(CL) range ofAm3,. At
the best fitAm3, = 2.5 x 1072 eV?, the sensitivity is around 0.008 with 3 years of data. The corresponding
values for other assumptions of systematic uncertainties are shown in Table 3

Figure 3.13 shows thes3discovery limit forsin? 26,5 at Daya Bay with 3 years of data. Atm3, =
2.5 x 1072 eV?, the correspondingin? 265 discovery limit is 0.015. Figure 3.14 shows the sensitivity
versus time of data taking. After one year of data takifig? 26,3 sensitivity will reach 0.014 (1.4%) at
90% confidence level.

The tunnel of the Daya Bay experiment will have a total length around 3 km tdnnelling will take
~ 2 years. To accelerate the experiment, the first completed experimental dllajfa Bay near hall, can
be used for detector commissioning. Furthermore, it is possible to condast experiment with only two
detector sites, the Daya Bay near site and the mid site. For this fast experingeffir detector’, which
is located at the mid hall, is not at the optimal baseline. At the same time, the resleted uncertainty
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Fig. 3.12. Expectedin? 26,3 sensitivity at Fig. 3.13. Expectedadiscovery limit for
90% C.L. with 3 years of data, as shown sin® 20,3 at Daya Bay with 3 years of data.
in solid black line. The dashed line shows
the sensitivity of a fast measurement with
the DYB near site and mid site only. The
red line shows the current upper limit mea-
sured by Chooz.
Systematic Uncertainty Assumptions:Baseline| Goal Goal
with swapping
] 90% CL Limit: H 0.008 \ 0.007\ 0.006 \

Table 3.9. 90% CL sensitivity limit fogin? 2613 at Am3; = 2.5 x 1073 eV? for dif-
ferent assumptions of detector related systematic uncertainties as cedsiu&ec-
tion 3.2. We assume 3 years running for each scenario.

would be 0.7%, very large compared with that of the full experiment. Howéve sensitivity is still much
better than the current best limit efn? 26,3. It is noteworthy that the improvement comes from better
background shielding and improved experiment design. The sensitivityedfast option for one year of
data taking is shown in the dashed line in Fig. 3.12. With one year of data, niséigéy is ~0.035 for
Am? = 2.5 x 1072 eV2, compared with the current limit of 0.17 from the Chooz experiment. This fast
option will allow us to gain valuable experience and a preliminary physicétmehile construction is being
completed. The higher precision of the completed experiment will be negdasshully complement the
future long baseline accelerator experiments as discussed in Section 1.4.
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4 Experimental Site and Laboratories

The Daya Bay site is an ideal place to search for oscillations of antineutrmoséactors. The nearby
mountain range provides excellent overburden to suppress cosmagekiground at the underground ex-
perimental halls. Since the Daya Bay nuclear power complex consists of muégateor cores, there will
be two near detector sites to monitor the yield of antineutrinos from these aodesne far detector site
to look for disappearance of antineutrinos. It is possible to instrumenhandetector site about half way
between the near and far detectors to provide independent consistexuls.

The proposed experimental site is located at the east side of the Dapengyte, on the west coast of
Daya Bay, where the coastline goes from southwest to northeastigsdelR). It is in the Dapeng township
of the Longgang Administrative District, Shenzhen Municipality, Guangd®rayince. Two mega cities,
Hong Kong and Shenzhen are nearby. Shenzherf Gig5 km to the west and Hong Kong is 55 km to the
southwest. The geographic location is east longitud€3300” and north latitude 2236’00”. Daya Bay is
semi-tropical and the climate is dominated by the south Asia tropical monsoon. driis and rainy with
frequent rainstorms during the typhoon season in one half of the yhde, relatively dry in the other half.
Frost is rare.

The Daya Bay Nuclear Power Plant (NPP) is situated to the southwest andnip Ao NPP to the
northeast along the coastline. Each NPP has two cores that are séjgr88m. The distance between the
centers of the two NPPs is about 1100 m. The thermal pdWgr, of each core is 2.9 GW. Hence the total
thermal power available i, = 11.6 GW. A third NPP, Ling Ao Il, is under construction and scheduled
to come online by 2010-2011. This new NPP is built roughly along the line @gtefrom Daya Bay to
Ling Ao, about 400 m northeast of Ling Ao. The core type is the same asftlize Ling Ao NPP but with
slightly higher thermal power. When the Daya Bay—Ling Ao—Ling Ao Il NR® all in operation, the
complex can provide a total thermal power of 17.4 GW.

The site is surrounded to the north by a group of hills which slope upwand $iouthwest to northeast.
The slopes of the hills vary from 2@o 45°. The ridges roll up and down with smooth round hill tops. Within
2 km of the site the elevation of the hills generally vary from 185 m to 400 m. Thenst, called Pai Ya
Shan, is 707 m PRD. Due to the construction of the Daya Bay and Ling A NR® foothills along the
coast from the southwest to the northeast have been levelled to a he@btro to 20 m PRD. Daya Bay
experiment laboratories are located inside the mountain north of the Dayanladying Ao NPPs.

There is no railway within a radius of 15 km of the site. The highway froma@RBay NPP to Dapeng
Township (Wang Mu) is of second-class grade and 12 m wide. Dapewg i connected to Shenzhen,
Hong Kong, and the provincial capital Guangzhou by highways whiehe#her of first-class grade or
expressways.

There are two maritime shipping lines near the site in Daya Bay, one on thedmaansl the other on
the west side. Oil tankers to and from Nanhai Petrochemical use thesidasHuizhou Harbor, which is
located in Daya Bay is 13 km to the north. Two general-purpose 10,008ettks were constructed in 1989.
Their functions include transporting passengers, dry goods, cetistiunaterials, and petroleum products.
The ships using these two docks take the west line. The minimum distance fomeh line to the power
plant site is about 6 km. Two restricted docks of 3000-ton and 5000-toacis, respectively, have been
constructed on the power plant site during the construction of the Day&IBR){1].

4.1 General Laboratory Facilities

The laboratory facilities include access tunnels connected to the entrariak p construction tunnel
for waste rock transfer, a main tunnel connecting all the four undengtaetector halls, a LS filling hall,
counting rooms, water and electricity supplies, air ventilation, and communicati@ie is an assembly

*Shenzhen is the first Special Economic Zone in China. With a total populzftiout 7 million, many international corporations
have their Asian headquarters there. It is both a key commercial ansttsite in South China.
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hall and control room near the entrance portal on surface. Thexippate location of the experiment halls
and the layout of the tunnels are shown in Fig. 4.1. All experimental halloeated at similar elevations,
approximately—20 m PRD.

Fig. 4.1. Layout of the Daya Bay and Ling Ao cores, the future Ling Acdtes
and possible experiment halls. The entrance portal is shown at the boftofRie

experimental halls marked as #1 (Daya Bay near hall), #2 (Ling Ao ndjr #3a

(far hall), #4 (mid hall), #5 (LS filling hall) are shown. The green line représ the
access tunnel, the blue lines represent the main tunnels and the pink lieger#grthe
construction tunnel. The total tunnel length is about 2700 m

4.1.1 Tunnels

A sketch of the layout of the tunnels is shown in Fig. 4.2. There are thim®ches, which are rep-
resented by linE3-7-4-5, line{4-8-Ling Ao nea} and ling5-far sitg}, form the horizontal main tunnel
extending from a junction near the mid hall to the near and far undergmetedtor halls. The lines marked
as A, B, C, D and E are for the geophysical survey. Line E, which ishethline on the top of figure across
the far site, is the geophysical survey line investigated if the far site nedas poished further from the
cores as a result of future optimizations. Lfie2-3} is the access tunnel with a length of 292 m. Lines B
and C are from the survey for the design of the construction tunnel fwhaey have different options for
cost optimization).

Figure 4.1 shows the entrance portal of the access tunnel behind gigedrospital and to the west
of the Daya Bay near site. From the portal to the Daya Bay near site is angoaislope with a grade of
less than 10%. A sloped access tunnel will allow the underground facilities kncated deeper with more
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Fig. 4.2. Plan view of the experimental halls and tunnels from the site sunagya(
detailed tunnel design). All distances are in meters. Lig&-8-3-7-4-5-far sit¢ has
a total length of 2002 m; Line -6} has a total length of 228 m; Line{8-9} has a

total length of 607 m; Line B4-8-Ling Ao nea} has a total length of 465 m. Line E is
the dashed line on the top across far site. The four bore hole sites arechaariK1,

ZK2, ZK3, ZK4 from north to south.

overburden.
The access and main tunnels will be able to accommodate vehicles transpquipignent of different
size and weight. The grade of the main tunnel will be 0.3% upward from tlya Bay near hall to the mid
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hall, and from the mid hall to both the Ling Ao hall and the far hall. The slightly etbfunnel has two
important functions: to ensure a nearly level surface for the movemeiiedfieavy detectors filled with
liquid scintillator inside the main tunnel and to channel any water seeping intortheltto a collection pit
which is located at the lowest point near the Daya Bay near site. The cdlieater will be pumped to the
surface.

The entrance portal of the construction tunnel is near the lower leveleoDdya Bay Quarry. The
length of this tunnel is 228 m from the entrance to the junction point with the mairetuhthe shortest
construction tunnel option is chosen (see Fig. 4.1). During most of the lteonstruction, all the waste
rock and dirt is transferred through this tunnel to the outside in order to miaithe interference with the
operation of the hospital and speed up the tunnel construction. Wetdkpeaccess tunnel and the Daya
Bay near hall to be finished earlier than the far and Ling Ao halls since itiresjmuch less tunnelling.
After the work on this section of tunnel is finished, the Daya Bay near h#llbe available for detector
installation. Since the construction tunnel is far from the access tunneharidaya Bay near hall, we can
therefore avoid interference with the rest of the excavation activitiestandssembly of detectors in the
Daya Bay near site can proceed in parallel. The cross section of thwiits tunnel can be smaller than
the other tunnels; it is only required to be large enough for rock and ditsportation. The grade and the
length of this construction tunnel will be determined later to optimize the constnuotist and schedule.

Excavation will begin from the construction portal. Once it reaches thesit&pon of the main tunnel,
the excavation will proceed in parallel in the directions of the Daya Bay mehand the mid hall. Once the
tunnelling reaches the the mid hall, it will proceed parallel in the direction ofdhédll and the Ling Ao
hall.

The total length of the tunnel is about 2700 m. The amount of waste to be eehvall be about
200,000 m. About half of the waste will be dumped in the Daya Bay Quarry to providitiacal overbur-
den to the Daya near site which is not far away from the Quarry. Thisresgadditional protection slopes
and retaining walls. The rest of the waste could be disposed of along withetste from the construction
of the Ling Ao Il NPP. Our tunnel waste is about one tenth of the Ling AoRPNwaste.

4.2 Site Survey

The geological integrity of the Daya Bay site was studied in order to determiseitebility for the
construction of the underground experimental halls and the tunnelsatirgthem. The survey consisted of
a set of detailed geological surveys and studies: (1) topographieys2y engineering geological mapping,
(3) geophysical exploration, (4) engineering drilling, (5) On-site testoeeholes and (6) laboratory tests.
The site survey has been conducted by the Institute of Geology and BeopGG) of Chinese Academy
of Sciences (CAS). The work started in May 2005 and was completed en206.

4.2.1 Topographic Survey

The topographic survey is essential for determining the position of theltuand experimental halls.
From the topographic survey the location of the cores relative to theimgtal halls is determined, as
is the overburden above each of the experimental halls. This measurehtkatoverburden was input to
the optimization of the experimental sensitivity. It is also needed for the pdetsign and construction.
Appropriate maps are constructed out of this measurement. The aregexifies to the north of the Daya
Bay complex The area of the survey extends 2.5 km in the north-southidirend varies from 450 m to
1.3 km in the east-west direction as determined by the location of the experirhalidaand tunnels. The
total area measured is 1.839 kriThe results of the survey are plotted at a scale of 1:2000.

The instrument used for the topographic measurement is a LEICA TCAZ6GS Station, with a
precision of£0.5" in angle andt-1 mm in distance. Based on four very high standard control points that
exist in the area, twenty-six high grade control points and forty-five nagpline points are selected. In total,
7000 points are used to obtain the topographic map. As an example, Fig.oi8 8te topographic map
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around the far site. The altitude difference between adjacent contosiidioae meter. The area around the
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Fig. 4.3. Topographical map in the vicinity of the far site. The location of the fa
detector hall is marked by a red square in the middle of the map.

entrance portal, which is behind the local hospital, and the two possibléreoinsn portals are measured
at the higher resolution of 1:500. The cross sections along the tunneblinbd access and construction
portals are measured at an even higher resolution of 1:200. The posifidhe experimental halls, the
entrance portal, and the construction portal are marked on the topagraap.

4.2.2 Engineering Geological Mapping

Geological mapping has been conducted in an area extending about thihemorth-south direction
and about 3 km in the east-west direction. From an on-the-spot stovidlyin the geological map of the
area, alisting of the geological faults, underground water distributioranthct interface between different
rocks and weathering zones could be deduced. The statistical informoattbie orientation of joints is used
to deduce the general property of the underground rock, and therdes¢ion of the optimal tunnel axes.
The survey includes all the areas through which the tunnels will pass asel dlccupied by the experimental
halls. Reconnaissance has been performed along 28 geological afut8ss km total length. Statistics of
2000 joints and rock mine skeletons are made at 78 spots. Rock mine alspaagsdone with 36 sliced
samples.
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Surface exploration and trenching exposure show that the landfordng@aain are in good condition.
There are no karsts, landslides, collapses, mud slides, empty pocleiadginking asymmetry, or hot
springs that would affect the stability of the site. There are only a few piet@eathered granite scattered
around the region.

The mountain slopes in the experimental area, which vary frofrto 30°, are stable and the surface
consists mostly of lightly effloresced granite. The rock body is compahatiniegrated. Although there is
copious rainfall which can cause erosion in this coastal area, thereeidamnce of large-scale landslide or
collapse in the area under survey. However, there are small-scale dsotdiggoses due to efflorescence of
the granite, rolling and displacement of effloresced spheroid rocks.

The engineering geological survey found mainly four types of rocksigatea: (1) hard nubby and
eroded but hard nubby mid-fine grained biotite granite, (2) gray white thédding conglomerate and
gravel-bearing sandstone, (3) siltstone, (4) sandy conglomeratetesaadMost of the areas are of hard
nubby granite, extended close to the far detector site in the north andmgaatihe south, east, and west
boundaries of the investigated area. There exists a sub-area, ntealsaut 150 m (north-south) by 100 m
(east-west), which contains eroded but still hard nubby granites nbetconspicuous valley existing in
this regionf Mildly weathered and weathered granites lie on top of the granite layer.rii@veandstones
are located in the north close to the far detector site. There are also statiedstones distributed on the
top of the granites. The granites are generally very stable, and theremrlyishree small areas of landslide
found around the middle of the above mentioned valley. The total area ofidieéssabout 20 rh and the
thickness is about 1 m. Four faults (F2, F6, F7, F8) and two weatherggtizve been identified, as shown
in Fig. 4.4

The accumulation and distribution of underground water depends digramahe local climate, hy-
drology, landform, lithology of stratum, and detailed geological structurehé investigated area of the
Daya Bay site, the amount of underground water flux depends, in a catggligvay, on the atmospheric
precipitation and the underground water seeping that occurs. Theteaadarea is rich in underground
water seeping in, mainly through joints caused by weathering of cranniefothged in the structure. No
circulation is found between the underground water and outside bounaaer in this area. Underground
water mainly comes from the atmospheric precipitation, and emerges in the lovarhanid fed into the
ocean.

Table 4.1 gives the values of various aspects of the meteorology of the Bsmyarea. A direct com-

| Meteorological Data | Units | Magnitude|

Average air speed m/s 3.29
Yearly dominant wind directior E
Average temperature °C 22.3
Highest temperature °C 36.9
Lowest temperature °C 3.7
Average relative humidity % 79
Average pressure hPa 1012.0
Average rainfall mm 1990.8

Table 4.1. Average values of meteorological data from the Da Ken static#8is. 1

parison shows that the weather elements in Daya Bay are similar to those in riigeKidog—Shenzhen
area.

TThe valley extends in the north-east direction from the north-east ddpe ceservoir. The valley can be seen in Fig. 4.1, as a
dark strip crossing midway along the planned tunnel connecting the midrhthe far hall.
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Fig. 4.4. Geological map of the experimental site.

According to the historical record up to December 31, 1994, there heee 63 earthquakes above
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magnitude 4.7 on the Richter scale (RS), including aftershocks, within asradi@20 km of the sité.
Among the stronger ones, there was one 7.3 RS, one 7.0 RS, and ten 6 RS6.TBere were 51 medium
guakes between 4.7 and 5.9 RS. The strongest, 7.3 RS, took place in N2rQdan northeast of Daya Bay,
in 1918. The most recent one in 1969 in Yang Jiang at 6.4 RS. In additierg tave been earthquakes in
the southeast of China and one 7.3 RS quake occurred in the TaiwaroSt&spt. 16, 1994. The epicenters
of the quakes were at a depth of roughly 5 to 25 km. These statistics shoihé¢hseismic activities in
this region originate from shallow sources which lie in the earth crust. Thagitr of the quakes generally
decreases from the ocean shelf to inland.

Within a radius of 25 km of the experimental site, there is no record of eagtkes ofM > 3.0 (Mg, >
3.5)%, and there is no record of even weak quakes within 5 km of the site. Thibdi®n of the weak quakes
is isolated in time and separated in space from one another, and withoubdoy®pattern of regularity.

According to the Ling Ao NPP site selection report [3], activity in the seismit dfethe southeast
sea has shown a decreasing trend. In the next one hundred y&arsgibn will be in a residual energy-
releasing period to be followed by a calm period. It is expected that bcpeke greater than 7 RS will
likely occur within a radius of 300 km around the site; the strongest seisniidtaevill be no more than
6 RS. In conclusion, the experimental site is in a good region above the litbes@as was argued when the
NPP site was selected.

4.2.3 Geophysical Exploration

Three methods are commonly used in geophysical prospecting: high delesiijcal resistivity method,
high resolution gravity method, and seismic refraction image method using a megdHaammer. The first
two methods together with the third as supplement have been used for theBBaygophysical study
The combination of these three methods reveal the underground strustlmeing: faults, type of granite,
rock mine contact interface, weathering zone interface and undexgjreater distribution.

Geophysical exploration revealed another four faults (F1, F3, F4hB&n in Fig. 4.4) along the tunnel
lines. Figure 4.5 shows the regions of the geophysical survey, incladengxperimental halls and tunnel
sections from the Daya Bay near hall to the mid hall and the far hall. Theiexgatal halls, tunnel sections,
faults and weathering bags are marked explicitly in the figure. The eleatesistivity measurements are
shown in the middle of the figure, the high resolution density measurements bottbm, and two sections
of seismic refraction measurement in the corresponding part on the tcpus of the complexity and
variety of underground structures, the electrical resistivity was medsarboreholes ZK1 and ZK2. The
resistivity and density of the rock samples from the boreholes were ovsazlibration of the resistivity
map. Depending on the characteristics of the granite and its geologicdlustrtte electrical resistivity of
this area can vary from tens of ohm-m to more than 10k ohm-m. The non-evedtgranite has the highest
electrical resistivity, whereas the sandstone has medium resistivity dugppet moisture. The weathered
zone, consisting of weathered bursa and faults, has relatively loviiviggis

4.2.4 Engineering Drilling

Based on the information about faults, zones with relative high density dfsjoiveathering bags,
low resistivity areas revealed from previous geological survey, bawehole positions were determined.
The purpose of the boreholes was essentially to prove or exclude tmerioés from the previous survey

The seismic activity quoted here is taken from a Ling Ao NPP report [2].

§Ms is the magnitude of the seismic surface wave ard the seismic local magnitudéd, provides the information of the
normal characteristics of an earthquake. There is a complicated locsmendent relationship betwegfy andM .. In Daya Bay
Ms > 3.0 is equivalent taVy, > 3.5.

Yin order not to affect the construction work of Ling Ao Il, a heavy lBagannot be used as a source of the seismic refraction
measurement, as required for deep underground measuremergfdark seismic refraction cannot be used as a major tool for the
Daya Bay prospecting.
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Fig. 4.5. Seismic refraction, electrical resistivity and high resolution demséps
along the tunnel cross section from the Daya Bay experimental hall fléftte the far
hall (right end).

approaches above ground. These four boreholes are labelledlaZ KK, ZK3, ZK4 from north to south in
Fig. 4.2. The depth of the four boreholes are 213.1 m, 210.6 m, 130.3 m,h3@<pectively (all to at least
the tunnel depth). Figure 4.6 shows sections of rock samples obtaimadbtn@hole ZK1. Similar samples
are obtained in the other three boreholes. The samples are used foisvaboratory tests.

4.2.5 On-site Test at Boreholes

There are many on-site tests performed at the boreholes: (1) High delesitsical resistivity measure-
ment in boreholes ZK1 and ZK2. (2) Permeability tests at different time apith@dee made in the boreholes
during borehole drilling and at completion. The test shows that all measaheéds of the permeability pa-
rameter K are less than0009 m/d. The K values in ZK2, ZK3 are smaller than that in ZK1 and ZK4.
Figure 4.7 shows the water level variation vs time from pouring tests in thebfmaholes. (3) Acoustic
logging, which is tested at different segments separated by 0.5 m. Tkee6€,a26, 34, 23 segments tested
in ZK1, ZK2, ZK3, ZK4 respectively. The combined results give the vigyoof longitudinal wavelength
Vp = 5500 m/s in the fresh granite. (4) Geo-stress test. (5) Digital video. (6) Therraoanation rate
inside the borehole ZK4 was measured up to a depth of 27 m with an electaaluin dosimeter inserted
into the borehole. An average rate®@$8 x 1072 Bg m~2 s~! was determined at depths of 14—27 m after
correction for back diffusion. These values generally agree with ties (8.13-2.56)x 1073 Bgm 2 s~!
measured directly from the rock samples extracted from the boreholle@yurements of the rock chem-
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Fig. 4.6. Rock samples from borehole ZK1.

ical composition. The chemical elements of the rock were measured, amaggdieenents, the amount
of radioactive U was measured to be 10.7, 16.6, 14.5 and 14.2 ppm frosammgles in each of the four

boreholes, respectively. The Th concentrations were measured $02)&9.6, 29.4 and 41.9 ppm in each of
the borehole respectively. (8) Water chemical analysis. Water samptagtie four boreholes and a surface
stream have a pH slightly smaller than 7.5, considered neutral. The watkrelsaris smaller than 42 mg/l

which is considered to be very soft. The underground water is thusneadly corrosive to the structure of

steel, but is not corrosive to reinforced concrete.

4.2.6 Laboratory Tests

Laboratory tests performed includes: rock chemical properties, migleraknts, physical and mechan-
ical property tests. The following data are some of the physical propeftsightly weathered or fresh rock
which are the most comment type of rocks in the tunnel construction:

o Density of milled rock2.609 ~ 2.620 g/cm?
o Density of bulk rock2.59 ~ 2.60 g/cm?
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o Percentage of interstic8:765% ~ 1.495%

o Speed of longitudinal wavé/,,) : 4800 ~ 5500 m/s

o Pressure resistance strength of a saturated single 85a¥: ~ 131.48 M Pa
o Pressure resistance strength of a dry single stallk8 ~ 125.79 M Pa

o Softening coefficient).924 ~ 1.000

o Elastic modulus32.78 ~ 48.97 GPa

o Poisson ratiof).163 ~ 0.233

4.2.7 Survey Summary

Based on the combined analyses of the survey and tests described [@®veoncludes that the ge-
ological structure of the proposed experimental site is rather simple, tingsisainly of massive, slightly
weathered or fresh blocky granite. There are only a few small faults witths/varying from 0.5 m to 2 m,
and the affected zone width varies from 10 m to 80 m. There are a totalioiWfeathering bags along the
tunnel from the Daya Bay near site to the mid site and on the longer constriiatinal option from the
Daya Bay quarry to the mid site. The weathering depth and width are 50-10@stbelow the surface, the
granite is mild to mid weathered. These weathered zones are well abovertbg tnare than three times the
tunnel diameter away, so the tunnel is not expected to be affected bywiadeering bags. Nevertheless,
there are joints around this region and some sections of the tunnel will Radsapport.

The far hall at a depth of 350 m is thought to consist of lightly effloresgddesh granites; the far hall
is most likely surrounded by hard granite. The distance to the interface veibridan sandstone is about
100 m (to the North) from the present analysis estimate.

The rock along the tunnel is lightly effloresced or fresh granite, and amécal tests found that it is
actually hard rock. No circulation is found between the underground aatkthe outside boundary water in
this area, underground water mainly comes from the atmospheric precipitdticer. borehole permeability
tests show that underground water circulation is poor and there is namnifederground water level at the
tunnel depth. At the tunnel depth the stress is 10 MPa, which lies in the netraat regime. The quality
of most of the rock mass varies from grade Il to grade 1ll (RQD arotdth which indicates good and
excellent rock quality). From the ZK1 and ZK2 stress measurements amdiuse analysis, the orientation
of the main compressive stress is NWW. For the east-west oriented &rcaitanel, this is a favorable
condition for tunnel stability. For the 810 m segment of the main tunnel fronDHya Bay near hall (#1)
to the mid hall (#4) the tunnel orientation will run sub-perpendicular to thentaimn of the maximum
principal stress and it will thus be subject to higher stress levels at tlavaticon perimeter. These higher
stress levels are not expected to cause significant stability problems duedwehgth of the granite rock
mass. There are some tunnel sections, including the access tunnel théhesek mass quality belongs to
grade 1V, and some belongs to grade V. Figure 4.8 shows the details afigireeering geological section
along Line A. Detailed results from the site survey by IGG can be found@merces [4,7-12].

4.3 Conceptual Design

In June 2006 we organized a bid for a conceptual design of the civdtoaction. The purpose of this
effort was to further refine our understanding of the cost of varmpt®ons and to make sure that we do
not leave any important points out of the final design specifications. Ther itlams of the conceptual
design included: (1) the underground experimental halls, the conneutingl, access tunnel, and construc-
tion tunnel; (2) the infrastructure buildings above ground; (3) the elggtweer, communication, monitor,
ventilation system, water supply, and drainage, safety, blast controkrammtnmental protection. Two de-
sign firms were selected: the Fourth Survey and Design Institute of Chihaaiga (TSY) and the Yellow
River Engineering Consulting Co. Ltd. (YREC). TSY has expertise in #&gh of railway tunnels, and
YREC has a great deal of experience in underground hydroelecigioeering projects. They completed
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Fig. 4.8. Engineering geological section in line A: the faults, weathering bad tun-
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of the weathered granite and the second curve down shows the bpwhtize slightly
weathered granite. The tunnel passes through one region of slightilieved granite.
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their designs in the end of July and beginning of August 2006. Thesesparts will aide the writing of the
specifications of the bid for the detailed tunnel design.

4.3.1 Transportation Vehicle for the Antineutrino Detectors

The biggest item to transport in the tunnel is the antineutrino detector modelentaule is a cylinder
of 100 T with an outer diameter 5 m and a height of 5 m, with ports extendingeabtne transportation of
the antineutrino detector determines the cross section of the tunnel anllydiféects the total tunnelling
construction plan.

The space in the tunnel is limited, so the transportation vehicle for the hedweatnino detector
should be easy to operate and very stable and smooth during movementas3wstigated two kinds
of transportation vehicles: (1) heavy-truck with a lowboy trailer, andr{@k with a platform on top. The
bed of the lowboy trailer is 40 cm off the ground and the loading height isn@0Tde total length of the
truck plus the trailer is more than 20 m long, the turnaround radius is 50 m. Thirtwnd radius makes
it impossible to turn the vehicle around without significantly increase the totgiHeaf the tunnel. So TSY
recommends the use of a truck with a platform on top and the specifications platiorm vehicle available
in two manufacturing companies in China are listed in Table 4.2.

Manufacturer QinHuangDao Heavy WuHan TianJie special
Engineering Union Co. Ltd transportation Co. Ltd.

Model TLC100A TJ100

Full loading(t) 100 100

Out dimension L x W (m) 11.0x5.0 11.0x5.5

Height of loading (mm) 17006-300) 17506-300)

Self weight(t) 28 28

Axles and Wheels/axle 4/8 4/8

Speed full loading (on flat): 6 km/h| full loading (on flat): 5 km/h

Slope Vertical 6% Horizontal 4% | Vertical 8% Horizontal 2%

Power 168 kW 235 kW

Table 4.2. Technical parameters of platform trucks.

An example of the platform truck is shown in Fig. 4.9. It has an easy rotayisigis with the wheels
rotatable in any directions. It has two driving cabs, one in the front areio the back which makes
turning around in the tunnel unnecessary. Its movement is more steadyhélamwboy trailer which is very
important for transporting the antineutrino detector modules.

YREC also investigated the above mentioned transporting vehicles with similafisgons. In ad-
dition, they have investigated an electric railway transportation system whit$ists of a transport frame-
work, support frame, cable winding, and control desk. Howeverldaéding height is 1 m, and laying the
rail is expensive and time consuming. Finally, YREC recommend the use ofigiséler with a platform
loading, as shown in Fig. 4.10. The total length is 15.8 m and the loading hel@ftm. Since itis not very
long, this semi-trailer will drive forward and backward in the tunnel withoating around. The ventilation
speed in the tunnel has to be increased during the transportation of thtodetedules to vent the exhaust
discharged in the tunnel.

Further investigation about the transportation vehicle with lower height ofdading platform is
needed in order to lower the required height of the tunnel. It is also sa@geto find a suitable electric
powered vehicle instead of one powered by petroleum. Current stugide@issing on custom low-boy
trailers with electric tugs and on sophisticated, low-profile computer contrishedporters.
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Fig. 4.9. Photo of a platform truck with schematic diagrams of wheel rotatitmes.
specifications written in Chinese on the right-bottom are the same as in Table 4.2

4.3.2 Lifting System for the Antineutrino Detectors

Lifting systems, mainly for handling the antineutrino detectors, have beestigaged. The lifting
system should be low in order to minimize the height of the experimental hall egainaverburden. Both
gantry cranes (suggested by TSY) and bridge style cranes (sugidgs¥REC) satisfy our requirement.
The heights of the experimental halls required to install and lift the antineutietector with these two
types of cranes are similar: about 12—13 m. Figures 4.11 and 4.12 shsevtthe kind of cranes. Both
cranes have two hooks working during the lifting which will greatly deceghs height of the hall and can
be operated more steadily. The final choice of one vs. two hooks neeterfstudy. The rails of the bridge
crane are supported on the two side walls of the experiment hall. The fioglecof a crane system needs
further study.

4.3.3 Experimental Hall Layout

The experimental hall layout can not be fixed before we know how tolitiseaantineutrino detectors,
how to lay the muon detectors on top, and what auxiliary facilities are neg&tledwo designers presented
two sketches which include antineutrino detector transportation, lifting spadeooms for auxiliary facil-
ities, see Fig. 4.13 (designed by TSY) and Fig. 4.14 (designed by YREE)auxiliary facilities rooms are
at the side of the hall in Fig. 4.14 which may reduce the length of the electroaiiiss from the detector
to the counting room, and other auxiliary facility rooms, which could be agdrmmarallel to the counting
room, are more flexibly arranged. A side tunnel links the main tunnel with the@aoom and the other
possible rooms.

The longitudinal direction of the Daya Bay (#1) and mid (#4) experimentld e preferred to be
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Fig. 4.10. Schematic diagram of a semi-trailer. The dimensions, length, width, a
height are in mm.

along the tunnel direction for construction convenience. The Ling Ao naé(#2) is the only one with its
longitudinal direction to be about 9@vith the accessing tunnel in order to keep all the halls in the same
orientation.

The LS filling hall (#5) will be decided upon once we settle on the LS mixing dhigfiprocedures.
We expect no special questions about the design and construction b&thiat this stage, we put it near
the Daya Bay hall (#1).

4.3.4 Design of Tunnel

According to the size of the selected transportation vehicles, the cragsnsettthe main tunnel will
be relatively easy to define:

@)

@)

@)

Width of the roadway: 5.0 m.
Width of safety distance to side wall: 1.0 m x 2.
Width of drainage channel: 0.25 m x 2.

The total width of the tunnel is: 7.5 m (YREC has 7.0 m because they have@avea space for
safety).

Height of the transporting vehicle plus height of antineutrino detector: 6.4 m.
Duct diameter: 1.5 m.

Safety distance between detector module to the duct: 0.5 m.

Total height of the tunnel is: 8.4 m (YREC has 8.5 m)
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Fig. 4.11. Schematic diagrams of a gantry crane in the experimental hall todlift th
antineutrino detector (left panel) and lower it into the water pool (righepan

Fig. 4.12. A photo of a bridge style crane, the crane rail is fixed to the vidhe
experimental hall.

Figures 4.15 and 4.16 describe the cross sections of the main tunnel. Tigeolirtiire tunnel depends
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Fig. 4.13. Layout of the experimental hall where the counting room, etelaat out
in series along the hall (as proposed by TSY).

20

| s |

Fig. 4.14. Layout of the experimental hall where the counting room, e&calang one
side of the hall (as proposed by YREC).

on the rock quality. The rock quality varies from grades | to V, gradeindexcellent and grade V poor.
According to the site survey, more than 90% of the rock belongs to gradlder Il which are stable rocks.
Some very short section of the tunnel have grade IV rock and the oabjegy rock is in the first tens
of meters at the main portal. The lining for different quality of rocks aréngiby two designers in their
report [13] [14].

The access tunnel has the same cross section as the main tunnel to enaplatation of the antineu-
trino detector. This tunnel section has a slope of up to 10%. The antinedetaotor is not yet filled with
LS when it is transported down the access tunnel. The length of the turleskithan 300 m and modern
mining/industrial equipment will have no difficulties in moving on the 9.6% slope @fatcess tunnel (in
the YREC design).

There are two possible design strategies for the construction tunnel. @rteaissport the dirt by heavy
truck, another one is by tram. In the truck option, the allowed slope is up to(T$¥%), the width of this
tunnel is 5.0 m and height 5.8 m. There will be a passing section in every 80ng e tunnel for two
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Fig. 4.15. An engineering schematic diagram of the tunnel layout prdposd SY.
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Fig. 4.16. An engineering schematic diagram of the tunnel layout Prdins¥REC.
The dimensions are in meters.

trucks to cross into the opposite directions. The total length of such a tis®28 m. If a tram is used for
dirt transportation, the tunnel can tolerate a much steeper slope, up to 42%°(). The tunnel length can
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be as short as 200 m and the cross section is 4.6 m wide by 4.08 m higlru@tina with a tram will allow
for a shorter tunnel, therefore saving both time and money. The dirt rdnvidtiaa tram is more complicated
than using heavy trucks, which will take more time and money. Let us note thiz itase of a tram, since
special tools are needed, the number of construction companies biddihg tamnel construction contract
may be more limited.

A possible layout of the main portal behind the local hospital is shown in F1g. & REC’s design).

j//y/ IR s S

I SR T
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Fig. 4.17. A schematic diagram of the the main portal and the layout of auxiliary
buildings.

4.3.5 Other Facilities

Other facilities are also included in the conceptual design reports submitieshbji 3] and YREC [14].
They include: (1) electricity, (2) ventilation system (3) water supply amihdige, (4) communication, (5)
monitoring systems, (6) blast control, and (7) environmental effect atiahs.

4.4 Civil Construction Overview

Based in part on the two conceptual design reports, we are optimizing tisérection tunnel layout,
the crane system, the transport system and the tunnel cross sectienth@®narocess is completed a spec-
ification for the final civil construction design package will be draftele Tinal tunnel design and civil
construction contractors will be selected via a bidding process. Most likelydetailed design and civil
construction team will be separated. An oversight agency is need#tefoonstruction. The time needed to
complete the final design will be 4-5 months once all of the specificationsidiit The civil construction
will last 1.5-2 years as estimated by the conceptual designers.

The main civil construction work items are listed in Table 4.3.
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10.

11.

12.

13.

14.

Construction item | Volume ¢n°) |
Excavation dirt in open 17,068
Excavation dirt in tunne 202,745
Concrete 8,740
Eject concrete 7,774

Table 4.3. Table of the main civil construction work items.
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5 Antineutrino Detectors
5.1 Overview

The measurement efin® 26,3 to 0.01 or better is an experimental challenge. A value of 0.01 for
sin® 2615 yields a tiny oscillation effect. This corresponds to a small difference indheer of antineutrino
events observed at the far site from the expectation based on the nuhevents detected at the near site
after correcting for the distance under the assumption of no oscillatiorbSeree such a small change, the
detector must be carefully designed following the guidelines discussedapt€i?, and possible system-
atic uncertainties discussed in Chapter 3. The following requirements dheshtisfied in the design of the
antineutrino detector modules and related components:

1. The detector modules should be homogeneous to minimize edge effects.
2. The energy threshold should be less than 1.0 MeV to be fully efficiempositrons of all energies.

3. The number of protons in the target liquid scintillator should be well knawplying that the scintil-
lator mass and the proton to carbon ratio should be precisely determine@rgéescintillator should
come from the same batch for each pair of near-far detector moduletheamixing procedure should
be well controlled to ensure that the composition of each antineutrino tardpet $ame.

4. The detector module should not be too large; otherwise, it would beuttitiicnmove from one detector
site to another for a cross check to reduce systematic effects. In adthégond a certain size, the
rate of cosmic-ray muons passing through the detector module is too high bdebi aneasure the
9Li background.

5. The event time should be determined to be better than 25 ns for studyikgybacds.

6. The energy resolution should be better than 15% at 1 MeV. Goodyeresglution is desirable for
reducing systematic uncertainty (see Chapter 3). It is also important fetutig of spectral distortion
as a signal of neutrino oscillation.

5.1.1 Module Geometry

Several previous neutrino experiments have designed spherical spalpdetectors to insure uniform
energy response in the entire volume. This type of detector vessel issx@and requires many PMTs for
47 coverage. Two types of alternative detector geometries have beetigated: cubic and cylindrical.
Both are attractive from the viewpoint of construction. Monte Carlo simulagloows that a cylindrical
shape, as shown in Fig. 2.3, can deliver a better energy and positionties while maintaining good
uniformity of light response over the volume, similar to that of a sphere or eitip3 his design is verified
by our prototype tests as discussed in section 5.6. An optical reflectdrecpat at the top and bottom of
the cylinder, so that PMTs are only positioned on the circumference of/timeler, to reduce the number of
PMTs by half.

This design, which allows a tremendous reduction of the detector cost ingladvings on the PMT
readout, steel and acrylic vessel construction, is practical due toltbeiftg considerations:

1. The event vertex is determined by the center of gravity of the chaiiffeywt reliance on time-of-
flight, so that the light reflected from the top and bottom of the cylinder willmatsen the perfor-
mance of the detector module. The individual PMT hit times are measured solatien of 0.5 ns
for background studies.

2. The fiducial volume is well defined with a three-zone-structure as sisclbelow wherein no accu-
rate vertex information is needed.
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5.1.2 Target Mass

The total target mass at the far site is determined by the sensitivity goal aswis &h Fig. 5.1 as a
function of the far site detector mass. To meastiné 26,5 to better than 0.01, a total target mass of 80—
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Fig. 5.1. Sensitivity ofin? 26,5 at the 90% C.L. as a function of the target mass at the
far site.

100 tons is needed, which corresponds to a statistical uncertaint).@P6 after three years data taking.
A larger target mass is not attractive since the sensitivity improves rathvely sidien the target mass goes
beyond 100 tons. By adopting a multiple-module-scheme as discussed in Chdpte modules are chosen
for each near site to allow a cross check of the module behavior (within the fistiaibstic uncertainties at
the near site). For the far detector site, at least four modules are nisededficient statistics to reach the
designed sensitivity while maintaining the number of modules at a manageabledeetector scheme of
eight identical modules, each with a target mass of 20 tons, is chosent 8l®to 1200 events per day per
module will be detected at the Daya Bay near site (300-500 m) with aboue®@@sgver day per module at
the far site £1800 m).

5.1.3 Three-zone Antineutrino Detector

A Chooz-type detector with suitable upgrades can in principle fulfill theirements although com-
pletely new concepts are not excluded. The energy threshold of az&@pe scintillator detector can be
reduced by a three-zone structure as shown in Fig. 5.2. The innerzmost(region ) is the Gd-loaded
liquid scintillator antineutrino target. The second zone (region Il) is filled wathnral liquid scintillator and
serves as g-catcher to contain the energy 96 from neutron capture or positron annihilation. This zone
does not serve as an antineutrino target as neutron-capture orgbgditoes not release sufficient energy
to satisfy the 6 MeV neutron detection threshold. The outer-most zonerfret) contains mineral oil that
shields radiation from the PMT glass from entering the fiducial volume. Tifiebsubstantially reduces
the singles rates and allows the threshold to be lowered below 1.0 MeV. Téerdggions are partitioned
with transparent acrylic tanks so that the target mass contained in regionbecwell determined without
the need for event vertex reconstruction and a position cut.
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III. O1l Buffer

IL. y catcher

Fig. 5.2. Cross section of a simple detector module showing the three-zimeLanno
detector.

5.1.4 ~-Catcher

The~ rays produced in the target region by positron annihilation or neutramieawill undergo many
collisions with the LS molecules to transfer most of their energy to the liquid scintiltetfmre converting
to visible scintillation light. However, the rays can also escape from this target region and deposit energy
outside of this region. To capture the escapingys a layer of undoped liquid scintillator surrounding the
target zone is added, significantly reducing this energy loss mechanignen€ngy spectrum of the delayed
neutron capture signal is shown in Fig. 5.3. The tail to low energies is fxamte with an escaping. The
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Fig. 5.3. The neutron capture energy spectrum in gadolinium as obtaioedtiie
GEANTS3 simulation. The long tail at low energies corresponds to the edeapeats.

Gd capture peak at 8 MeV is from the two most abundant isotopes of gaaolifP°Gd and'®”Gd, with
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total v energies of 7.93 and 8.53 MeV, respectively.

A threshold of 6 MeV cleanly separates the 8 MeV neutron capture siggralthe background due to
natural radioactivity. However, this threshold will cause a loss of som& o capture events and a corre-
sponding loss of detection efficiency. A simulation of the detector modulegivia correlation between
the thickness of the-catcher region and the neutron detection efficiency is shown in Fig. Belfigure
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Fig. 5.4. The neutron detection efficiency as a function oftlwatcher (GCAT). The
neutron energy cut is set at 6 MeV. The thickness of the middle zone &faia Bay
experiment will be 45 cm.

o

shows that with a-catcher thickness of 45 cm the neutron detection efficiency is 92%.Ztaxba smaller
detector and a-catcher thickness of 70 cm, and neutron source test showed a-(24)66 detection ef-
ficiency [1]. The uncertainty includes a vertex selection uncertainty tiagaBay will not have. Chooz,
Palo Verde and KamLAND all claimed an uncertainty on the energy scale a&\6d¥lbetter than 1%. Our
detector simulation shows that a 1% uncertainty in energy calibration will G0s2% uncertainty in the
relative neutron detection efficiencies of different detector modulea tMeV threshold. After subtract-
ing the vertex selection uncertainty, the results of the efficiency test asgstent with simulation. After a
comprehensive study of detector size, detection efficiency, andimgugal uncertainties, we choose 45 cm
as the thickness of the-catcher.

5.1.5 Oil Buffer

The outermost zone of the detector module is composed of mineral oil. Thes RiTbe mounted
in the mineral oil next to the stainless steel vessel wall, facing radially inwidrs mineral oil layer is
optically transparent and emits very little scintillation light. There are two primargqaes for this layer:
1) to attenuate radiation from the PMT glass, steel tank and other sowrtsédeoof the module; and 2) to
ensure that the PMTs are sufficiently far from the liquid scintillator so thaligh¢yield is quite uniform.
Simulations indicate that the location of light emission should be at least 15 cyfeomathe PMT surface,
as indicated in Fig. 5.5. Simulation shows that with 20 cm of oil buffer betweerPMT glass and the
liquid scintillator (which corresponds to a 45 cm total oil buffer thickne®, radiation from the PMT
glass detected in the liquid scintillator is 7.7 Hz, as summarized in Table 5.1.

The welded stainless steel in KamLAND has an average radioactivity ob3hp2 ppb U, 0.2 ppb
K, and 15 mBqg/kg Co. Assuming the same radioactivity levels for the vesskéddaya Bay antineutrino
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Fig. 5.5. Antineutrino detector response (in number of photoelectrore f@asction
of radial location of a 1 MeV electron energy deposit. The mineral oil volinas
been removed and the PMTs are positioned directly outside-tiacher volume. The
vertical red line is 15 cm from the PMT surface and indicates the needbsfomilof
buffer between the PMT surface and the region of active energysitepoorder to

maintain uniform detector response.

Buffer Oil Thickness
Isotope| Concentration 20cm| 25cm| 30cm | 40 cm
(Hz) | (Hz)| (Hz)| (Hz)
238y 40 ppb 2.2 1.6 11 0.6
232Th 40 ppb 1.0 0.7 0.6 0.3
40K 25ppb| 45 3.2 2.2 1.3
] Total H \ 7.7 \ 5.5 \ 3.9 \ 2.2 \

Table 5.1. Radiation from the PMT glass detected in the Gd-scintillator (in Ha) as
function of the oil-buffer thickness (in cm). A 45 cm thick oil buffer will ide 20 cm
of shielding against radiation from teh PMT glass.

detector module, the corresponding rate from a 10-ton welded stainlessestsel shielding by 45 cm of
oil buffer are 3.5 Hz, 2.3 Hz, 0.8 Hz and 2.2 Hz for U/Th/K/Co, respebtiat a threshold of 1 MeV. The
total is 8.8 Hz. The natural radioactivity of rock, buffer water, mineigldust, radon and krypton in air
play a minor role, as described in section 3.4.4. The tptalte is<50 Hz.

Since the PMTs are placed in the mineral oil, and the length of PMT plus its babeus 25-30 cm, a
45-cm thick oil buffer will be sufficient to suppress theate and the subsequent uncorrelated backgrounds
to an acceptable level. The dimensions of the antineutrino detector modukdsoane in Table 5.2.
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| Region || IR(m) | OR(m) | inner height(m)| outer height(m)| thickness(mm) material |
target 0.00 1.60 0.00 3.20 10.0| Gd-LS
~-catcher|| 1.60 2.05 3.20 4.10 15.0| LS

buffer 2.05 2.50 4.10 5.00 8.0-10.0| Mineral oil

Table 5.2. Dimensions of the mechanical structure and materials of the antinelgr
tector modules. IR (OR) refers to the inner (outer) radius of each voluhéhickness
refers to the wall thickness.

The neutrino target is a cylinder of 3.2 m height and 1.6 m radiusy¥tetcher and oil buffer are both
0.45 m thick. The diameter of the stainless steel vessel is 5.0 m, with a heigitt wf &d a total mass of
100 tons.

5.1.6 2-zone vs. 3-zone Detector

The possibility of adopting a detector module design with a 2-zone structurerioving they-catcher
from the current 3-zone design, has been carefully studied. A 2-detector module with the same outer
dimension as the 3-zone structure has a target mass of 40 ton (keepiragrtheis buffer andy-catcher
thicknesses). The efficiency of the neutron energy cut at 6 MeV wil-B6%, compared te-90% with
the ~-catcher and the 2-zone 40 ton detector module will have e§% more detected events than the
3-zone 20 ton detector module. The reduction of efficiency in the neutrery cut will introduce a larger
uncertainty due to the energy scale uncertainty. This uncertainty is iibdelutot removable by the near/far
relative measurement, in the different detector modules due to differanttesenergy scales.

The energy scale is possibly site-dependent due to variation of calibmatitions in the different
sites. According to the experience gained from KamLAND, a 1% energig Stability at 8 MeV and 2%
at 1 MeV can be readily achieved. The uncertainties in neutron detecficierty for a 1% relative energy
scale uncertainty have been studied by Monte Carlo for the 2-zone 4fetentor module and the 3-zone
20-ton detector module. The uncertainty in the relative neutron detecticierdy for the 2-zone detector
module is 0.4% at 6 MeV as compared with 0.22% for the 3-zone detector m@&iuldar uncertainties
at 4 MeV have also been studied, see Table 5.3. This uncertainty will beothanant residual detector

| Configuration|| 6 MeV | 4 MeV |

2-zone 0.40% | 0.26%
3-zone 0.22%| 0.07%

Table 5.3. Uncertainty of the neutron energy threshold efficiency dalgeuncer-
tainty in the energy scale for 2-zone and 3-zone detector modules. Engyestale
uncertainty is taken to be 1% and 1.2% at 6 MeV and 4 MeV, respectively.

uncertainty (see Table 3.2), while other uncertainties are cancelled bytateteodule swapping this one
is not (e.g., a doubling of this uncertainty will significantly degrade giné 26,5 sensitivity that can be
achieved).

As shown in Table 5.3, lowering the energy cut to 4 MeV can reduce theameanergy threshold
efficiency uncertainty. However, the intrinsic radioactivity from the Ggbed liquid scintillator and the
acrylic vessel will cause a significant increase of the accidental bawgkd rate. For external sources (such
as radioactivity from the PMTs and the rock) onjg, with an upper limit of~3.5 MeV, can enter the
detector module. For internal sources, howeysr,0s, andas contribute — these can produce significant
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rates of signals above 3.5 MeV (eZTl has an endpoint of 5 MeV) as observed by KamLAND. Chooz
has also observed a significant number of events of delayed enedgp dfleV (see Fig. 5.6). In addition,
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Fig. 5.6. The energy distribution observed by Chooz, horizontal axiseigptbmpt
signal energy; the vertical axis is the delayed signal energy. In therrémpelled D
there are many background events with delayed signal falling into the 3VeMergy
range.

gadolinium has contamination frof?Th which increases the rate £ Tl decay in the scintillator. All of
these factors make a reduction of the neutron threshold from 6 MeV to 4 Welésirable. The accidental
background rate would be a couple of orders of magnitude larger withwres threshold at 4 MeV.

5.1.7 Expected Performance

With reflectors at the top and bottom the effective photocathode coverd@édsvith 224 PMTs, the
light yield is ~100 p.e./MeV and the energy resolution is around 5.4% at 8 MeV when thect@age
method is used, or 4.5% with a maximum likelihood fit approach. The vertexisama reconstructed with
aresolution similar to a design with 12% PMT coverage on all surfaces.drtexveconstruction resolution
is~13 cm for a 8 MeV electron event using the maximum likelihood fit, as shown irbFig The horizontal
axis is the distance of the reconstructed vertex to the true vertex and tizahaxis is the number of events.
Such a vertex resolution is acceptable since the neutron capture vestex2@am intrinsic smearing, as
found by Chooz [1] and by our Monte Carlo simulation as well. The intrinsicasmg of the neutron capture
vertex is caused by the energy deposition oftkeeleased from neutron-capture on Gd.

5.2 Containers and Calibration Ports

The stainless steel vessel is the outer tank of the antineutrino detector nauligyrrounds the buffer
oil region. It will be built with low radioactivity 304L stainless steel and wiltisey the following require-
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Fig. 5.7. Left: The energy reconstruction resolution for electron ewaritermly gen-
erated in the target region follow.2%/\/E(MeV'). Right: The vertex reconstruc-
tion resolution for 8 MeV electron events uniformly generated in the targ@meus-
ing maximum likelihood fitting. The x-axis is the distance of the reconstructadwer
to the true vertex and the y-axis is the number of events.
ments:

a. leak-tight against mineral oil and water over a long period of time (16syea
b. chemically compatible with the mineral oil buffer;

c. mechanical strength to support the hydrostatic pressure of the ligoiggpport the PMT structure
and to handle the stresses induced by transporting, lifting and handling;

d. minimal material so as to reduce backgrounds from radioactivity in thesstdevelds.

The stainless steel vessel is a cylinder of 5000 mm height and 5000 mm digexé¢éenal dimensions)
with a 10 mm wall thickness (304L stainless) as depicted in Fig. 5.8. It weilghst 20 tons (including the
support structures) and has a volume-@&5 n? (without the chimney).

5.2.1 Acrylic Vessel

The target vessel is a cylinder of 3200 mm height and 3200 mm diametem@xtémensions) with
10 mm wall thickness (acrylic). It weighs580 kg, and contains a volume 25 n? (without chimneys).
The~-catcher vessel surrounding the Targetis a cylinder of 4100 mm heaight 100 mm diameter (external
dimensions) with a 15 mm wall thickness (acrylic). It weighs 1420 kg, amdainos a volume of 28 i
(53 m3 — 25 m?3) (without the chimneys). At the top of the target vessel, there are twoee trimneys for
injecting the LS and for passage of radioactive calibration sourcese Wikkbe one or two chimneys for the
~-catcher as well. The chimneys diameter will 980—-100 mm. Drawings of the target and theatcher
vessels are shown in Fig. 5.9.

The target ang-catcher vessels will be built of acrylic which is transparent to photonswatrelength
above~300 nm (50% at 300 nm [2]). Both vessels are designed to contain ardigaiits with a long term
leak-tightness (free from leakage for ten years) and stability. The ¢igticestraint is the chemical compati-
bility between the vessel and the scintillating liquids, for at least five ye&exelmust be no degradation of
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Fig. 5.9. The design of the double vessel.

the liquid properties (scintillation efficiency, absorption length) nor anyiigmt degradation of the acrylic
material (yellowing or crazing of more than a few percent of the acrylitasararea). The-catcher vessel
will also be chemically compatible with the mineral oil in the buffer region.

Acrylic is normally PMMA plus additional ingredients to prevent aging and UVitigbsorption. Dif-
ferent manufacturing companies have different formulas and tradetsdor the additional ingredients,
resulting in different appearance, chemical compatibility, and agingtsff€or the material choice, we
have surveyed many kinds of organic plastic. We have identified two pessibrces for fabrication of the
acrylic vessels: the Jiang Chuan Organic Plastic Ltd. Corp, located in citaraf Fang, Hebei Province,
China, and the Gold Aqua System Technical Co. in Kaoshiung, Taiwasi@ary of the Nakano company).

The Jiang Chuan Corp. uses a centrifugal casting method for their gotisir of the vessel. The
approach of Nakano’s subsidiary company uses bent plate sheetglteddgogether by the polymerization
method. It appears at this time that this method will be preferable as it shavidera higher quality vessel.

In the polymerization gluing method, they add the same raw materials as the aBPiyIMA + in-
gredients) into the gap between the plates. Thus the joints consist of exacgriie acrylic material as
the joined plates, and there is no difference in their mechanical, chemicalpdicdl properties. During
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polymerization, UV light is used instead of heating, in order to prevent the sieets from rebounding.
The speed of polymerization is controlled to minimize the remaining stress. Ontanthes fabricated in
shape, it will be put in a thermally insulated enclosure for up to a moenihvweek in our case) to be heated
for releasing the stresses. The temperature will be controlled withinC. Different acrylic types, shapes,
thicknesses, etc., need different temperature curves for bendinguaind. Hence experience is very im-
portant. The geometric precision can be controlled-Bomm for a 2 m-diameter tank. The tank can have
reinforcement structures at both the top and bottom; therefore the meakstnéngth is not a problem for a
very thin tank &1 cm). However, a thin sheet tends to have more residual stress whichenpaglidematic
for chemical compatibility. The minimum thickness of our tank is to be discusgedtat compatibility
tests of acrylic sheets with liquid scintillator and mineral oil are completed. Fig@ shows a example
of the acrylic plastic vessel. Mechanically, the double vessels must beysirmhstable enough to ensure

The diameter and the height are both 2 m, with high precision.

identical shapes between near and far target vessels.

The manufacture and transportation of the detector vessels can cawgkcations to the experiment
and they need to be studied in great detail. Simulation has shown that theottatisp phase is hazardous
for a double acrylic vessel which has been completely assembled. Thel design, and the design of
a transportation system to isolate large shock and vibration loads, refuitesr analysis. This problem
could also be solved, without changing the baseline design, by trangptirtinarget ang-catcher vessels
separately, and integrate and glue theatcher top lid and the chimney in the filling hall.

All three regions within the antineutrino detector module have to be filled simultshedrhe fill-
ing phase generates constraints related to the differences in heightlwjuide According to mechanical
simulations, if we neglect density variations, the acceptable differencéativesfluid heights is 30 cm.

5.2.2 Calibration Ports

In addition to the central chimney port, the buffer vessel lid will have s#\&6) ports, each 100—
200 mm diameter, to facilitate the deployment of radioactive calibration soarab$ight sources. These
ports will have gate valves to isolate the calibration devices when they aiie nse and facilitate their
removal. Around the side wall of the stainless steel vessel there will b@®2 @f 5-10 cm diameter for
high voltage, signal, and instrumentation cables.
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The cables will be routed down to the bottom of the water pool and up the sids £ minimize
interference with the water Cherenkov system. The cables may either bnazhin pipes, or we will
design a fail-safe isolation connector to allow the cables to be in the water.

5.3 Liquid Scintillator

The gadolinium-loaded organic liquid scintillator, Gd-LS, is a crucial compboéthe antineutrino
detector. The H atoms ("free protons”) in the LS serve as the targetdantierse beta-decay (IBD) reac-
tion, and the Gd atoms produce the delayed coincidence, so importantckgrband reduction, between
the prompt positron and the delayed neutron from the IBD. The LS contal®@86 hydrogen. Gd has a
very large neutron-capture cross section; éhef natural abundance Gd is 49,000 barns so that isotopic
enrichment of the Gd is not required. Two stable isotopes of Gd contribugt ofiahis cross section:
o(1%5Gd) = 61,400 barns andr(1*"Gd) = 255,000 barns. Furthermore, neutron-capture on Gd leads to
emission ofy rays with a total energy o£8 MeV, that is much higher than the energies of thrays from
natural radioactivity which are normally below 3.5 MeV. Hence, organiabfed with a small amount of
Gd is an ideal antineutrino target and detector. Both Chooz [1] and Pede Y&] used 0.1% Gd-doping (1 g
Gd per kg LS) that yielded a capture timeof28 us, about a factor of seven shorter than that on protons
in undoped liquid scintillator,{ ~180us). This shorter capture time reduces the backgrounds from random
coincidences by a facter7.

To detect reactor antineutrinos with high precision, the Gd-LS must haveltbeing key properties:

a) high optical transparency = long optical attenuation length, (b) higtophmroduction (high light yield)
by the scintillator, (c) ultra-low impurity content, mainly of the natural radio&ctientaminants, such as
U, Th, Ra, K, and Rn, and (d) long-term chemical stability, over a perfakweeral years. It is hecessary
to avoid any chemical decomposition, hydrolysis, formation of colloids, &mperization, which can lead
over time in the LS to development of color, cloudy suspensions, or formatigels or precipitates, all of
which can degrade the optical properties of the LS. To achieve thesie¢iR&D is required on a variety of
topics, such as: (1) selection of the proper organic LS, (2) developmhehemical procedures to synthesize
an organo-Gd complex that is soluble and chemically stable in the LS, (3)gatiof of the components of
the Gd-LS, and (4) development of analytical methods to measure thegedgsrties of the Gd-LS over
time. These topics will be discussed in the subsections below.

Major R&D efforts on LS and Gd-LS are being carried out at BNL in the UISEP in the Peoples
Republic of China and JINR in Russia:

A. The Solar-Neutrino/Nuclear-Chemistry Group in the BNL Chemistry Diapaent has been involved
since 2000 in R&D of chemical techniques for synthesizing and charaogeozganic liquid scintil-
lators loaded with metallic elements, M-LS. They helped to develop a propeseldw-energy solar-
neutrino detector, LENS/Sol [4]. Concentrations of M in the &5-10% by weight were achieved
to serve as targets for solar neutrino capture, with M being ytterbiund*(vand indium (If+). It
was obvious that these chemical results could readily be extended to theeaetwr antineutrino
experiments, to prepare Gd-LS (with &9 at the much lower concentrations required for neutron
detection,~0.1%. BNL began R&D in 2004 on solvent extraction methods to synthesizeS5d-L

B. Nuclear chemists at IHEP also began their R&D on Gd-LS in 2004. Theg temded to focus on
preparing solid organo-Gd complexes, the idea being that the solid sheukhdily dissolvable in
the LS, to allow preparation of the Gd-LS at the Daya Bay reactor site.

C. The JINR chemists, who have long experience in the development tGE@eistillators, are currently
studying the characteristics of different LS solvents, especially Lindail Benzene. They have also
began some collaborative work on Gd-LS with chemists at the Institute ofd@hyhemistry of the
Russian Academy of Sciences, who also did R&D on In-LS for LENS/Sdisgain about 2001.
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It should be noted that the general approach of these differenpgispretty much the same, to prepare
organo-Gd complexes that are soluble and stable in the LS organic sdt@wmtver, the chemical details
of their R&D programs do differ in significant respects at present, ss@hthe purification procedures, the
control of pH, and reliance on either solvent-extraction methods or formafiGd-precipitates to isolate
the Gd organo-complex. We discuss the current status of the major similaritiedifferences of these
approaches. We note that the differences cited do not seriously Hfeegeneral goals of the experiment
and are acceptable at this stage of development of the experiment. Asadoperative R&D ties between
these groups develop in the coming months, it is expected that these issuas ngdblved.

5.3.1 Selection of Solvents

Several aromatic (organic compounds based on benzene) scintillation lgeidsstudied at BNL to
test their applicability as solvents for Gd-LS. (1) Pseudocumene (P@hvdthe 1,2,4-isomer of trimethyl-
benzene (and mesitylene, the 1,3,5-isomer), has been the most commongolveed for Gd-LS in pre-
vious neutrino experiments. But it has a low flash point’(€3 and aggressively attacks acrylic plastic.
(2) Phenylcyclohexane (PCH) has a lower reactivity than PC, but alfyohthe light yield. (3) Both di-
isopropylnaphthalene (DIN) and 1-phenyl-1-xylyl ethane (PXE)ehaptical absorption bands in the UV
region below 450-nm that cannot be removed by our purification proeg@lthough we note that Double
Chooz has chosen PXE as a satisfactory solution for their requirem@ht&ecently, a new LS solvent,
Linear Alkyl Benzene (LAB) [5], has been identified as a potentially #&oésolvent for Gd-LS. LAB is
composed of a linear alkyl chain of 10-13 carbon atoms attached to antgerimg, and has a light yield
comparable to PC. LAB also has a high flash point, which significantly redileesafety concerns. It is
claimed by the manufacturers to be biodegradable, and is relatively ingxpgesince it is used in the in-
dustrial manufacturing of detergents. (5) Mineral oil (MO) and doded®D) both have very good light
transmission in the UV-visible region so that no further purification is requiféey produce little or no
scintillating light. It has been reported that mixtures of PC + mineral oil will iatck acrylic.

PC and LAB, as well as mixtures of PC with DD and of LAB with PC, have besacted as the
candidate scintillation liquids for loading Gd in the Daya Bay neutrino detecto€hina, an unpurified
LAB sample obtained from Fushun Petroleum Chemical, Inc. has an attemiexigth longer than 30 m; if
its quality is uniform from production batch to batch, it can be used directi@sequired solvent without
further purification. In the U.S., pure LAB has been obtained from theeBa&t€ompany in Canada. Even
though this LAB is quite pure, BNL routinely uses purification proceduresngure that all of its LAB
samples have uniform properties. The chemical properties and phpsidarmance of these scintillation
solvents, plus mineral oil and dodecane, are summarized in Table 5.4.

LS Gd Loading Density | abssg | Purification| Relative || Flash Paint
inLS (glen?) Method | Light Yield
PC Yes 0.889 | 0.002 | Distillation 1 48°C
PCH Yes 0.95 | 0.001| Column 0.46 99°C
DIN Yes 0.96 0.023 Column 0.87 >140°C
PXE | Yes, butis not stable 0.985 | 0.022 | Column 0.87 167C
LAB Yes 0.86 | 0.000| Column 0.98 130°C
MO No 0.85 | 0.001 | Not needed NA 215C
DD No 0.75 | 0.000 | Not needed NA 71°C

Table 5.4. Properties of Selected Liquid Scintillators, as compiled at BNL
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5.3.2 Preparation of Gadolinium Complexes

One of the major research challenges is how to dissolve the Gd into the liguiiflatcin Since the LS
detector is made of an aromatic organic solvent, it is difficult to add inorgaifte af Gd into the organic
LS. The only solution to this problem is to form organometallic complexes of Gdavianic ligands that
are soluble in the organic LS.

The recent Chooz and Palo Verde antineutrino experiments used diiffeethods to produce their Gd-
doped liquid scintillator. In the Chooz experiment, Gd{N$was directly dissolved in the LS, resulting in
a scintillator whose attenuation length decreased at a relatively rapid 4 p@r day. As a result, Chooz
had to be shut down prematurely. On the other hand, the Palo Verderegpetsed the organic complex,
Gd-ethylhexanoate, yielding a scintillator which aged at a much slower r@&yper day.

In the Periodic Table, Gd belongs to the lanthanide (Ln) or rare-ealssarelements. Lanthanides
such as Gd can form stable organometallic complexes with ligands that coxygi@m nitrogen, and phos-
phorus, such as carboxylic acids, organophosphorus compamttseta-diketones. Several recipes for Ln-
LS have been developed based on these organic ligands. For examy@tyBiexanoate (Palo Verde, Univ.
Sheffield, Bicron), In-, Yb- and Gd-carboxylates (BNL for LENSdabaya Bay), Gd-triethylphosphate
(Univ. Sheffield), Yb-dibutyl-butylphosphonate (LENS), and Getstacetonate (Double-Chooz).

Complexants that have been studied at BNL are (i) carboxylic acids (RH)@hat can be neutralized
with inorganic bases such as NBH to form carboxylate anions that can then complex théLion,
and (ii) organic phosphorus-oxygen compounds, "R-P-O”, suctrilagtyl phosphate (TBP), or trioctyl
phosphine oxide (TOPO), that can form complexes with neutral inorgaeicies such as LngJ6]. Initially,
work was done with the R-P-O compounds. The extraction of Ln is effedbiut the attenuation length is
only a few meters and the final Ln-LS was not stable for more than a few soBththe other hand, the
carboxylic acids, "TRCOOH”, form organic-metal carboxylate compldkascan be loaded into the LS with
more than 95% efficiency using solvent-solvent extraction. Moreovecdheoxylic acids are preferable
because they are less expensive and easier to dispose of as cheasizglawmpared to the phosphorus-
containing compounds. In principle, the chemical reactions are (a) fieatien, RCOOH + NHOH —
RCOO™ + NHJ + H,0 in the aqueous phase, followed by (b) Ln-complex formatiort; LA 3BRCOO™ —
Ln(RCOO}, which is soluble in the organic LS. These reactions are very sensitié: tilve neutralization
step to form the RCOO depends on the acidity of the aqueous solution, and hydrolysis of thie ¢am
compete with formation of the Ln(RCO@gomplex.

A range of liquid carboxylic acids with alkyl chains containing from 2 to &caus was studied. It was
found that acetic acid (C2) and propionic acid (C3) have very low effftéés for extraction of Ln into the
organic phase. Isobutyl acid (C4) and isovaleric acid (C5) both hamegsunpleasant odors and require R-
P-O ligands to achieve high extraction efficiencies for Ln. Carboxylicsaotthtaining more than 7 carbons
are difficult to handle because of their high viscosity; also as the numbzrbbn atoms increases in the
carboxylate complex, the relative concentration by weight of Ln deesed$he best complexant found to
date is the C6 compound, 2-methylvaleric acigHg COOH or "THMVA”.

Several instrumental and chemical analytical techniques have beeatl&Nt as guides for optimiza-
tion of the synthesis procedures for Gd-LS. Besides the measuremédigtst gfeld and optical attenuation
length to be described below, are measurements in the LS of the concestadti(i) G#* by spectropho-
tometry, (2) the total carboxylic acid, R-COOH, by acid-base titrationsth@uncomplexed R-COOH by
IR spectroscopy, (4) the different organo-Gd complexes in the ardigid by IR spectroscopy, (5) the
H2O by Karl-Fischer titration, and (6) the NHand CI- by electrochemistry with specific ion-sensitive
electrodes. These measurements produced very interesting resultslibateid that the chemistry of the
Gd-LS is more varied and complicated than what is expected from the simpiecaieeactions (a) and (b)
listed above. The Gd molecular complex in the LS is not simply Gd(MYAit contains some OH as well,
and the form of this complex changes with changing pH. So, even thoudpritréerm studies consistently
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show that the Gd-LS is chemically stable for periges year, there is the lingering concern that hydrolysis
reactions might occur over long times in the LS. Careful attention to chemitalsjespecially pH control,
is crucial here, as is long-term monitoring of the Gd-LS.

To date at BNL, many hundreds of Ln-LS samples have been synthesizbaling scores of Gd-
LS. [7] There are two approaches for preparing batches of the &di).synthesizing each batch at the
desired final Gd concentration, 0.1-0.2%, or (ii) synthesizing more obrated batchesy 1-2% Gd, and
then diluting with the organic LS by a facterl0 to the desired concentration. The two approaches are not
identical, with regard to possible long-term effects such as hydrolysipalydherization. Approach (ii) is
currently favored because it simplifies the logistics of preparing andaoatiisg very large volumes of Gd-
LS. At IHEP, thirteen organic ligands including four organophospt@ampounds, five carboxylic acids,
and four3-diketones have been tested. The carboxylic acids seem most suitabéeptlthem have been
used for further study. The Gd carboxylate can be synthesized bylibeiing methods: [a.] Carboxylic
acids are neutralized by ammonium hydroxide and reacted with {3d@brm a precipitate. The solid is
collected by filtration, washed with distilled water, and dried at room temperdtui Carboxylic acids are
dissolved in an organic solvent that is also the LS and mixed with a£3g&kr solution. Then the pH of the
solution is adjusted with ammonium hydroxide. The Gd-carboxylate is simultalygfoumed and extracted
into the LS solvent. Method [a], the preparation of the solid Gd complex, igitly being emphasized at
IHEP.

After the Gd-complex is synthesized and dissolved in the LS, a primary foen¢ additive and a
secondary spectrum shifter (both called "fluors”) are added. AFHEe final concentration of the solutes
includes 1 g/L Gd, 5 g/L PPO (primary), and 10 mg/L bis-MSB (seconddityg. resulting liquid is then
pumped through a 0.22m filter and bubbled with nitrogen for the removal of air. At BNL, the fluors,
butyl-PBD (3 g/L) and bis-MSB (15 mg/L), are used. No filtration is applied.

5.3.3 Purification of Individual Components for Gd-LS

Most purification steps developed at BNL are applied before and dthngynthesis of the Gd-LS [8].
Chemical separation schemes that would be used after the Gd-LS hayh#esized are usually unsuitable
because they would likely remove some of the Gd as well as other inorganidifiegu

The removal of non-radioactive chemical impurities can increase thenissisn of the lightin the LS
and enhance the long-term stability of the Gd-LS, since some impurities careistbw chemical reactions
that gradually reduce the transparency of the Gd-LS. Chemical ptidficsteps have been developed for
use prior to or during the chemical synthesis: (1) The purification of cheritigredients in the aqueous
phase, such as ammonium hydroxide and ammonium carboxylate, is dooledayt €xtraction with toluene
mixed with tributyl phosphine oxide (TBPO). (2) LAB, which has low volatilitypsrified by absorption
on a column of activated AD3. (3) High-volatility liquids, such as the carboxylic acids and PC, are pu-
rified by temperature-dependent vacuum distillatiorc@t04 bar. Vacuum distillation should remove any
radioisotopic impurities, including radon. Figure 5.11 compares the optieatrspfor LAB before and after
purification with the activated A3 column.

Two methods, cation exchange and solvent extraction, are being caatsiaieBNL for the purifica-
tion of radioactive impurities associated with Gd, mainly the U and Th decay <hBire contents of the
radioactive impurities in the commercially obtained 99% and 99.999% 38O solids that are used as
starting materials were measured by low-level counting at BNL and at theYdewState Department of
Health and found to be less than the detectable limits{1flg). More sophisticated radioactivity measure-
ment steps will have to be developed to quantify these radioactive spéci@scantrations of 10 g/g in
the Gd (implying impurity levels of 10'? g/g in the final 0.1% Gd-LS) to fulfill our criterion of a random
singles rate below 50 Hz (with 0.8 Hz from radioactive contaminatiofftfl, 232Th, and‘’K in the Gd-
LS). Although this goal is achievable routinely for unloaded LS (i.e., witlalaled Gd), [9], special care is
required for Gd-loaded LS since the Gd (and other lanthanides) obtaii@una usually contaif*2Th at
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Purification of LAB by Column Separation
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Fig. 5.11. UV-visible spectra of LAB before and after purification

a level of~0.1 ppm. For Gd loading of 0.1% by weight in the antineutrino detector, the @thgtanaterial
has to be purified to a level10~°g/g. In order to eliminate the Th, G&; powder at IHEP is dissolved in
hydrochloric acid and passed through a cation-exchange resin caRrgiiminary assays at IHEP showed
that this Gd purification procedure reduced the Th content at the pplbleaefactor of four.

5.3.4 Characterization of Gd-LS

The long-term stability of the Gd-LS preparations is periodically monitored Q@", quality control,
program, by measuring their light absorbance and light yield. Samplestfrereame synthesis batch are
sealed respectively in 10-cm optical glass cells for UV absorption measunts, and in scintillation vials
for light yield measurements. Monitoring the UV absorption spectrum asd@ifumof time gives a more
direct indication of chemical stability than does the light yield. In Fig. 5.12, tileabsorption values for
a wavelength of 430 nm (in the UV spectrometer) are plotted for BNL Gddr8pdes as a function of
calendar date, until May 2006, for different concentrations of Gohf€o2% to 1.2% by weight in a variety
of solvent systems — pure PC, pure LAB, and mixtures of PC+dodecahefd&C+LAB. The figure shows
that, since synthesis, samples of: (a) the 1.2% and 0.2% of Gd in pure RGh&ar been stable for more
than 1.5 and 1 years, respectively; (b) the 0.2% of Gd in the mixture of 20%n 80% dodecane has so
far been stable for more than a year; and (c) the recently developedo® @#in pure LAB and in 20so far
for approximately 6 months.

The value of the optical attenuation length,is extrapolated from the UV absorption data. It is defined
as the distance at which the light transmitted through the sample has its intensitgdedl /e of the initial
value:L =0.434 d/a, where is the absorbance of light (at a reference wavelength, usually 430 nasymesl
in an optical cell of length d. Note that for d = 10 cm, a value 6f0.004 translates into an attenuation length
L~11 m. However, it is difficult to extract accurate optical attenuation lengtm these short pathlength
measurements because thealues are close to zero. Measurements over much longer pathlengths are
needed. BNL has constructed a system with a 1-meter-pathlength, hafigaligned quartz tube. The
light source is a He-Cd, blue laser with= 442 nm. The light beam is split into two beams with 80% of
the light passing through the 1-m tube containing the Gd-LS before agratia photodiode detector. The
remaining 20% of the light passes through an air-filled 10-cm cell andhesaanother photodiode detector
to measure the fluctuations of the laser intensity, without any interactions in thd. ligse of this dual-
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beam laser system with 1-m pathlength confirmed the values of the attenuatith éxtrapolated from
the measurements with the 10-cm cell in the UV Spectrometer. For 0.2% Gd in 820#80% dodecane
mixture without fluors, the 1-m measurement gave 99.54% transmissioasporrding to attenuation length
~22 m. This agreed with the value21.7 m that was extrapolated from the measure.002 in the 10-cm

cell.

The long-term stability of the Gd-LS developed at IHEP has also beentigatsd with a UV-Vis
spectrophotometer using a 10-cm optical cell. IHEP also has developegtiaal system with variable
vertical pathlengths up te2 m to measure the optical attenuation more accurately. Figure 5.13 shows the
long term stability over time of four IHEP Gd-LS samples as measured by optisairption at 430 nm.

In all of these IHEP samples, fluors were added, 5 g/L PPO and 10 mgM®&s- The concentrations
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of Gd, complexing ligand, and solvent in the four samples are: [A.] 2 g/Li€mhanoate as ligand, 4: 6
Mesitylene/dodecane; [B.] 2 g/L Gd, ethylhexanoate as ligand, 2: 8 Masifdedecane; [C.] 2 g/L Gd,
isonanoate as ligand, LAB; [D.] 2 g/L Gd, 2:8 ethylhexanoate as ligand Needtylene/LAB; The IHEP
results show that the variations of the absorption values are very smagdhe four-month period for all
four samples. The attenuation lengths of samples C and D are longer tharirb@ tHEP QC program of
long-term stability testing will continue fae 1 year. At JINR, optical properties and light yields of samples
of LAB are being measured.

The light yield of the Gd-LS is also measured at BNL and at IHEP. At BNdgiatillation vial contain-
ing ten mL of Gd-LS plus the wavelength-shifting fluors, butyl-PBD (3 g/Ld bis-MSB (15 mg/L), is used
for measurement of the photon production. The value of the Gd-LS light, yagnich is determined from
the Compton-scattering spectrum produced by an extéth@k v-ray source that irradiates the sample, is
quoted in terms of S%, relative to a value of 100% for pure PC with no Gd IgaMeasured S% values
are respectively 95% for 95% LAB + 5% PC, and 55% for 0.1% Gd in 20%BG0% dodecane.

Table 5.5 lists the light yield for several IHEP Gd-LS samples, relative toleevaf 100% for an
anthracene crystal. It is seen that the concentration of Gd loading halittle effect on the light yield.

| Gd(g/L) | Scintillator | Complex | Solvent || Light Yield |
— PPO bis-MSB — PC:dodecang 0.459
— PPO bis-MSB — LAB 0.542
15 PPO bis-MSB| Gd-ethylhexanoate| 2:8 PC:LAB 0.538
2.0 PPO bis-MSB| Gd-ethylhexanoate, 2:8 PC:LAB 0.528
1.5 PPO bis-MSB| Gd-isononanoic acid LAB 0.492
2.0 PPO bis-MSB| Gd-isononanoic acid LAB 0.478

Table 5.5. Light yield for several Gd-LS samples prepared at IHEPsuned relative
to an anthracene crystal.

5.3.5 Comparisons with Commercial Gd-LS

At BNL, a sample of commercially available Gd-LS, purchased from BicBf+;521, containing 1%
Gd in pure PC, has been compared with a BNL Gd-LS sample containing 1.2 F3d. BC-521 is the
concentrated Gd-doped scintillator with organic complexing agent in PC thatugsed in the Palo Verde
reactor experiment after it was diluted to 40% PC + 60% mineral oil. The lighds/ief the respective
BNL and Bicron samples were found to be comparable, 82% vs. 85%, mieasured at BNL relative to
100% PC, and, as quoted by Bicron, 57% relative to anthracene. ldowbe attenuation length for the
BNL-prepared Gd-LS was 2.5 times longer than the value for the Bicron BC-521 sample, 6.2 mvs. 2.6 m
as measured at BNL; Bicron quoted a vait.0 m for its sample. This significant difference in attenuation
may reflect the care put into the BNL pre-synthesis purification steps.

The chemical stability of these BNL and Bicron BC-521 samples are beingvedian our QC program.
No perceptible worsening of the optical properties of these samples bBasbserved over periods of 1.5
and~1 years, respectively. Note that Bicron simply characterizes the stability BC-521 as being "long
term”.

5.3.6 Large Scale Production of Gd-LS

Tasks that have begun or will be undertaken in the next several maeths #llows: (1) to continue the
QC program of long-term stability of different Gd-LS preparations;t@fletermine the quality, quantity,
and types of fluors required to add to the Gd-LS to optimize photon produatidright attenuation, in
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order to decide upon a final recipe for the Gd-LS synthesis; (3) to budtbsed synthesis system that
eliminates exposure of the Gd-LS to air; (4) to scale the chemical procethur&d-LS synthesis up from
the current lab-bench scale to volumes of several hundred litersidtotppe detector module studies, and
as a prelude to industrial-scale production on the level of 160 tons; (bitéonate many of these chemical
procedures, which are currently done by hand; (6) to use standdrdlBTM-type tests to study the chemical
compatibility of the LS with the materials that will be used to construct the detecsseljee.qg., acrylic; (7)
to find methods to measure accurately, with high precision, the concentratios, IC/H and Gd/H, and the
H and C concentrations.

5.3.7 Storing and Handling of LS at Daya Bay

The basic assumptions that underlie the following discussion are that weeleititd AB as our LS
choice. If another scintillator is chosen, the procedures will be modifipdogpiately. The procedures de-
scribed below assume that we will dilute a 1% solution of Gd-LS; if another mgichosen these proce-
dures will be appropriately modified. We also assume:

1. Detector modules will be treated as matched pairs, so that they are knbemsidentical as can be
prepared. Comparison of any differences in the operating chardicein$ these identical detectors
will provide crucial information about the control of systematic uncertainfiésis, at a minimum,
40 tons of 0.1% Gd-LS, well mixed and equilibrated, will have to be prepatrede time, to be able
to fill two of the antineutrino detector modules at the same time.

2. To reduce the volume of the required space underground and obskeaf excavations, the ‘stock
solutions’ of LAB and of 1% Gd in LAB will be stored on the surface.

3. Some procedures, such as stirring or mixing of a liquid in a tank on syrfak be required to ensure
uniformity within that liquid. With that capability in hand, it becomes feasible to diesthe fluors
in the LAB that is stored on the surface.

4. Preparation of the 0.1% Gd in LAB will be done underground prior to filtinginner detector mod-
ules.

The following points represent the preferred conceptual option fodliveg large amounts of organic liquids
at the Daya Bay site. The first three subsections deal with conditions @utfaee, during transport, and
underground, while the fourth section deals with general issues theglavant to all of the subsections.

5.3.7.1 Surface LS Handling

o LAB (undoped) storage tank (if possible located not too far from tunnehace, but this is not an
absolute necessity).

1. Minimum capacity is 140 tons, the total amount of undoped LAB needecttmape the solution
of 0.1% Gd in LAB that will fill all eight antineutrino detector modules.

2. If desired, this tank can be large enough to store ALL of the LAB reguto fill all of the
~-catcher regions as well as the antineutrino detector modules. Maximunityapeeded is
400 tons.

3. This tank will not be for passive storage. It will have to contain some migipparatus (e.g.,
mechanical stirrer or gas bubbling) to ensure uniformity of the containeil l{@ssuming that
more than one shipment of LAB is received from the manufacturer).

4. This tank on surface will also be used to dissolve and mix the fluors in LAB.
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5. This tank will require a purification column (containing,®k) in its inlet line, since the LAB
will have to undergo final purification prior to addition of the fluors.

o Storage tank for 1% Gd in LAB that has been synthesized elsewhere.

1. Capacity of 20 tons.
2. This tank will also need mixing apparatus, to ensure uniformity of the totain@of liquid.

o Mineral Oil will not need a storage tank on surface. If it is delivered tarker truck, it can be moved
directly underground. If delivered in drums, the mineral oil will be transfd on the surface to an
ISO tank for shipment underground.

5.3.7.2 Transportation of LS Underground

o As discussed in Section 5.3.7.4 below, transport of batches of liquidstfretanks of LAB and 1%
Gd in LAB on the surface to the underground hall will be done in dedic&€rdontainers.

o Dilution of the 1% Gd LAB mixture with LAB will be done in the underground fillinglha

5.3.7.3 Underground LS Filling

o There will be three tanks, each with 40-ton capacity, and each devotegktwith only one of the
liquids that will go into the detector module.

o Each of these three tanks will serve as a filling station, by being outfitted wittpests that will
connect to a centralized, instrumented system with plumbing designed to alléinigeof the three
zones of each detector module simultaneously: the inner zone with 0.1% Gdinthdintermediate
zone with undoped LAB, the outer zone with mineral oil.

o Two of these tanks will be for intermediate passive storage, i.e., one fwped LAB and one for
mineral oil.

o The third tank will serve as a chemical processing tank, to prepare the®dLi¥h LAB, by diluting
and mixing the 1% Gd-LAB with the undoped LAB. This tank will contain a mixingaagus.

5.3.7.4 General Points Regarding LS Handling

o All tanks containing LAB-based liquids, on surface and undergrowildl,need Teflon-like inner
liners. The tanks themselves may be stainless steel or other material. We w&amittousting as well
as contact of the metal with the organic liquids. The choice of materials mayndepethe cost.

o To remove air, all of the tanks will have the capability of gas purging, byobog inert gas (such as
nitrogen) through the organic liquids in the tanks or by establishing a blahketrt gas to cover the
liquid.

o 1SO containers, with thermal insulation or possibly active temperature ¢ontliceither be leased or
purchased. These have capacities of 5000-9000 gallons. They wiirbtully cleaned prior to use.
Individual ISO containers will be dedicated to use with particular liquidg, fon LAB, one for 1%
Gd in LAB, and if needed, one for mineral oil. Their main use will be for tpamsof the liquids from
the surface to underground.

o Procedures will have to be developed for clean transfers of the ligoads,on surface and under-
ground, when hooking up to plumbing, etc., to minimize contamination by dust, dittywnair-borne
radon.
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5.4 Antineutrino Detector Photomultiplier Tubes

Optical photons produced by charged particles oays in the antineutrino detector are detected with
224 PMTs submerged in the buffer oil inside the steel vessel. The PMTareanged in seven horizontal
rings, each with 32 PMTs. The rings are staggered in such a way thaMfie & two adjacent rings are
offset by half the PMT spacing in a ring. Simulation studies indicate the adoptedber of PMTs and
configuration can provide good energy resolution, about 16% at 1 [HeWh the experience of the other
experiments, the failure of PMT in the detector is about 1%. We thus hafieienf number of PMTs in
each detector module to ensure reliable performance.

We require the PMT to have a spectral response that matches the emissabrurspof the liquid
scintillator and good quantum efficiency for detecting single optical phatamaminal gain of abouit0”.

It is desirable to have good charge response, i.e. the peak-to-vdileyfoa identifying the single photo-
electron spectrum from the noise distribution. Since the energy of an isvdinectly related to the number
of optical photons collected, the PMTs operating at the nominal gain mustéaellent linearity over a
reasonable broad dynamic range. In addition, the dark current,utse-pnd after pulse should be low to
minimize the noise contribution to the energy measurement. Furthermore, thal matlioactivity of the
materials of the PMT must be kept low so that txeay background in the detector module is as small as
possible. These specifications will be quantified with simulations and by destildibs of a small number
of PMTs purchased from the manufacturers prior to the production.orde

Taking the photo-cathode coverage of the detector module, number of RMJe used, and cost into
account, we plan to use 20-cm-diameter PMTs for the antineutrino detectatesod

5.4.1 PMT Selection Options

There are currently two candidate photomultiplier tubes for use in the animeuafetector modules,
the Hamamatsu R5912 [10] and the Electron Tubes 9354KB [11]. BothraRMT's with a 190 mm-wide
photocathode and peak wavelength sensitivity near 400 nm. They are similasign and construction.
However, the R5912 has 10 dynodes while the 9354KB has 12. The HamaR8912 is an improved
version over the R1408, which was used by SNO [12]. The R5912 & mg®MILAGRO and AMANDA.
Both PMTs will be extensively tested.

The manufacturers will be asked to integrate potted bases and oil-resigtanioltage and signal ca-
bles into the construction of the deliverable products. Also we plan to spbeitype of the voltage divider
optimized by us for Daya Bay operation, which the manufacturer will buildhflagh radiopurity com-
ponents and seal in the PMT/base assembly. The final decision on thiosetda specific manufacturer
will be made after verifying the compliance with the required level of raditypudetailed performance
comparisons, and price.

5.4.2 PMT Testing

Uniform performance, stable, reliable and lasting operation of the PMiemyare essential to the
successful execution of the experiment. These requirements demamntpeebensive program of testing
and validation conducted prior to installation and commissioning of the PMTSs.

We will ask the selected manufacturer to provide certificates of acceptante PMTs. The certifi-
cates document measured results, compliant to our specifications, thatlyyjpiclude: cathode and anode
luminous sensitivity, cathode blue sensitivity, anode dark current amdcdanting rate, operating voltage
for a gain of 10, charge response and transit time spread.

Testing and validation of the received PMTs will be conducted using amustst-stand. An LED will
be pulsed to simulate scintillation light. The light will be collected within optical fibeid thansported to
the PMT. This setup allows us to adjust the intensity and position (on the phatdeudf the light reaching
the phototube. The purpose of this exercise is to gather a set of phyareaheters for each PMT, such as
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gain vs. high-voltage, operating voltage at the nominal gain, quantuneeffic dark rate, transition time
spread, and linearity. In addition, test of radio-purity will be made. A tmuwandomly selected tubes from
each batch will be radio-assayed non-destructively. If the K, Th, aoktent exceeds the specified level
of contaminations, additional randomly selected tubes from the same batclewdtim-assayed. If more
PMTs exceed the specified contamination level, the whole batch will be rej@d¢tectollected data will be
used in simulation and analysis.

5.4.3 PMT Support Structure

The mechanical support of each PMT is a tripod structure which is mountedfiame attached to
the inner wall of the steel vessel. A tripod is stable and convenient fostiakjuthe orientation of the PMT.
Figure 5.14 shows the support structure. This structure is light and witidzke of radio-pure materials. The
orientation of the PMT can be adjusted by varying the lengths of the threeTlegsircular grips provide
reliable support of the PMT in all possible positions relative to the directicgheobuoyant force.

Fig. 5.14. PMT mechanical support structure.

5.4.4 High-Voltage System

The high voltage and its control system is designed around an Analogd3éwiariant of the 8052
microcontroller. It functions for both HV control and monitoring. The sysis capable of 0.5 V resolution
up to 2048 V. An EMCO DC-to-DC HV generator [13] will be mounted nearghetotube and will act as
our voltage source. The EMCO chips have low ripple, good regulatiahaes economical. The base will
be a simple tapered divider design mounted directly to the phototube, havowmifit smaller than the
standard socket provided by each manufacturer.

Control software is currently written using LabView. The design of this isn& modified version of
the STAR EMC (4800 towers) code, which allowed for 4096 units to be obtbetr from a single serial port
(plus a RS485 converter) in a multi-drop, master-slave network using 48381s. RS485 repeaters will
be used to connect various branches of the HV control network to theaoairol bus. The firmware on the
microcontroller and the LabView based control program are both available
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5.5 Front End Electronics

The antineutrino detector readout system is designed to process the BMIE signals. The essential
functions are as follows:

o Determine the charge of each PMT signal to measure the energy depositiguil scintillator. This
will enable us to select neutrino events, reject backgrounds and elétioeutrino energy spectrum.

o Determine the event time by measuring arrival time of the signals to the PMTseén wrdbuild the
time correlation between prompt and delayed sub-event. The timing informatioalso help us to
reconstruct the location of the antineutrino interaction in the detector, atalp @nd reject potential
background events.

o Provide fast information to the trigger system.

5.5.1 Front-End Electronics Specifications

When a reactor antineutrino interacts in the target, its energy is convertedlirgeiolet or visible
light, some of which will ultimately be transformed into photoelectrons (p.e.) at hloéopathodes of the
PMTs. For a given PMT, the minimal number of p.e.s is one and, basedanteMCarlo simulation, the
maximum number is 50 when an antineutrino interaction occurs in the vicinity of tbddne between the
Gd-doped liquid scintillator and the-catcher. Since typically 500 p.e.’s will be recorded by PMTs for a
cosmic-ray muon passing through the detector, the dynamic range of the BMeQuired to be up to about
500 p.e.’s. The intrinsic energy resolution for a single p.e. is typically &% with some variation from
PMT to PMT, while the energy threshold of a PMT is constrained by the daidentypically at the level of
about 1/3-1/4 of a p.e. The peak-to-peak noise and the charge resafitiee PMT readout electronics is
thus required to be less than 1/10 of a p.e. in both cases. The total chaagaeramaent determined by the
center-of-gravity method will produce the total energy deposited by ineartrino signal or a background
event.

The arrival time of the signal from the PMT will be measured relative to a comstap signal, for
example, the trigger signal. The time jitter of a PMT for a single p.e. is about §—Ranised by the PMT
transit time jitter, the PMT rise time, and the time walk effect of the signal, etc. Téigmgoal for the time
resolution of the readout electronics is thus determined to be less than 0.5 ns.

Since an antineutrino event is a coincidence of the prompt and delayesl/snh their time interval
is a crucial parameter for physics analysis. The precision of this intesrgaminated by the trigger signal
which is synchronized to the 100 MHz system clock. Hence a 10 ns precistxpected, which is sufficient
given the fact that the coincidence window of sub-events isZ0@nd the resultant uncertainty in efficiency
is less than 0.03%. If a TDC counter is employed at the trigger board to needuactual trigger arrival
time with respect to the system clock, a better precision can be achieved.

The dynamic range of the time measurement depends on the uncertainty dddlee fmtency and the
maximum time difference between the earliest and the latest arrival time of lighiiits. The range is
chosen to be from 0 to 500 ns.

The time measurement of the individual PMT time can also be used to determineetitevertex.
Although such a method is particularly suitable for large detectors similar to Kaxnil,At provides an
independent measurement which complements the charge-gravity metisatblbdetectors with diameters
of several meters. Hence it offers a cross-check of systematictaimtezs and an additional handle for
studying backgrounds. The readout electronics specifications mm@atized in Table 5.6.

5.5.2 Front End Boards

Each detector module is designed to have a readout system without aimns#ia to the other modules
except receiving a common clock signal and GPS information. The positrdmeutron triggers are both
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| Quantity | Specification |
Dynamic range 0-500 p.e.
Charge resolution <10% @ 1 p.e.

0.025% @ 400 p.e

noise <10% @ 1 p.e.
Digitization resolution 14 bits
Time range 0-500 ns
Time resolution < 500 ps
Sampling rate 40 MHz
Channels/module 16
VME standard VMEG64xp-340 mm

Table 5.6. Readout Electronics Specifications.

recorded with time stamps and the their matching in time will be done offline by seftWae readout
electronics for each detector module is housed in a 9U VME crate, eatiandte up to 16 readout modules,
one trigger module, and one or two fan-out modules. In such an amergemoveable modules can be
easily realized, and correlations among modules can be minimized.

Each readout module receives 16 channels of PMT signals and comibletése and charge mea-
surement. The sum of hit numbers and the total energy of this module is fethentdgger system for a
fast decision. After collecting information from all readout modules, a @iigignal may send to all readout
modules for data readout upon a positive decision.

A simplified circuit diagram of the electronic readout system, showing its maictifons, is given in
Fig. 5.15.

The analog signal from a PMT is amplified with a fast, low noise (FET inpuegtaigplifier. The output
of the amplifier is split into two branches, one for time measurement, and thefotlvbarge measurement.

The signal for time measurement is first sent to a fast discriminator with agmogable threshold to
generate a timing pulse, whose leading edge defines the arrival time of tiad gigstable threshold set by
a 14-bit DAC (AD7247) [14] via the VME controller is needed for the distnation in order to achieve the
required time resolution.

The timing pulse is sent to a TDC as the start signal, while the trigger signal dsasséhe common
stop. The TDC is realized by using internal resources of a high-pedioce FPGA with key components of
two ultra high speed Gray-code counters. The first counter chahgesrising edge of the 320 MHz clock,
while the second one changes at the falling edge. Thus, the time bin is 1.562fl the RMS of the time
resolution is less than 0.5 ns.

To measure the charge of a PMT signal, an ultra low-noise FET input amphi8066) is selected for
the charge integrator. A passive RC differentiator is used after the attggo narrow the signal. Since the
signal rate of a typical PMT is about 5 kHz including noise, a 300 ns sbdipire is chosen, corresponding to
an output signal width of less thanuk. The analog signal is accurately digitized by a 14-bit Flash ADC with
40 MHz sampling rate after a baseline recovering. The digitized resultdjossly into FPGA, in which
all data-processing like data pipelining, pedestal subtraction, nonlinearitgction, and data buffering are
implemented.

The readout module has a standard VME A24:D32 interface. Both ADT Bx@tidata of the triggered
event are sent to a buffer, which can store a maximum of 256 eventslakaevill be readout through the
VME backplane by the DAQ system within a reasonable time span.
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Fig. 5.15. Block diagram of front-end electronics module for the antineuttatector.

5.6 Antineutrino Detector Prototype

Valuable data on the performance of the antineutrino detector has beémedbftamm a scaled down
prototype at at the Institute of High Energy Physics, Beijing, China. Tlaéafdhis R&D work is multifold:
1) to verify the detector design principles such as reflectors at the tophaniobttom, uniformity of the
response in a cylinder, energy and position resolution of the detectqr2ito study the structure of the
antineutrino detector; 3) to investigate the long term stability of the liquid scintilld)dag practice detector
calibration; 5) to provide necessary information for the Monte Carlo simulation

5.6.1 Prototype Detector Design

As shown in Fig. 5.16, the prototype consists of two cylinders: the innerdspiis a transparent acrylic
vessel 0.9 m in diameter and 1 m in height with 1 cm wall thickness. The odiedeyis 2 m in diameter
and 2 m in height made of stainless steel. Currently, the acrylic vessel isviited.54 tons of normal
liquid scintillator, while Gd-loaded liquid scintillator is planned for the near futditee liquid scintillator
consists of 30% mesitylene, 70% mineral oil with 5 g/l PPO and 10 mg/l bis-M8B.space between the
inner and outer vessel is filled with 4.8 tons of mineral oil. A total of 45 8" ENAbO and D642 PMTs,
arranged in three rings and mounted in a circular supporting structerenarersed in the mineral oil. The
attenuation length of the LS is measured to be 10 m and that of the mineral oiiris 13

An optical reflector of Al film is placed at the top and bottom of the cylinder twease the effective
coverage area from 10% to 14%. The scintillator light yield is about 100@foms/MeV, and the expected
detector energy response is about 200 p.e./MeV.

The prototype is placed inside a cosmic ray shield with dimensions ok3 mx3 m. It fully covers
five sides (except the bottom). The top is covered by 20 plastic scintillatotesufrom the BES Time-of-
Flight system), each 15 cm wide 3 m long. The four side walls are covered by 36 1.2 2 m square
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Fig. 5.16. Sketch of the antineutrino detector prototype (Left) Top viewghtiR Side
view.

scintillation counters from the L3C experiment. Figure 5.17 shows a phatogfahe prototype test setup,
before and after the muon counters were mounted.

Fig. 5.17. The antineutrino detector: before (left) and after (right) themuabectors
were mounted.

The readout electronics were designed as prototypes for the antimedétiector, according to the re-
quirements discussed in Section 5.5. The trigger system, DAQ system anel swfliware are all assembled
as prototypes for the experiment (see Chapter 8).
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5.6.2 Prototype Detector Test Results

Several radioactive sources includihigBa (0.356 MeV),'*"Cs (0.662 MeV)Co (1.17+1.33 MeV)
and??Na (1.022+1.275 MeV) are placed at different locations through aalesgfibration tube inside the
liquid scintillator to study the energy response of the prototype. The galhR¥E's are calibrated by using
LED light sources, and the trigger threshold is set at 30 p.e., corrdsppto about 110 keV.

Figure 5.18 shows the energy spectrum after summing up all PMT respamte 137Cs and’“Co
sources located at the center of the detector. A total of about 160 p!'é’@s is observed, corresponding to
an energy response of 240 p.e./MeV, higher than naive expectatioagnergy resolution can be obtained
from a fit to the spectra, resulting in a value of about 10%. A detailed Moat®Gimulation is performed to
compare the experimental results with expectations, as shown in Fig. 5r¥&dd agreement is achieved,
showing that the detector behavior is well understood.
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Fig. 5.18. Energy response of the prototype*Cs (left) and®°Co (right) sources at
the center of the detector with a comparison to Monte Carlo simulation.

All of the sources were inserted into the center of the detector; the eresggnse is shown in Fig. 5.19
(left). Good linearity is observed, although at low energies non-lindactsfare observed which are likely
due to light quenching and Cherenkov light emission. The energy resolatidifferent energies is also
shown in Fig. 5.19 (right), following a simple expression-of9% /v/E, in good agreement with Monte
Carlo simulation as shown in Fig. 5.18.

The energy response as a function of vertical depth along the z-axiswssn Fig. 5.20. Very good
uniformity (better than 10%) over the entire volume of the liquid scintillator shoassttte transparency of
the liquid is good, and the light reflector at the top and the bottom of the cyhmoldes well as expected. The
fact that the data and Monte Carlo expectation are in good agreemengves ishFig. 5.20, demonstrates
that the prototype, including its light yield, light transport, liquid scintillator, PM$ponse, and the readout
electronics is largely understood.
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Fig. 5.20. Energy response of the prototype t6°Cs source as a function of z posi-
tion, and a Monte Carlo simulation.
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6 Calibration and Monitoring Systems

The measurement efn? 26,3 to a precision of 0.01 in the Daya Bay experiment will require extreme
care in the characterization of the detector properties as well as friequoaitoring of the detector perfor-
mance and condition. The physics measurement requires that the neutxirtoe fineasured withelative
precision that is substantially better than 1%. This is accomplished by taking odtibserved event rates in
the detectors at near and far sites to separate the oscillation effect. Thisquille that differences between
detector modules be studied and understood at the leveddf% and that changes in a particular detector
module (over time or after relocation at another site) be studied and unolete0.1%. Achieving these
goals will be accomplished through a comprehensive program of detediioration and monitoring.

We anticipate a program with three different classes of procedures:

1. “complete” characterization of a detector module,
2. “partial’ characterization, and
3. routine monitoring.

We envision that the complete characterization (procedure #1.) will ggnbemperformed once during
initial commissioning of a detector module before taking physics data. Pracé@uwould be employed
after relocation of a detector module or after some other change thategguiareful investigation of the
detector properties and will involve a subset of the activities in procedlurdf substantial changes are
detected during procedure #2, then we would likely opt for reverting dogaure #1. Finally, procedure
#3 will involve both continuous monitoring of some detector parameters as svébquent (i.e., daily or
weekly) automated procedures to acquire data from LED light souraksaaiioactive sources deployed
into the detector volume. The requirements and proposed solutions fadonac#l. are listed in Table 6.1.
These will be manually operated procedures using equipment and systemsléscribed below, and will

| Requirement || Description | Proposed Solution(s) |
Optical Integrity || Spatial uniformity of response, light attenuation LED, ~ sources
PMT gains Match gains of all PMTs LED - single p.e. matching
PMT timing ~ 1 ns timing calibration for each PMT Pulsed LED
Energy scale Set scale of energy deposition Gamma sources
H/Gd ratio Measure relative Gd fraction 252Cf neutron source

Table 6.1. Requirements for the full manual calibration procedure #1.

likely entail several weeks activity.

Procedure #2 will be a subset (to be determined) of the activities in puoedd These will be also
be manually operated procedures using equipment and systems to bbetbbefow, and will likely entail
several days activity.

The requirements and proposed solutions for procedure #3 are listetbli@ 6.2. Procedure #3 will
entail continuous in-situ monitoring (Sec. 6.3), monitoring of continuouslylpeced spallation-induced
activity (Sec. 6.4), and regularly scheduled automated deployment afeso(Sec. 6.5).

6.1 Radioactive Sources

The main goal of the source calibration is to reach the maximum sensitivity tanm@oscillations by
comparing the energy spectra measured by near and far detectorespbase of the detectors at the far and
near sites may have small differences, these minute differences can Eaghtalistortion in the measured
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] Requirement | Description \ Proposed Solution(s) \
Mechanical/thermal Verify these properties are stablel Load sensors, thermometers, etg.
Optical stability Track variations in light yield Gamma sources, spallation products
Uniformity, light attenuation|| Monitor spatial distribution of light| Gamma sources, spallation products
Detection efficiency Monitor e for neutrons and positrons Gamma sources, neutron sources
PMT gains Monitor 1 p.e. peaks LED source

Table 6.2. Requirements for automated calibration procedure #3.

energy spectra of the antineutrinos. Therefore, it is necessaryraotbdze the detector properties carefully
before data taking and monitor the stability of the detectors during the wholriment. The calibration
sources must be deployed regularly throughout the active volume ottieetdrs to simulate and monitor
the detector response to positrons, neutron capture gammas and gammtmsefemvironment.

The sources will be used in the calibration are listed in Table 6.3. Theseesotover the energy range

] Sources | Calibrations \
Neutron sources: Neutron response, relative and
Am-Be and?>?Cf absolute efficiency, capture time
Positron sources: Positron response, energy scale

22Na, %8Ge trigger threshold
Gamma sources: Energy linearity, stability, resolution
spatial and temporal variations, quenching effect
137Cs 0.662 MeV
5Mn 0.835 MeV
657n 1.351 MeV
40K 1.461 MeV
H neutron capture 2.223 MeV
2Na annih + 1.275 MeV
%Co 1.173 + 1.333 MeV
2087T] 2.615 MeV
Am-Be 4.43 MeV
B8pyd3C 6.13 MeV
Gd neutron capturg ~ 8 MeV

Table 6.3. Radioactive sources to be used for calibrations.

from about 0.5 MeV to 10 MeV and thus can be used for a thorough peaitpration.

The Am-Be source can be used to calibrate the neutron capture detedibieney by detecting the
4.43 MeV gamma in coincidence with the neutron. The absolute neutron deteéfimancy can be de-
termined with a°2Cf source, because the neutron multiplicity is known with an accuracy aft&bh%.

In order to absolutely determine the neutron detection efficiency, a smadinfissamber will be used to
tag neutron events by detecting the fission products. In addition, neuwtuooes allow us to determine the
appropriate thresholds of neutron detection and to measure the neyttaredame for the detectors.

The positron detection can be simulated b¥?Ba source. When &Na source emits a 1.275 MeV
gamma, a low energy positron will be emitted along with the gamma and then annihitegerimary
gamma and the following annihilation gammas mimic the antineutrino event inside th&odetec
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The sources must be encapsulated in a small containers to preventsailyi@contamination of the
ultra-pure liquid scintillator. They can be regularly deployed to the whole@gbtlume of the detectors and
the~-catcher.

6.2 LED Calibration System

LEDs have proven to be reliable and stable light sources that can teriasa pulses down to ns
widths. They are therefore ideal light sources for checking the opticgderties of the liquid scintillator,
the performance of the PMTs and the timing characteristics of the data acqussistems. A schematic
diagram of the LED calibration system is shown in Fig. 6.1.

LED assembly
|
!

Optical fiber bundle: each
Pulse of equal length
= / Generator
ou _
Pulse ‘ )8
Controller \
Pulse Optical —t—
/ Generator coupling < >
X i i
” \
Controls which LED(s) will be
fired with what amplitude and at 5
what time \ 3 i
Turn on the appropriate LED
with the appropriate intensity,
time and duration Diffuser balls

Fig. 6.1. Schematic diagram of the LED calibration system.

The LED controller box controls the pulsing of the individual LEDs which epupled through optical
fibers to diffuser balls installed inside the detector module. To ensure temsisamong detector modules,
a single controller box will be used which can be coupled to the optical filoedtlb of each detector module
when needed. Some of the features of the controller box are as follows:

e The pulse heights of each of the double pulses and their separatiofhgpEdgrammable to simulate
the scintillation light produced in an inverse beta-decay interaction. Theftitse will simulate the
annihilation photons and direct energy deposition from the positron arsgttioad pulse will simulate
the gamma burst resulting from neutron capture on Gd.

e The pulse separation can be generated randomly or stepped gradually.

e The gamma burst can be simulated by simultaneously flashing a number of difdlseat various
locations inside the detector.
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e The controller can be triggered by the muon system to test the detectonsesfmlowing muon
events.

The performance of the LEDs will be checked regularly against scintillagioduced by a gamma source
in a solid scintillator viewed by a PMT. This could be done by coupling the cbietioox to an optical fiber
bundle that is viewed by the same PMT. The number of diffuser balls andidications inside the central
acrylic vessel and the-catcher will be determined through computer simulation. Most of the diffosks
will be fixed while a few can be moved in the vertical direction by using the sapégment system for
radioactive source calibration. The diffuser balls and optical fibershaie to be fully compatible with
liquid scintillator.

6.3 In-situ Detector Monitoring

Each detector module will be equipped with a suite of devices to monitor in-situ ebthe critical
detector properties during all phases of the experiment. The in-situ mogitmétudes load and liquid
sensors for the detector mass, attenuation length measurements of thed€dlil&atarget and the Lg-
catcher, a laser-based monitoring system for the position of the acrybelyescelerometers, temperature
sensors, and pressure sensors for the cover gas system. A saonplautine extraction of a LS sample
complements this multi-purpose suite of monitoring tools.

The purpose of these tools is to provide close monitoring of the experimangdbree critical phases
of the experiment:

1. detector filling
2. data taking

3. detector transport and swapping

During filling of the modules the changing loads and buoyancy forces oadhgic vessels and the
detector support structure are carefully monitored with load and levebsgmo ensure that this dynamic
process does not exceed any of the specifications for the acrylielsess

Most of the time during the duration of the experiment the detectors will be stayi@md taking data.
Experience from past experiments has shown that the optical propefrtiesectors will change over time
due to changes in the attenuation lengths of the liquid scintillator or changesaptibal properties of the
acrylic vessel. It is important to track these characteristics to be able taregphapossibly changes in the
overall detector response as determined in the regular, automated catibhaisitu monitoring of the LS
attenuation length and regular extractions of LS samples from the detectotemedllihelp monitor some
of the basic detector properties.

The transport of the filled detectors to their location and the swapping oftdeseover a distance of
up to~1.5 km is a complex and risky task that will require close monitoring of the straidtealth of the
detectors modules during the move. The proposed swapping scheme efeb®ds is a novel method with-
out proof-of-principle yet. While conceptually very powerful, extreraeechas to be taken in the calibration
and characterization of the detectors before and after the move to be adledot for all changes in the
detector response or efficiencies. The accelerometers, presssmrsseand the monitoring of the acrylic
vessel positions will provide critical real-time information during this proceda ensure that the detectors
—and in particular the acrylic vessels and PMTs — are not put at riskirBieg any changes in the detector
modules will also help us understand possible differences in the detegponse before and after the move.
The acrylic vessel position monitoring system will use a laser beam andtiedléarget on the acrylic vessel
surfaces. By measuring the angular deflection of the laser beam oventita of the detector, transverse
displacements of the acrylic vessel can be monitored quite precisely.
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Fig. 6.2. Diagram illustrating the variety of monitoring tools to be integrated into the
design of the antineutrino detector modules.

6.4 Detector monitoring with data

Cosmic muons passing through the detector modules will produce useftilishd radioactive iso-
topes and spallation neutrons. These events will follow the muon signat{eetm the muon system as
well as the detector) and will be uniformly distributed throughout the detectimme. Therefore, these
provide very useful information on the full detector volume which is compldargrto the information
obtained by deploying point sources (Sec. 6.5 and 6.6). For exampleesents are used by KamLAND
to study the energy and position reconstruction as well as to determine thiafficnlome. As with Kam-
LAND, the Daya Bay experiment will use primarily spallation neutron captace'aB decay ¢ = 29.1 ms
andQ = 13.4 MeV). The rates of these events for Daya Bay are given in Table 6.4.

| Event type || Near Site Rate| Far Site Rate |
Neutrons 9000/day 400/day
125 300/day 28iday

Table 6.4. Estimated production rates (per 20 T detector module) for spahetitron
and'?B events in the Daya Bay experiment.

Regular monitoring of the full-volume response for these events, compattethe regular automated
source deployments, will provide precise information on the stability (partigutd optical properties of
the detector, but also general spatial uniformity of response) of thetdeteodules. With the addition of
Monte Carlo simulations, this comparison can be used to accurately assedatilie efficiency of different
detector modules as well as the stability of the efficiency of each module.
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6.5 Automated Deployment System

Automated deployment systems will be used to monitor all detector modules ortirerQperhaps
daily) basis. Each detector module will be instrumented with three (or possibty identical automated
deployment systems. Each system will be located above a single port orpté ttee detector module,
and will be capable of deploying four different sources into the detecioime (see Fig. 6.3). This will be
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26.793 (68.05)

SO\
.
N\
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Fig. 6.3. Schematic diagram of the automated deployment system concept.

facilitated by four independent stepping-motor driven source deplolyorets all mounted on a common
turntable. The turntable and deployment units will all be enclosed in a s¢alelss steel vessel to maintain
the isolated detector module environment from the outside. All internal coemp®@must be certified to be
compatible with liquid scintillator. The deployment systems will be operated urmapeter-automated
control in coordination with the data acquisition system (to facilitate separatisousce monitoring data
from physics data). Each source can be withdrawn into a shielded arelos the turntable for storage.
The deployed source position will be known to about 2 mm.
At present, we anticipate including three radioactive sources on eatbydeent system:

¢ 98Ge source providing two coincident 0.511 Me}s to simulate the threshold positron signal,
¢ 99Co source providing a signal at 2.506 MeV

e 252Cffission source to provide neutrons that simulate the neutron captugd.sign

These sources can be deployed in sequence by each of the systeath ae&ctor module. During auto-
mated calibration/monitoring periods, only one source would be deployedlindegector module at a time.
Simulation studies are in progress to determine the minimal number of locatiorssagcéo sufficiently
characterize the detector (in combination with spallation product data asséstin section 6.4). At present
we anticipate that three or four radial locations will be sufficient with attldase as follows:
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e Central axis

e Aradial location in the central Gd-loaded volume near (just inside) the ylieidrical acrylic vessel
wall

e Aradial location in they-catcher region.

An additional radial location may be instrumented if it is demonstrated to be sagelsy the ongoing
simulation studies.

Simulation studies indicate that we can use these regular automated soumargeps to track and
compensate for changes in:

e average gain of the detector (photoelectron yield per MeV)
e number of PMTs operational
e scintillation light attenuation length

as well as other optical properties of the detector system.
As an example of how the system can be utilized to monitor the attenuation length sditttillator,
Figure 6.4 shows simulations of neutron captures®d4@w source deployments. Both methods can clearly be

& neutron uniform/center ratio vs attenuation length Co60 corner/center ratio vs attenuation length
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Fig. 6.4. The left panel shows how the scintillator attenuation length cantbedaed
from the ratio of the neutron capture peak from spallation neutrons ¢omidfiéstribu-
tion) to that from a source at the center of the detector. The right phoetssa similar
measurement using the ratio of tfféCo peak for a source at the center to one at the
corner ¢ = 1.4 m, z = 1.4 m) of the central volume (1000 events each).

used to measure the attenuation length of the Gd-loaded liquid scintillator. Tésesriirethods will provide
frequent monitoring of the condition of the scintillator, and will allow us to tralskrges and differences
between detector modules.

6.6 Manual deployment system

A mechanical system will be designed to deploy sources throughouttitie eslume of the detectors.
The source inside the detector can be well controlled and the position capéated at a level less than
5 cm. The whole deployment system must be treated carefully to prevematgmination to the liquid
scintillator. The system must be easy to setup and operate, tolerate fregeeand must have a reliable
method to put sources into the detectors and to take the sources out asheedpdlce for operation should
not be too large. Figure 6.5 shows a schematic view of the manual soyrty/ent system. The phi-
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Fig. 6.5. Schematic diagram of the manual source deployment system.

losophy of such a system is taken from the oil drilling system. The supjjuetip separated into several
segments. They can be connected one by one to make a long suppoittpgpdesign would reduce the
requirement for large space for operations.

The operation procedure will be the following: first, the support pipethedource arm will be installed
in line (vertical). Then, it will be put into the desired position inside the detgbtoadjusting the number of
segments. When it reach the measurement position, the source arm isttutmetorizontal. After this, the
source position can be adjusted by the rope system. The rope systemendesidgned to insert and remove
the sources easily and the position of the source must be accuratelylleahtidve whole system can be
rotated around the axis of the pipe on the platform, thus it can deploy theesotarany position inside the
detector.



7 MUON SYSTEM 108

7 Muon System

The main backgrounds to the Daya Bay Experiment are induced by coayniouons. These back-
grounds are minimized by locating the detectors underground with maximuribleoggerburden. Back-
ground due to muon spallation products at the depths of the experimentahdalisll as ambient gamma
background due to the radioactivity of the rock surrounding the expatahlealls is minimized by shielding
the antineutrino detectors with 2.5 meters of water. Gammas in the range of M-2Mdattenuated by a
factor~10 in 50 cm of water [1]. Thus the 2.5 meters of water provides a reductithreirock gamma flux
of approximately five orders of magnitude. This “water buffer” also atesithe flux of neutrons produced
outside the water pool.

Events associated with fast neutrons produced in the water itself remain apuoggatial background.
A system of tracking detectors will be deployed to tag muons that traversgdtes buffer. Events with
a muon that passes through the water less thap2@@fore the prompt signal, which have a small but
finite probability of creating a fake signal event, can be removed from ditee sample without incurring
excessive deadtime. By measuring the energy spectrum of taggedrtmactigevents and having precise
knowledge of the tagging efficiency of the tracking system, the backdréiom untagged events (due to
tagging inefficiency) can be estimated and subtracted statistically with smaitaintg Our goal is to keep
the uncertainty of this background below 0.1%.

The tracking system will also tag events that have a high likelihood to prasthee cosmogenic back-
grounds?Li being the most important one. While tagging muon showering events may helppoess the
9Li background, the working assumption is that no extra requirements asedpon the tracker in order
to reduce théLi background.

The current baseline configuration for meeting these challenges is ssavematically in Fig. 7.1.
The antineutrino detectors are separated by 1 m from each other and mdnes large pool of highly-
purified water. The pool is rectangular in the case of the near halls aiagesip the case of the far hall. The
minimum distance between the detectors and the walls of the pool is 2.5 m. Thesialer constitutes
the inner section of the pool and is instrumented with phototubes to detear&ogrphotons from muons
impinging on the water. The sides and bottom of the pool are lined withX Inm cross-section Water
Cherenkov Modules (WCMs) read out by phototubes at either endmlioa tracker is completed by layers
of Resistive Plate Chambers (RPCs) above the pool. The top layers éxtefgyond the edge of the pool
in all directions, both to minimize the gaps in coverage and to allow studies ofjlaokd caused by muon
interactions in the rocks surrounding the pool.

Expected rates of cosmic ray muons in the components of the muon system foamd in Table 8.1.

7.1 Muon System Specifications

Note that it is not envisioned that this system will act as an online veto. Thiglallv ample opportu-
nity for careful offline studies to optimize the performance of the system.
Requirements of the muon system are summarized in more detail in the followisgcsioms.

7.1.1 Muon Detection Efficiency

The combined efficiency of the muon tracker and the water shield has ted®28&5%, with an un-
certainty<0.25%. This is driven by the need to reject the fast neutron backgrivomdmuon interactions
in the water and to measure its residual level. As can be seen in Table 3.5)vathppression, this back-
ground would otherwise be 30 times that of the fast neutron background from muon interactions in the
surrounding rocki.e. at a level roughly 2% of that of the signal. A factor 200 reduction in this loaitegs
the fast neutron background from the water safely below that fromoitle and the total residual fast neu-
tron background down to the 0.1% level. The requirement on the uncertaittye efficiency brings the
systematic due to the uncertainty on the fast neutron background fronatike tw a level where it is small
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Fig. 7.1. Elevation view of an experimental hall.

compared with other systematics.
7.1.2 Muon System Redundancy

It is difficult to achieve the requisite efficiency with only one tracking systeloreover it is necessary
to have a method of measuring the residual level of background after theitiopaf the muon rejection
cuts. Therefore it is desirable to have two complementary tracking systemsssaheck the efficiency of
each system.

As discussed below, the current baseline design is to instrument the Wwatedras a Cherenkov tracker
by deploying 8" PMTs in the water with 1.6% coverage. Such systems aee®@dito have-95% efficiency.
A second tracking system, in our baseline a combination of RPCs [2] [3}eahnd Water Cherenkov
Modules [4] at the sides and bottom of the water shield, can give an indepeefficiency of>90%. The
two systems compliment each other, with the probability of a muon being missedigygiems below
0.5%.

7.1.3 Spatial Resolution

The fast neutron background due to muons interacting in the water shilksldafidly with distance
from the muon track. The spatial resolution of the muon tracker shouldffieiesnt to measure this falloff.
Measurements from previous experiments show that the falloff is aboutelr (B¢ A spatial resolution of
50-100 cm in the projected position in the region of the antineutrino detectoeséssary in order to study
this radial dependence. All the technologies we are considering aableagf achieving sufficient resolution
in each coordinate.
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7.1.4 Timing Resolution

There are several constraints on the timing resolution. The least resti€tn the time registration
of the muon signal with respect to that of the candidate event. To avoid comging the veto rejection to
a significant extent, this resolution need only be in the range of fractioasr€rosecond. More stringent
requirements are imposed by other, technology-dependent, considsraflte water shield PMTs need
~2 ns resolution to minimize the effect of accidentals and assure event intdgréyWater Cherenkov
Modules require~3 ns resolution to match the position resolution given in the transverse dirdtitre
1 m granularity of the system (see Sect. 7.3.6). If scintillator strips are @issdime resolution will allow
the random veto deadtime from false coincidences in that system to be hetddaodtr of 1%. RPCs will
need~ 25 ns resolution to limit random veto deadtime from false coincidences in temnsyto a similar
level.

7.1.5 Water Shield Thickness

As mentioned above the shield must attenugseand neutrons from the rock walls of the cavern by
large factors to reduce the accidental background in the antineutrintatsteA minimum thickness of 2 m
of water is required; 2.5 m gives an extra margin of safety.

7.1.6 Summary of Requirements

The requirements discussed above are summarized in Table 7.1

Product of inefficiencies for the tracker & water shield for cosmic rays should £8.5%.

The uncertainty on this quantity should be no greater th@r25%.

The uncertainty on the random veto deadtime should be no greatet-th@s%

The position of the muon in the region of the antineutrino detectors shouldi®erdeable to 0.5-1 m
Timing resolution of: 1, 2, 3, 25 ns for scintillator, water shield, WCMs, and RPCs respectively
Thickness of the water buffer of at least 2 m

Table 7.1. Muon system requirements

7.2 Water Buffer

The neutrino detectors will be surrounded by a buffer of water with a tieis& of at least 2.5 meters in
all directions. Several important purposes are served by the watgr.f&gt-neutron background originating
from the cosmic muons interacting with the surrounding rocks will be significaeduced by the water.
Simulation shows that the fast-neutron background rate is reduced loyoa & ~2 for every 50-cm of
water. Second, the water will insulate the neutrino detectors from the ducireg background from the
radon in the air as well as gamma rays from surrounding rocks and dtist iair. With the low-energy
gamma ray flux reduced by a factor ofLO per 50-cm of water, the water can very effectively reduce the
accidental background rate associated with the gamma rays. Third, tmgortien of the water buffer, the
“water shield” can be instrumented with PMTSs for observing the passagesafic muons via the detection
of the Cherenkov light.

The active water shield, together with the RPC and the Water Cherenkoul®&lddtectors, form an
efficient muon tagging system with an expected overall efficiency gréader 99.5%. The ability to tag
muons with high efficiency is crucial for vetoing the bulk of the fast-neutrackground. Finally, the large
mass of water can readily provide a constant operating temperature fmttheutrino detectors at the near
and far sites, eliminating one potential source of systematic uncertainty.
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Site || bottom | sides| total |
DB Near 60 192 | 252
LA Near 60 192 | 252

Far 100 240 | 340
All three 220 624 | 844

Table 7.2. Number of PMTs for the water shield.

7.2.1 Water Buffer Design

The schematics of the water shield is illustrated in Fig. 7.1 for the water pobijooation. The cylin-
drical neutrino detector modules are placed inside a rectangular cavityWillegurified waterj.e. a water
pool configuration. The dimensions of the water pool are 2618 mx10 m (high) for the far site, and
16 mx10 mx10 m (high) for the near sites. The four detector modules in the far site withbeersed in
the water pool forming a 2 by 2 array. As shown in Fig. 7.1, the adjaceatte modules are separated by
1 meter and each module is shielded by at least 2.5 meters of water in all dise€mrihe near sites, the
two neutrino detector modules are separated by 1 meter. Again, any reeatrgamma rays from the rock
must penetrate at least 2.5 m of water in order to reach the neutrino detexdates. The weight of water
is 2170 tons and 1400 tons, respectively, for the far site and for ddbk two near sites.

As discussed in Sect. 7.3.6, Cherenkov water module detectors ofllmrmcross sectional area and
lengths of up to 16 m will be laid against the four sides and the bottom of the waté, shown in Fig.
7.1. Therefore, the water buffer is effectively divided into two indefgsm sections, each capable of cross-
checking the performance of the other.

7.2.2 Water Shield PMT layout

In the baseline design the water shield will be instrumented with arrays of 8 &\shown in Fig. 7.1.
Inward-viewing PMT arrays will be mounted on frames placed at the sideé®a the bottom of the pool,
abutting the inner surfaces of the Water Cherenkov Modules (which wilbleered with Tyvek). The PMTs
will be evenly distributed forming a rectangular grid with a density of 1 PMT2e¥. This corresponds to
a 1.6% areal coverage. The total number of PMTs for the far site and thedar sites is 844, as detailed in
Table 7.2.

A total of 800 8" PMTs (EMI D-642) from the MACRO experiment were madailable for the Daya
Bay experiment. Additional 8" PMTs will be acquired for the balance of thgwshield detectors. The HV
system will be very similar to that described in Sect. 5.4.4 for the antineutrirectde PMTS.

Optimized efficiency, position resolution, energy resolution, timing resolugitan are to be determined
from Monte-Carlo simulations now in progress. The baseline and a nurhb#rey possible arrangements
of PMTs have been studied so far.

7.2.3 Water Shield Simulation Studies

Fig. 7.2 shows the simulated distribution of track length of cosmic ray muons in dker whield of
the Daya Bay Near Hall. The mean distance traveled through the water is @imouFor full geometric
coverage with a typical bialkali photo-cathode, one would expect &d®n000 photoelectrons from a track
of this length. Taking into account the 1.6% PMT geometric coverage, theseswould produce-240
photoelectrons in the PMTs from photons collected directly. As can beiséag. 7.3, the average is actu-
ally >1000 for the baseline configuration. Our simulation verifies that this is dlexted photons. These
photoelectrons are spread over an averageld0 PMTs as seen in Fig. 7.4, and the resulting distribution
of photoelectrons in a single PMT is shown in Fig. 7.5. As expected thegaé&about 8 photoelectrons,
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Daya Bay Near Hall.

although there is a long tail exponential tail with a slope-@6.

Initial results on efficiency of the water shield as a function of the numbeMf's demanded are shown
in Fig. 7.6. In each case a threshold number of PMTs is determined by thea@gnt that the deadtime due
to random coincidences bel%. Conservatively an effective singles rate (dark current plugaativity)
of 50 kHz/PMT was assumed for this calculation. For the baseline confiignidescribed above, this level
was reached at a threshold of 12 PMTSs, yielding an efficiency@8.3% as can be seen from the black
curve, labeled “K” in Fig. 7.6.

Results from three other configurations are also shown. The greee, dalbeled “I” corresponds to a
configuration similar to that of the baseline, but with a higher density of PMTilsr spacing instead of
1.4 m). A threshold of 17 PMTs is needed to reduce the random triggetihesit below 1%. At this point
the efficiency is a little above 99.2%e. statistically identical to that of the baseline. However it's clear
that if a higher threshold should be needed, the efficiency of this coafign holds up better than that of
the baseline. The red curve, labeled “C”, corresponds to a case RM&is are deployed on many other
surfaces of the pool (at the same 1.4 m spacing). In addition to the siddsotiom of the pooal, for this
configuration, there is a plane of PMTs at the top of the pool looking dowitina plane parallel to this
one just above the antineutrino detectors looking up, and vertical plbo&ing the antineutrino detectors
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Muon efficiency vs PMT hit cuts
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curve represents the performance of the four d|_ff(—:‘frentthconf|gur?tt;ons.l_The black
current baseline. curve is for the current baseline.

(forming a “box” around the detectors) with the PMTs looking out into thd.déar this configuration, the
random coincidence rate reaches 30Hz, which results in a deadtime of&t.&%threshold of 17 PMTs. At
this point the efficiency is about 99.6%. This configuration has clearlyigggtdormance than that of the
baseline, although at the cost of twice as many PMTs and much added cdiaplinghe PMT mounting
scheme. A configuration more efficient in the number of PMTs than the baselghown in blue, labeled
“M”. This configuration has no inward-looking PMTs except near thmets of bottom of the pool. There
are upward-facing PMTs above the antineutrino detectors and oufaeirdy PMTs on the sides of the
“box” surrounding those detectors. The PMTs are spaced at 1.4 nfMheonfiguration has very similar
efficiency performance to that of the baseline, but requires 25% fBW#Ars (albeit at the cost of a more
complicated mounting system).

An initial attempt was made to develop a position-determining algorithm. The positiotie five
PMTs with earliest light are averaged to obtain an estimator of the muon poditiwas tested in the
same GEANT runs used to calculate efficiency. In Fig. 7.7 the differeatgden the calculated position
and actual trajectory of the muon is plotted for the four configurations sstliabove. For the baseline, the
resolution averages0.9 m. Doubling the numbers of PMTs in the same configuration doesn’t help muc
here. However the “M” configuration performs a little better than the basediné the “C” configuration
with both more PMTs and more surfaces has substantially better performance

These results on efficiency and position determination, although prelimir@exaemely encouraging.

7.2.4 \Water Buffer Front-End Electronics

Extrapolation of the curve in Fig. 7.5 indicates that although the number dbelectrons per PMT
has a long tail, only about 0.01% of the PMTs see more than 100 photoekections the performance
of the antineutrino detector electronics should certainly be adequate faatee buffer readout. However
the reduced dynamic range requirement may indicate that less expepsaesashould be considered for
the pulse height measurement. In addition to the pulse height information, timorgniaion will also be
provided by the readout electronics. With 0.5 ns/bin TDCs, a timing resolutidms is readily achievable
for a single PMT channel. The energy sum of the PMTs as well as the multipicitbye struck PMTs will
be used for defining the muon trigger (see Sect. 8.1.3).
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7.2.5 Calibration of the Water Buffer PMTs

The gain stability and the timing of the PMTs will be monitored by a LED system iddnticdhat for
the neutrino detectors. No radioactive sources will be required.

7.2.6 Purification of the Water Buffer

We must purify the water to maintain constant water transparency and terpreicrobial growth.

We must also recirculate the water to maintain a constant relatively low tempe(a&€) to inhibit
microbial growth and maintain the antineutrino detectors at constant tempgerAtso, we must remove
impurities that have leached into the water from the detector materials and wiatj decirculation.

The level of purity needed to prevent growth will reduce radioactivekgeounds to well below the
level where they would make detectable background in the antineutrindalstec

7.3 Muon Tracker

The muon tracker has the job of tagging the entering muons and determiningailteithrough the
region of the antineutrino detectors. In addition, it must measure the efjcaéthe water shield for muons.

Three technologies are being considered for the muon tracker. RiPGegeazsed on top of the water
shield, but to use them in the water would require a large program of R&Dobmigues of encapsulation.
Water Cherenkov modules are cheap and practical to operate in the lvateguld be difficult to remove
from the top of the water shield when the antineutrino detectors need maiogéoahave to be moved.
Plastic strip scintillators can be operated either on top of the water or in it, althiheglatter requires
developing an encapsulation scheme.

7.3.1 Resistive Plate Chambers (RPC)

The RPC is an attractive candidate tracking detector since it is economigatimmenting large areas.
Furthermore, RPCs are simple to fabricate. The manufacturing technigbetfoBakelite (developed by
IHEP for the BES-III detector [2]) and glass RPCs (developed fdle§8]) are well established.

An RPC is composed of two resistive plates with gas flowing between them. dittye is applied on
the plates to produce a strong electric field in the gas. When a chargedeppatises through the gas, an
avalanche or a streamer is produced. The electrical signal is then redibiea pickup strip and sent to the
data acquisition system. In our case, the RPCs will operate in the streamer mode.

The RPCs for the BES-III spectrometer were constructed using a newofyghenolic paper laminate
developed at IHEP. The surface quality of these plates is markedly ingboovepared to the Bakelite plates
previously used to construct RPCs. IHEP has developed a techniquiettolthe resistivity of the laminates
to any value within a range df0? —10'® Q-m. About 1000 bare chambers 1500 n?) without linseed oil
coating have been produced for BES-III. Tests show that the peaioce of this type of RPC is comparable
in performance to RPCs made with linseed oil-treated Bakelite and to glass RRGxenl in streamer
mode. Applying linseed oil to Bakelite is a time-consuming step in the productiadspreesents a major
risk factor in the long-term operation of the chambers.

The efficiency and noise rate of the BES-IIl RPCs have been meadur&iy. 7.8, the efficiencies
versus high voltage are shown for threshold settings between 50 amd\25he efficiency as plotted does
not include the dead area along the edge of the detector, but does itltudead region caused by the
insulation gasket. This kind of dead area covers 1.25% of the total detecéanThe efficiency of the RPC
reaches plateau at 7.6 KV and rises slightly to 98% at 8.0 KV for a thresh@BOomV. There is no obvious
difference in efficiency above 8.0 KV for thresholds below 200 mV. Tihglss rate of the RPC shortly after
production is shown in Fig. 7.9.

The typical singles rate at thresholds above 150 m @1 Hz/cn? after training. The noise rate
increases significantly when the high voltage is higher than 8 kV.



7 MUON SYSTEM 115

0.11

1

 RpEEBEARERFERAREAS 0.1 | o 50mv o 8%
08 G BEG BT 7 k sx® 4
& o . 0.09 o 200mv c’oxx Al
08 & NE QO X ab
3 + § 0.08 | +250mv o X A
07 = S o
P = 0.07 F| x 100mv 2o xX a0 e
06 o @ 50mv £ 5° X A qE
3 ~ 0.06 A 150mv o © X A o, +
EDS 3 » 100mv o 0 ° X)( AA D3-+
g i £ 005 | A DEEE+
i s & 150my 8 i 5 xXAAAADDEE+
o o + o 200my| ] oy X, 8 nnj+"
% 0.03 | A g %
+ 250y 0 X .
0z . ma F 0.02 | - S
B4 . + x & a +
ot " N 0.01 S% ot
0 Baodl 0 kRR% Y Knasalt? . :
8000 8500 000 7500 2000 2500 2000 2500
6000 6500 7000 7500 8000 8500 9000 9500
High Voliage {V}
High Voltage (V)
Fig. 7.8. Efficiency of the BES-1lIl RPC Fig. 7.9 Noi te of the BES-IIl RPC
. . 1g. 7.9. Noise rate of the -
versus high voltage for different thresh- 9 _ )
olds versus high voltage for different thresh-
olds.
Eff_B00OV Sn_Boo0y Cnt 8000V L8 )
w220 = Woan 0964 | Mean  0.1297
< E a) RMS 001608 | ¥ C b) (RS 009233
5°F g eof
180
160F- 50
1a0F-
120
100
8ol
6af-
a0}
20
E NP B B B 1 Liass | T S
s 06 a7 08 X 1 08 T2 Al
Eftt Cnt{Hz/em)

Fig. 7.10. Distribution of tested RPC a) efficiencies and b) singles rates.

In cosmic ray tests of a large sample of BES chambers, the average efficiaa 97%, and only 2 had
efficiency less than 92%. Figure 7.10a shows the efficiency distributiuis.€ffficiency was obtained with
no corresponding excessive chamber noise. Figure 7.10b show® e $ngles rate. The most probable
value was~0.08 Hz/cnt and the average was 0.13 Hz, with only 1.5% higher than 0.3 Hz/cm

7.3.2 RPC Design

The above measurements were made with one dimensional readout RP@® Baya Bay experi-
ment, we are planning to use RPCs with readout in two dimensions in orderliotget and y-coordinates
of the cosmic muons (similar in design to the BELLE RPCs [3]). Three doulpléagars would be combined
to form a module. The layers are electrically shielded from one anotheptd eross talk. The structure of
a single such layer is shown in Fig. 7.11.

Plastic spacers will be used periodically to precisely maintain the gap widtlseT¢macers are po-
tentially a source of dead space. Therefore, within each module, spacgifferent layers will be offset,
resulting in no aligned dead space. Also, modules will overlap at the estydsere will be no inter-module
dead space. The double-gap design improves robustness and efficiethe cost of doubling the noise



7 MUON SYSTEM 116

Faraday Cage

RPC Gas Gap RPC Gas Gap

X—strip,

Module structure

Fig. 7.11. Structure for a double-gap RPC module. Three such layeenaisioned.

rate'.

Bakelite modules as large as 2« m are straightforward to manufacture. Two of these will be bonded
together to make a single 2x12 m unit. The chambers will be read out by strips~af4 cm dimension.
Thus each unit will have 28 readout channels. With adequate modulejeerd the peaked roof shown in
Fig. 7.1 extending an extra 1m on all sides of the pool, it will be necessagver an area of 20 m18 m at
the Far Hall and 20 m12 m at each of the near halls. This will require a total of 630 units for tlaygars,
and a total of 17,640 readout strips.

Alternatively glass modules as large as 1.5 15 m are easy to make and convenient to handle. They
would have~19 cm-wide readout strips. These would require a total of 1092 unitsadda readout strips.

7.3.3 RPC Mounting

Figure 7.12 shows a candidate scheme for mounting the RPCs on a peakegiaothe water pool.
The roof will be divided into two sections of different heights and the RPGanted in a way that allows
one section to slide over or under the other.

7.3.4 RPC Performance

Taking into account inefficiencies due to dead-spaces, we expectdhalefficiency of a single layer
to be at least ~96%. If we adopt the definition of a track as hits in at least two out of thigerdathen the
coincidence efficiency is® + C3e?(1 — ) = 0.963 + 3 x 0.96% x (1 — 0.96) = 99.5%, whereC3 = 3 is
the binomial coefficient. Assuming a bare chamber noise rat#,1.6 kHz/n? is achieved (consistent with
twice the BES chamber measurements), a signal overlap width 20 ns, and a coincidence ared, of
0.25 n?, the noise rate would b€ A%r%7(1 m?/A2%) = 3 x 1600% x 0.2-10~7 = 0.154 Hz/m?. For the Far
Hall, this gives a total accidental rate of 55 Hz and a correspondingilsotidn to the deadtime of 1.1% in
the case that a muon signal is defined by a hit in the RPCs alone. A test datrex 8cenario with prototypes
of the Daya Bay chambers, using a track definition of two out of three biis\d a coincidence efficiency of
99.5+0.25%, which is consistent with the calculated efficiency. The efficienoyesiare shown in Fig. 7.13.

Initial simulation results based on measurements of radioactivity in the Abefdemel predict singles
rates from radioactivity 0f-650 Hz/n? and coincidence rate of 1 HzAnmainly from double Comptons.
This corresponds to a trigger 8300 Hz in the Far Hall and a contribution to the veto deadtime &%o.

*Note that this is the case only for the true noise rate. Cosmic rays preidEl8 Hz/cm of the singles at sea level
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Fig. 7.12. Sliding roof mount for muon tracker modules above the water pool.

7.3.5 RPC Front-End Electronics

The readout system consists of a readout subsystem, a thresholl sabgystem, and a test subsys-
tem. The readout system, shown in Fig. 7.14, contains a 9U VME crate loghte® the detector, which
holds a system control module, a readout module, an I/O module, and achiff®l module. The system
clock will operate at 100 MHz.

1) Control Module

The control module receives the trigger signals (L1, Clock, CheckRas@t) from the trigger system
and transmits them to the Front End Card (FECs) through the 1/O moduléso heaeives commands (such
as setting thresholds, testing, etc.) and transmits them to the FECs. The oomdide is also a transceiver
which transfers the FULL signal between the readout module and FECs.

2) I/0 Modules

The VME crate contains several /0O modules, each of which consists BO12ckets connected by
a data chain. The I/O module drives and transmits the signals of the clockigget tio all the FEC's, and
transmits control signals between the readout module and the FECs.

3) VME Readout Modules

The readout module is responsible for all the operations relative to dedaut It not only reads and
sparsifies the data from all the data chains (it can read 40 of them in pacdlestructs the sub-event data
to save into the buffer, and requests the interrupt to the DAQ system tegwtite sub-event data, but also
communicates the Full signals to the FEC's to control the data transmission. dd@utenodule checks
and resets control signals to the trigger system. It also controls the remdirngparcifying of the FEC data,
the requesting of a DAQ interrupt, and the counting and resetting of the tmggeber.

4) Front-End Cards
The FECs are located on the RPC detector. Their task is to transform sigmalghe strips into a bit
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Fig. 7.13. Efficiency as a function of gap voltage for the individual moslaféhe Daya
Bay prototype RPCs (blue) and for the system when two out of three hitle®dre
required (red).

map, store the data in a buffer and wait for a trigger signal. Events with a&trngd be transmitted in a chain
event buffer in the VME readout modules. Events without a trigger asgade Analog signals from groups
of 16 strips are discriminated and the output read and stored in parallel itdo shift register, which is

connected to a 16-shift daisy chain. A total of 16 FECs compose one FigyChain, which covers 256
strips. The data from each chain, as position information, are trangfeitrby-bit to the readout module in
the VME crate through the 1/0 modules using differential LVDS signals. Emtbim of the chain will be

stored temporarily in the relative data chain buffer of the readout modtier. #he data sparsification, the
whole data chain will be stored into the sub-event data buffer awaiting DrAQegsing.

In each FEC there is also a DAC chip, which is used to generate test sigWtas a test command
goes to the test signal generator which resides in the system control nioth#e/ME crate, the generator
sends timing pulses to the FEC’s DAC chip through an 1/0 module. This chip #Hereis a test signal to
each channel’'s comparator.

The principle of the threshold setting circuit is the same as the test circuit. Thgtpulges are gener-
ated by the threshold controller in the system control module, and sent té\tbédyenerate the threshold
level at each of the input ports of the discriminators in the FEC.

5) JTAG Module
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Fig. 7.14. Configuration of the electronics & readout system.

The JTAG module gets the FPGA setting command from the VME BUS, transfoemt®thmand into
the JTAG control timing, and sends it to the FECs. Each of the JTAG moduseszhsiots on the panel of
the module, enough to satisfy the requirements of the whole readout system.

6) Test System

The test system for the readout system consists of the test control modiéeVME crate, and a test
function generator in the FEC.
7) Threshold-Setting System

The threshold-setting system for the readout system consists of thhdltte®tting control module in
the VME crate, and a threshold-setting generator in the FEC.

7.3.6 Water Cherenkov Modules

As a part of the preliminary R&D for a long baseline neutrino oscillation experinike novel idea of
a water Cherenkov calorimeter made of water tanks was investigated [4qtéy vank prototype made of
PVC with dimensions £1x13 n? was built. The inner wall of the tank is covered by Tyvek film 1070D
from DuPont. At each end of the tank is a Winston cone that can colleati@aight at its focal point,
where an 8-in photomultiplier is situated. The Winston cone is again made of &¥€red by aluminum
film with a protective coating. Cherenkov light produced by through-gaimarged particles is reflected by
the Tyvek and the Al film and collected by the photomultiplier.

The light collected due to cosmic-muons is a function of the distance from thegiaoncidence of the
muon to the phototube. Such a position dependent response of the taitlcé & its energy resolution
and pattern recognition capability. Typically it is characterized by an exptiai behavior ot—%/*, where
z is the distance of the muon event to the phototube Jarsl the characteristic parameter, often called
the “effective attenuation length”. The characteristic paramietdepends on the water transparency, the
reflectivity of the Tyvek film, and the geometry of the tank. Using trigger scitibitacounters to define
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the muon incident location, keeping thecoordinate constant, the total light collected as a function af
several locations was obtained as shown in Fig. 7.15. It can also bérsgeRig. 7.15 that, for a through-
going muon entering the center of the tark0 photoelectrons are collected by each PMT, corresponding
to a statistical determination of about 7%E (GeV).
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Fig. 7.15. Position dependent response of the water
tank to cosmic-muonsx is the distance from trigger
counters to the PMT at right. The line represents the
Monte Carlo prediction with an effective attenuation
length of 5.79 m. The measured effective attenuation
length of the water tank is (5.24€.29) m.

As discussed in Section 7.2 the Daya Bay antineutrino detector modules arstielded from external
radiation (such as gamma-ray and cosmic-ray induced neutrons)-Bysam thick water buffer. One could
use modules similar to the above-mentioned Cherenkov units as the muon {figk&r1). Such modules
have many advantages: (1) very good cosmic-ray detection efficiémegrétically, the efficiency is close
to 100%); (2) insensitivity to the natural radioactivity of Daya Bay's 1d@& very modest requirements on
the support system because the whole detector is immersed in the watew ¢9sliobecause water is used
as the medium.

The geometry of the water Cherenkov units located at the four sides aof paaikis shown in Fig 7.16.
We use four PMTs at each end to decrease the risk of failure of a uni¢iPMT dies. The unique geometry
of two ends reduces the optically dead region. Similar modules would be @atee bottom of the pool.

It is possible that instead of a Tyvek lining, we may be able to rely on the tieftgof TiO2-loaded
PVC, of the sort being studied for the NOVA experiment at Fermilab. R&D mytbssibility is in progress.

A modified version of the LED system discussed in Sec. 6.2 would be usegifo calibration of the
WCMs.

To cover the Daya Bay and Ling Ao Near Sites and the Far Site will requBel&m-long units and
36 10 m-long units, with a total of 1152 8" PMTs. The WCMs will not be watehttignd will share the
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Fig. 7.16. The geometry of a water Cherenkov mod-
ule unit. Four 8-in PMTs are installed in each end,
with an Al mirror.

purification system of the water shield.
7.3.6.1 Water Cherenkov Module Performance

A GEANT4 simulation tuned to match the performance of the prototype desatimea was adapted to
the longer modules proposed for Daya Bay. The optical parameters comefir previous MC simulation
program of the prototype. Preliminary MC results are shown in Table 7 &&khow that adequate signal
can be obtained from both ends of these modules for muons at any paigtthEm.

Table 7.3. Number of photoelectrons detected in
the 16 m-long water Cherenkov module with differ-

ent incident positions of (vertical) muons from the

Monte Carlo simulation. These modules have four
PMTs on each end.

] H -7m \ -5m \ -2m \ 0 \ 2m \ 5m \ 7m \
Left 9.8 23.1. | 52.8 | 86.1| 149.5| 343.8| 1044.9
Right || 985.3| 340.8| 152,7| 88.6| 51.3 | 23.0 | 10.0

Position resolution in the direction transverse to the axis of the module will le dpy its sizer, =
100cm/\/ﬁ = 29 cm. In the other dimension, 2 ns resolution on the end-to-end timing will catgrib
~32 cm to the position uncertainty. We can also use the comparison of puldd freig the two ends
for determining the position. Including both methods we expect a resolutimpa&@ble or better than that
in the coordinate determined by the module cross-section. For muons tratsadkie water pool and hit
modules on either side, these resolutions yield uncertaintie@fcm on the position at the center of the
trajectory.

Accidental rates in this system, which is essentially blind to rock radioactivigy,eapected to be
negligibly small.

From Table 7.3, we see it is desirable to measure signals thatlaphotoelectron to those that are
several hundred photoelectrons. Thus the same electronics distussect. 7.2.4 are appropriate for use
here.
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Fig. 7.17. Cross-section of a single scintillator strip.

7.3.7 Plastic Scintillator Strips

Plastic scintillator strips serve as a backup option for both the top and in-tvaté&ing systems. For
both purposes we propose to use the extruded plastic scintillator strip teghraeveloped by MINOS,
OPERA and other previous experiments. The parameters of this systeimoave in Table 7.4.

Name value unit
number of strips 5304

length of strip 5.25 m
width of strip 0.2 m
thickness of strip 1 cm
fibers/strip 5

length of fiber 7.25 m
diameter of fiber 1 mm
strips/module 6

modules (full/top only) 884/295
phototubes (full/top only) 1768/530

Table 7.4. Parameters of scintillator strip detectors

If the scintillators are used for the entire muon tracker system they will beasftfrom the walls and
floor of the pool by 50 cm to allow attenuation of the gammas from rock ratidtgcFor a similar reason
they will be mounted 50 cm below the top of the pool. There will be two ortholdagars on each wall, the
floor and the top. In the case where only the top is to be covered by scintstaijus, they would be arrayed
in the manner described above for the RRG@sthere would be three layers mounted on the sliding roof. In
this case a triple coincidence could be demanded if made necessary bydbereates.

7.3.7.1 Scintillator Strip Design

Almost all the scintillators will be of the same type: 5.25<m2 mx0.01 m extruded polystyrene,
co-extruded with a coating of TiO2-doped PVC. Five 1 mm Kuraray 200§ S-type wavelength-shifting
fibers will be glued into 2 mm deep 1.6 mm wide grooves in the plastic using optical glue [6]. Six such
scintillators will be placed in a single frame and read out as one 1.2 m-wide ugtreF7.17 shows the
cross section of one scintillator.

7.3.7.2 Scintillator Strip Photoreadout

A 1§-inch photomultiplier tube such as a Hamamatsu R6095 or Electron Tubes 9iR®B used to
read out 30 fibers on each end of the six-scintillator module. The PMTs witlh at positive HV, via a
system similar to that discussed in Sect. 5.4.4. Calibration will be via thinfildkm sources placed near
the ends of the scintillators. The sources provid0 Hz of~0.5 MeV signals.
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e Fig. 7.19. Exploded view of the end of

Fig. 7.18. Extruded container for six- the scintillator housing module show-

scintillator module ing routing of fibers, PMT containment,
: and other details.

Fig. 7.20. H-clip to hold the scintillator Fig. 7.21. Side walls of the scintillator
housing. strip system partially assembled.

7.3.7.3 Counter Housing and Support

Above the water, the counters will be mounted on a simple system of strdrgybapported by the
sliding roof. In the water, the requirements for deployment are much monaniting. The six scintillator
strips will be housed in an RPVC extruded box, shown in Fig. 7.18. Theehads are closed by custom
manifolds that contain the fiber ends which are dressed to have an eoggtdl & ~90 cm. The fibers will
be routed through a molded cookie, gathered into single bundle and ¢eddna PVC pipe through the
water into a separate small enclosure containing the PMT/base assemblg. Fiushows the module end,
routing cookie and PMT containment.

The scintillator housings will be supported by a steel frame in a manner similag té-thip technique
used by MINOS [7], although our version, shown in Fig. 7.20, will be maidePVC. It will be glued onto
the module housing and fixed to the frame with two hole-drilling screws or blredsi Figure 7.21 shows
the support scheme for the side walls of the scintillator system.
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7.3.8 Scintillator Strip Performance

We base our expectation of performance on that of the prototype OPEg&t teacker scintillators [8].
Figure 7.22 shows the yield of photoelectrons versus distance to the phbpdisrutubes. Note that our
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Fig. 7.22. Number of photoelectrons detected on each side of sever@RXI8-H
plastic scintillator strips versus the distance to the photomultipliers (from Dricos
al.).

counters are only a little longer than 5 m, a point at which the OPERA strips yieldt® p.e.

The OPERA strips are 26 mm wide by 10.6 mm thick. Our strips are 200 mm wide fwyrithick. The
MINOS GEANT3 Monte Carlo was adapted to compare the two cases. Foctimtiénto the wavelength-
shifting fibers, the fraction of OPERA performance for 4, 5, and 6 $ilper 20 cm is 0.74, 0.89, and 1.02
respectively. OPERA uses Hamamatsu H7546-M64 PMTs, which hawetaqatthode efficiency about 80%
as high as either of the single-anode tube we are planning to use. Thué tiey4—6 fiber cases should
achieve performance similar to that of OPERA. For estimation purposes egselb fibers, which nom-
inally should give 1.15 times OPERA performance in our system. The singl®glhrotron pulse height
distribution will reduce the effective number of photoelectrons by a faat¢t + the variance of the dis-
tribution). With PMTs of the type discussed, this will result in an inefficienty-0.6% in the worst case
(hit at one end of the counter). An upper limit on the position resolution isrghby the granularity of the
countersio, = 120cm/v/12 ~ 35cm. For a muon that hits two sides of the pool, the resolution on the
position at the center of its trajectory through the pool wilkb@5 cm. End-to-end timing and pulse height
are expected to improve this. A timing resolution of 1 ns will contribufies cm to the resolution along the
counter andv11 cm to the resolution at the center of the trajectory for through-going sauon

Plastic scintillators are sensitive to the ambient radioactivity from rock. dé#tese rates were carried
out with a scintillator telescope in the Aberdeen Tunnel in Hong Kong [9iclvhas similar granite to that
of Daya Bay. These indicate that the true coincidence rate of two 1cnslayarthreshold of 0.5 MeV would
be ~7 Hz/m?. For the relevant active area of the top of the Far Hall water pool, thessgin overall rate
of ~1800 Hz. If the top scintillator array alone were used as a;200eto, it would give an unacceptable
random veto deadtime. However, for through-going muons that coulddugred to register as well on the
side or bottom of the pool, the random veto rate would be reduced to a neglaiblgwith the shielding
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from 50 cm of water, the coincidence rate in scintillators in the pool woulkpea@ed to be only 0.7 Hz/m
so 180 Hz on the bottom which is the worst case). Since the backgroamdstopping muons is extremely
small, scintillators seem acceptable in either or both roles.

7.3.9 Scintillator Strip Front-End Electronics

Once again, the electronics and readout discussed in Sect. 7.2.4 woattbdpaeate for this system.
However since it is not necessary to measure energies above a fepaldadller dynamic range would be
acceptable. Whether it is worth it to develop separate electronics for gedcander study. In any case the
readout would be similar to that discussed in Sect. 5.5.
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8 Trigger and Data Acquisition System

The trigger event selection and estimated rates are presented, along withitfgesynchronization
between all of the electronics elements. The processing of the triggerrdatattie front-end modules
through data storage is discussed, along with the detector control system.

8.1 The Trigger System

The trigger system of the Daya Bay experiment makes trigger decisiottsefantineutrino and muon
detectors to select neutrino-like events, muon-related events, periodjertagents and calibration trigger
events. The following sections will describe the requirements and techuasaline for the trigger system.

8.1.1 Requirements

The signature of a neutrino interaction in the Daya Bay antineutrino detdstarprompt positron
with a minimum energy of 1.022 MeV plus a delayed neutron. About 90% oféliérons are captured on
Gadolinium, giving rise to an 8 MeV gamma cascade with a capture time p§28he main backgrounds
to the signal in the antineutrino detectors are fast neutrons producegshyiccmuon interactions in the
rock, 8HePLi, which are also produced by cosmic muons and accidental coincidéetesen natural
radioactivity and neutrons produced by cosmic muons. All three majorgbackds are related to cosmic
muons. The following are the main trigger requirements imposed by the physits gf the Daya Bay
experiment:

1. Energy threshold: The trigger is required to independently trigger on both the prompt positjoals
of 1.022 MeV and the delayed neutron capture event with a photon easta8 MeV with very high
efficiency. The threshold level of the trigger is set at 0.7 MeV. This legalesponds to the minimum
visible positron energy adjusted for3a energy resolution effect. This low threshold requirement
fulfils two trigger goals. For the neutrino signal, it allows the DAQ to recordralinpt positron signals
produced from the neutrino interactions, enabling a complete energlyameanalysis that increases
the sensitivity tdd3. For background, it allows the DAQ to register enough uncorrelatekigbaond
events due to either PMT dark noise or low energy natural radioactivitpdble a detailed analysis
of backgrounds offline.

2. Trigger efficiency: In the early stages of the experiment, the trigger efficiency is required &s be
high as possible for signal and background, provided that the esnts still acceptable and will
not introduce any dead time. After an accurate characterization of allatleglbounds present has
been achieved, the trigger system can then be modified to have more pldvaatground rejection
without any efficiency loss for the signal. To measure the efficiency tianiathe system should
provide a random periodic trigger with no requirement on the energyhbiegst trigger level. A
precise spectrum analysis also requires an energy-independegt gifjgiency for the whole signal
energy region.

3. Time stamp: Since neutrino events are constructed offline from the time correlation eetthe
prompt positron signal and the neutron capture signal, each frontrégt) ( DAQ and trigger unit
must be able to independently time-stamp events with an accuracy betterithantie trigger boards
should provide an independent local system clock and a global time-staatitite DAQ and FEE
readout boards in the same crate. The trigger boards in each DAQ cHateceive timing signals
from a global GPS based master clock system as described in Sectionv8its Eecorded by the
antineutrino detectors and muon systems can thus be accurately assoctateraffline using the
time-stamp.
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4. Flexibility: The system must be able to easily implement various trigger algorithms usingniee sa
basic trigger board design for different purposes such as

(a) Using different energy thresholds to adapt to the possible agiagteff liquid scintillator, or
for triggering on calibration source events which have lower energygiges.

(b) Using different hit multiplicities to increase the rejection power due to thmwalated low
energy background and for special calibration triggers.

(c) Implementing different pattern recognition for triggering on muon sigimetise different muon
systems.

(d) Using an OR of the trigger decision of different trigger algorithms twioi®a cross-check and
cross-calibration of the different algorithms as well as a redundancghiese a high trigger
efficiency.

5. Independence:Separate trigger system modules should be used for each of the antineetectors,
and the muon systems. This is to reduce the possibility of introducing correddigiween triggers
from different detector systems caused by a common hardware failure.

8.1.2 The Antineutrino Detector Trigger System

Neutrino interactions inside a detector module deposit an energy signattire ¢baverted to optical
photons which are then detected by a number of the PMTs mounted on theahsidedetector module.
Two different types of triggers can be devised to observe this interaction

1. An energy sum trigger.

2. A multiplicity trigger.

In addition to neutrino interaction triggers, the antineutrino detector triggesyneeds to implement
several other types of triggers for calibration and monitoring:

3. Calibration triggers of which there are several types:

(a) Triggers generated by the LED pulsing system that routinely monitors g&iE and timing.

(b) Triggers generated by the light sources periodically lowered intodtectbr volume to monitor
spatial uniformity of the detector response and the light attenuation.

(c) Specialty energy and multiplicity triggers used to test detector respsimgeradioactive sources

4. A periodic trigger to monitor detector stability and random backgrounds.

5. An energy sum and/or multiplicity trigger (with looser threshold and multipliciqurements) gen-
erated in individual antineutrino detector modules which is initiated by a delayetrigom the muon
system. This trigger records events to study muon induced backgrolimdgrigger should be able
to operate in both tag and veto modes.

A VME module with on-board Field Programmable Gate Arrays (FPGA)s is tsétiplement the
antineutrino detector trigger scheme outlined in Fig. 8.1 based on expevigaceed at the Palo Verde [1]
and KamLAND experiments. We use an OR of both an energy sum and a multipligijgtito signal the
presence of neutrino interactions in the antineutrino detector. These tgersigrovide a cross-check and
cross-calibration of each other.
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Fig. 8.1. A simplified trigger scheme.

The multiplicity trigger is implemented with FPGAs which can perform complicated patteongnition
in a very shorttime. FPGAs are flexible and can be easily reprogrammealtishigger conditions change. In
addition, different pattern recognition software can be downloadedtedymduring special calibration runs,
such as might be needed for detector calibration with sources. The sigmadifferent PMTs is compared
with the threshold on on-board discriminators in the front-end readods @ardescribed in Section 5.5. The
output of the PMT discriminators are input into the trigger module FPGA whicfopas clustering and
pattern recognition and generates the multiplicity trigger decision. The dantuwate of the low activity
antineutrino detector PMTs is typically around 5 kHz at €& For a detector withiV total PMTs, a dark
current rate off Hz, and an integration time of ns, the trigger raté given a multiplicity thresholdn is

N
Rl S AiCK(fr)(L— fr)NT fr<<1 (30)
T

i=m

whereCY, are the binomial coefficients.

To be conservative, we assume a PMT dark current rate of 50 kHr e$tEmating the dark current
event rate from the multiplicity trigger. For the multiplicity trigger, an integration winef 100 ns will be
used for the central detector PMTs. The dark current rate calculaieg Eg. 30 as a function of the number
of PMT coincidences is shown in Fig. 8.2. At a multiplicity of 10 PMTSs, the totabtigrate would be of
order 1 Hz with a 100 ns integration window.

The energy sum trigger is the sum of charges from all PMTs obtained fhe front-end readout
boards with a 100 ns integrator and discriminator. The threshold of theirdisator is generated with
a programmable DAC which can be set via the VME backplane bus. Thgyesem is digitized using a
200 MHz flash ADC (FADC) on the trigger module. We plan to have an erteigger threshold of 0.7 MeV
or less to be compatible with the positron energy of 1.022 MeV withimBthe energy resolution. At such
low energy thresholds, the trigger will be dominated by two types of backgkdOne is natural radioactivity
originating in the surrounding environment which is less than 50 Hz as shioaviMonte Carlo simulation
in Section 3.4.4, and the other is from cosmic muons (negligible at the far sit#)isAhreshold, the energy
sum trigger rate from the PMT dark current with a 100 ns integration windawegligible.

Tagging antineutrino interactions in the detector requires measuring the timegation between dif-
ferent trigger events. The time-correlation will be performed offline gfoge each triggered event needs to
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Fig. 8.2. Calculated trigger rates caused by PMT dark current as éidornaf the
multiplicity threshold. The maximum number of PMTs is 200, the PMT dark current
rate used is 50k with a 100 ns integration window.

be individually timestamped with an accuracy of order of microsecondsttarb may become necessary
to have a correlated event trigger in the case the background rate is koo hig

A periodic trigger to monitor the PMT dark-current, the cosmic ray backgipand detector stability
will be included.

8.1.3 The Muon Trigger System

The muon system will utilize three separate trigger and DAQ VME crates, mneatch of the muon
detector systems: The water Cherenkov detector, the RPC system andothéranker system (scintillators
or water trackers).

The presence of a muon which goes through the water Cherenkov detactbe tagged with energy
sum and multiplicity triggers using a similar scheme and hardware modules a$onghd antineutrino
detector. In addition, a more complicated pattern recognition scheme usitigédaanergy and multiplicity
information may be used. The trigger rate in the water Cherenkov detectumisated by the cosmic muon
rate which is<15 Hz in the far hall an&300 Hz in the near halls (see Table 8.1). In addition to the water
pool Cherenkov detector trigger, muons will be tagged by a system o§RR€Ceither water tracker modules
or double layers of scintillator strips.

The FPGA logic used for the RPC and scintillator strip detectors forms muobs'sttom coincident
hits in two overlapping layers of scintillator or two out of three layers of RRI@ough the readout elec-
tronics of RPC is very different from that of the PMT, the trigger boaad still be similar to the other
trigger boards. As we discussed before, each FEC of RPC reaeactroaics can provide a fast OR signal
of 16 channels for the trigger. All the fast OR signals will be fed into the &idmpard for further decision
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by FPGA chips. The principal logic is to choose those events with hits in twofahiree layers within a
time window of 20 ns in a localized region of typically 0.25 n$ince the noise rate of a double gap RPC
is estimated to be about 1.6 kHZrtconsistent with twice the BES single gap chamber rates), the false
trigger rate from noise can then be controlled to be less than 50 Hz in setiems. The coincidence rate
in the RPC system due to radioactivity is estimated to be 1 Pinltained from simulation results based
on measurements in the Aberdeen tunnel (see Section 7.3.4). This cotedp a radioactivity trigger rate
of about 360 Hz in the far hall.

For the water tracker modules, we need three types of triggers:

1. an AND of the two ends with a threshold of approximately 3 p.e. on each end
2. A prescaled single ended trigger with a lower threshold.
3. The energy sum of the two ends with a threshold-&0 p.e.

The antineutrino detector trigger board can be used to implement the triggemnes for the water
tracker. The fake trigger rates from radioactivity in the water trackerutesds expected to be negligible.

An alternative to the water tracker modules discussed above, two laye@ntillator strips in the
water pool can be used as described in Section 7. The 0.5 m of waterenetiweewater pool walls and the
scintillator strips provides some shielding from radioactivity in the rock wheegates a rate of 180 Hz of
background in the largest plane (bottom of the far detector). The scintiPMd's noise rate is<2 kHz at
15° C. Requiring a coincidence of two hits in overlapping layers with a 100 nsritieg window reduces
the fake trigger rate from the scintillator strip PMT noise to a negligible levelrincal, the same trigger
module design can be used for both RPCs and scintillator strips with difieR®BA software to handle the
stub formation in the different geometries.

The global muon trigger decision is an OR of the three muon detector triggeensy: RPC, water
Cherenkov and muon tracker. The muon trigger decision may be used thlaumgher level delay trigger
looking for activity inside the antineutrino detector at lower thresholds amaldtiplicities for background
studies.

8.2 The Timing System

The design of the trigger and DAQ system is such that each antineutrindatet@d muon detector
system has independent DAQ and trigger modules. In this design it issaegés synchronize the data from
the individual DAQ and trigger systems offline. This is particularly importantdgging and understanding
the backgrounds from cosmic muons. A single cosmic muon candidate wilcbastucted offline from
data originating in three independent systems: the water Cherenkov pamt, tnacker and RPC tracker.
Cosmic muon candidates reconstructed in the muon detector systems havele tima correlated with
activity in the antineutrino detector to study muon induced backgroundsidertd, the Daya Bay timing
system is required to provide a global time reference to the entire experimenting the trigger, DAQ,
and front-end boards for each module (LS, water Cherenkov, aticeieat each site. By providing accurate
time-stamps to all components various systematic problems can easily be dthdrmsestance, common
trigger bias, firmware failure, and dead time can all be tracked by lookintnfie-stamp disagreements in
the data output from each component. Furthermore, by having multiple sitelsreyized to the same time
reference, it will be possible to identify physical phenomena such assoyga bursts or large cosmic-ray
air showers.

The timing system can be conceptually divided into four subsystems: thegdenaster clock, the
local (site) clock, the timing control board, and the timing signal fanout.
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8.2.1 Timing Master Clock

The global timing reference can easily be provided by a GPS (Global Pasgi&ystem) receiver to
provide a UTC (Universal Coordinated Time) reference. Commerciabytable units are typically accurate
to better than 200 ns relative to UTC [2,3].

This GPS receiver can be placed either at one of the detector sites @neenently the mid hall) or
in a surface control building. A master clock generator will broadcastithe information to all detector
sites. If the master clock is located underground, the GPS antenna mane r@quptical fiber connection
to the surface, which again is commercially available. One such possibility isdtadtin Fig. 8.3

Far
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Mid site [—>70m BE{US)
«'50& %
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%
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Fig. 8.3. Schematic layout of the global clock.

The master clock will generate a time reference signal consisting of a 10 ditidk signal, a PPS
(Pulse Per Second) signal, and a date and time. These signals can 8eccantd a one-way fiber optic
link to be carried to each of the detector halls where they are then fanuied-iodividual trigger boards as
shown in Fig. 8.4

Additionally, the GPS receiver will be used to synchronize a local complités computer can then be
used as a Tier-1 network time protocol (NTP) peer for all experiment ateng, in particular the DAQ,

Each site will receive the signals from the master clock and use them torsyiiwd a quartz crystal
oscillator via a phase-locked loop. This local clock can then be used dmnesference for that site.

This method allows each site to operate independently of the master clock danmmissioning or in
the case of hardware failure, but in normal operation provides good éfeeence. This clock could be used
to multiply the 10 MHz time reference to the 40 MHz and 100 MHz required forrinet fends. This clock
will reproduce the PPS, and 10 (or 40/100) MHz signals and supply théme timing control board.

8.2.2 Timing Control Board

The timing control board will act to control the local clock operations (i.e.lévesit to the master
clock or let it run freely) and to generate any timing signals required by idpgetr, DAQ, or front end that
need to be synchronously delivered. Typical examples include k&iffap signals, run start/stop markers,
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Fig. 8.4. Block diagram of the Daya Bay clock system.

and electronic calibration triggers. In addition, this board could be usedrtergte pulses used by optical
calibration sources. This board would be interfaced to the detector toatmputers.

8.2.3 Timing Signal Fanout

The signals from the timing control board need to be delivered to the indivitktector components:
every FEE board, DAQ board, and trigger unit. This will allow each corepoto independently time-stamp
events at the level of 25 ns.

This fanout system could work, for example, by encoding various Ednyeencoding them on a serial
bus, such as HOTLink. The trigger board in each FEE and DAQ VME aat#d then receive the serial
signal and distribute it via the crate backplane. The crate backplanes elldarry the 40 MHz clock
(100 MHz clock for RPCs), the PPS signal (to reset the clock countans)the other timing signals (run
start/stop marker, calibration, etc).

Individual components of the trigger, DAQ, and front end can emplayntars and latches to count
seconds since start of run and clock ticks since start of seconde Wikprovide sufficient data to assemble
events and debug the output data streams.

8.3 The Data Acquisition System
The data acquisition (DAQ) system is used to:
1. Read data from the front-end electronics.
2. Concatenate data fragments from all FEE readout into a complete event.

3. Perform fast online processing and event reconstruction foreomionitoring and final trigger deci-
sions.
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4. Record event data on archival storage.

A brief review of the DAQ design requirements is followed by a discussidh@&ystem architecture,
DAQ software, and detector control and monitoring system.

8.3.1 Requirements

The Daya Bay DAQ system requirements are listed in Table 8.1.

Trigger Rates (Hz) data rate
Detector| Description DB | LA | Far| Occ Chsize| (kBI/s)
v module cosmicy 36 x 2 22x 2| 1.2x4 | 100% 228 x 64 bits 217
Rad.| 50.0 x 2 | 50.0 x 2 | 50.0 x 4 730
RPC | Rad. & Noise 260 260 415| 10% | 5040/7560 x 1 bit 72
cosmicu 186 117 10.5 20
] Pool | cosmicy | 250 | 160 | 13.6| 50% | 252/340 x64 bits | 437 |
| p-tracker| cosmicy | 1390] 819 | 57.8] 100% | 8 x 64 bits | 145 |
| site totals] (kBIs) | 683 | 500 | 436 | | 1620]

Table 8.1. Summary of data rate estimations. kB/s = 1000 bytes per secanthtadh
data throughput rate for all 3 sites is estimated to be 1620 kB/s. The triggeiora
the central detector has substantial components from natural radityaatid from

muons. The trigger rate in the RPCs has, in addition, some trigger rate friee fbe
trigger rate in the water pool andtracker comes predominantly from muons.

1. Architecture requirements: The architecture requires separate DAQ systems for the three detector

sites. Each antineutrino detector module will have an independent VMBukathte that contains

the trigger and DAQ modules. In addition, the water Cherenkov detectanand tracking detectors

will also have their own VME readout crates. The trigger and DAQ for th@autrino and muon
detector modules are kept separate to minimize correlations between themAGheud-control is
designed to be operated both locally in the detector hall during commissionihgearotely in the
control room. In addition, run-control will enable independent opematibindividual antineutrino

and muon detector modules.

2. Event rates The trigger event rates at the Daya Bay, Ling Ao and Far site from v&sources are
summarized in Table 8.1. The rate of cosmic muons coming through the top ottodete calculated
using Table 3.4. To turn this into a volumetric rate, we use a MC simulation to calcuéatatth of
muon rates entering the top to all muons entering the detector’s volume. Theateafrom cosmic
muons in the different different systems are shown in Table 8.1. At that&grthe trigger rates in the
central detectors are dominated by natural radioactivityQ Hz/detector) and at the near sites both
cosmic and natural radioactivity contribute.

The trigger rate in the water Cerenkov pool is dominated by the cosmic mugritrateingles rate
from PMT noise, gammas and fast neutron backgrounds are negligible.

The RPC noise rates are taken from the BES chamber measurements in $&t#oflVe scale the
BES noise rates by a factor of 2 to account for the different geometityedDaya Bay RPC modules
(3 double gap layers). This increases the coincidence rate due to R&&hyoa factor of 4. The

singles rates shown in Table 8.1 are the sum of the noise and naturalctadipaates in the RPC

systems at the various sites.
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For the purposes of calculating the overall data throughput for the macketrmodules, each module
is treated as an independent detector and the muon rate through each maidemed to be its
“trigger rate”. The occupancy is 100% but only 8 channels are readmoueality of course muons
will tend to hit multiple modules in one full-detector trigger but the entire detectorneiilbe read
out. In the end the two methods simply trade trigger rate for # of hit channdltharresults should
be the same.

While the trigger rate in the antineutrino detectors at each site is of order B0@mz, an OR of the
three muon trigger systems could produce a maximum trigger ratd &Hz. The Daya Bay trigger
and DAQ system will be designed to handle a maximum event rate of 1 kHdditian, to trigger on
the correlated neutrino and fast neutron signals in the antineutrino deteet®AQ needs to be able
to acquire events that occunds or more apart.

3. Bandwidth

The maximum number of electronics channels for the antineutrino detectates, @herenkov pool,
and muon tracker PMTs at the far site is estimated to be at most 2000 chasisk{snan in Table 8.2.
We assume that the largest data block needed for each PMT channdliis 6dless, provided wave-

Detector Option Geometry Approximate number of channels
PMT channels

Scint tracker 2 layers

strip module side/bottom

1.2mx 525m water pool ~ 530

OR

Water tracker 8 PMTs ~ 450

modules per module

1 mx 16 mmodule  side/bottom

Water Cherenkov 1 PMT/2 M

pool 4 sides/bottom ~ 350

Antineutrino detector 4 modules 896

Total PMT channels ~ 1900
RPC channels

RPC on top 3 layers of

of water pool double gap

2 m x 2 m module modules 7560

Table 8.2. Estimated number of readout channels from various detestensyat the

far site.

form digitization is not used, the breakdown of the channel data blodki treuas follows:

Address : 12 bits

Timing(TDC+local time): 32 bits
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FADC : 14 bits
For the RPC readout its 1bit/channel + header (12bits) + global time-stathjig6= 1 kBytes maxi-
mum.

Assuming zero suppression, and maximum occupancy humbers of 1086 P C system, 100% for
1 out of the 4 antineutrino detectors, 10% for the water tracker and 50&tdfovater Cherenkov (with
reflecting surfaces), we estimate the maximum event size at the far will needxl0 kBytes/event
including DAQ/Trigger header words and global time-stamps. The evees sizthe near sites are
smaller than the far site due to a smaller number of channels. The expectéurdatdput from each
site is estimated by combining the number of readout channels with the triggearat@ccupancies
as shown in Table 8.1. The site totals in Table 8.1 do not include global headds, trigger words
and time-stamps which add a small overhead. Therefore, we estimate thai¢loteel data throughput
rate is<1 MBytes/second/site. If waveform digitization is used for the PMTs, thi¢dcimerease the
maximum desired data throughput by an order of magnitudel® MBytes/second/site.

4. Dead-time: The DAQ is required to have a negligible readout dead-tirn@ %%). This requires fast
online memory buffers that can hold multiple detector readout snapshotstiuvbiéghest level DAQ
CPUs perform online processing and final trigger decisions and &atwspermanent storage. It may
also require some low level pipelines at the level of the PMT FADCs.

8.3.2 The DAQ System Architecture

The main task of the DAQ system is to record antineutrino candidate evergs/etisn the antineu-
trino detectors. In order to understand the background, other typegeots are also recorded, such as
cosmic muon events, low energy radiative backgrounds... etc. Theréier DAQ must record data from
the antineutrino and muon detectors (RPCs, water Cherenkov and ffacikle precise timing information.
Offline analysis will use timing information between continuous events in the antine detector and in
both the muon and antineutrino detectors to select antineutrino events froehated signals or study the
muon related background in the antineutrino detectors.

The DAQ architecture design is a multi-level system using advanced comhuentiputer and network
technology as shown in Fig. 8.5. three detector sites. The DAQ systemdéesis in Fig. 8.5 are as follows:

| DYB Site

| LA Site

Far Site Mass Storage

Fig. 8.5. Block diagram of data acquisition system.
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1. VME front-ends: The lowest level is the VME based front-end readout system. Each \slie s
responsible for one detector or muon system. Each module of the antinadgtegaior will have its
own independent VME crate. Therefore, The lowest level VME raadgstem of the far detector
hall will consist of the trigger boards for each system, the front-endaeizboards from three muon
systems, and the four antineutrino detector readout boards. All rebdards are expected to be 9U
VME boards.

The Far and Near detector halls, will have the same DAQ architecture butifféhent number of
VME readout crates to accommodate the different number of readonihelsain the Far/Near halls.
Each VME crate holds a VME system controller, some front-end rea@@&iE) modules and at least
one trigger module which supplies the clock signals via the VME backplane tBBenodules. The
VME processor, an embedded single board computer, is used to collmtopess, and transfer data.
The processor can read data from a FEE board via D8/D16/D32/MBltfaé4fer mode, allowing a
transfer rate up to 80 MB/s per crate which is sufficient to meet the bandeeigitirement. All readout
crates of the entire DAQ system at a single site are connected via a fashasyous Ethernet switch
to a single local event builder computer.

2. Event Builder and DAQ control: At each site an Event Builder computer collects the data from
the different VME crates for the different detectors and concatemia¢eSEE readout to form single
antineutrino or muon events. The data stream flow can work in two wayendem on the require-
ments of offline analysis. One scheme is to send muon events and antinevgmt®@ut into one data
stream on the readout computer. Another scheme is that each type e¥exi)-muon events, or an-
tineutrino events, have a different data stream and will be recordexpasate data files in permanent
storage. The second scheme is simpler from a DAQ design viewpoint anplies with the DAQ
system design principal of keeping each detector system completely mdgeor both hardware
and software. The Event Builder computer at each site also allows fdrdpeaation and testing of
the DAQ system.

3. Data Storage and Logging:

Data from the Event Builder computer at each site are sent via fast ofitiealink through a ded-
icated switch at a single surface location where it is then transferred tbHaoé disk arrays. The
hard disk arrays act as a buffer to the remote data archival storageadarge data cache for possible
further online processing. Each day will produce about 0.6 Teratiytata that needs to be archived.
Although implementation of data logging has not yet been finalized, there arelivious options:

(a) Set up a high bandwidth network link between Daya Bay and the Chusr@sersity of Hong
Kong, China, and distribute the data via the GRID (high bandwidth computimgprieand data
distribution applications for high energy physics experiments). This is @feqable scheme.

(b) Record the data locally on tape. This scheme requires a higher leaelilter to reduce data
throughput to a manageable level.

Whichever option is realized, the local disk array should have the capdbibtpre a few days worth
of data in the case of temporary failures of the network link or the local tapage.

Since the DAQ system is required to be dead time free, each DAQ level shauéda data buffer
capability to handle the random data rate. In addition, both the VME bus awdnkeswitches should have
enough margin of data bandwidth to deal with the data throughput of theieque.

The DAQ control and monitoring systems should be able to run both remotefytfre surface control
room computers and locally on the Event Builder computer in each detedtomlha run control design
should be configurable allowing it to run remotely for data taking from allesyis and locally. Run control
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should allow both global operation of all detector systems simultaneouslypeaicbperation of individual
detector systems for debugging and commissioning.

8.3.2.1 Buffer and VME Interface

For each trigger, the event information (including the time stamp, trigger tyggetrcounter) and the
snapshot of the FADC values should be written into a buffer that will bd oed via the VME bus for
crosscheck.

The global event information which includes absolute time-stamps and triggesiah words will be
read out from the trigger board, while individual channel data ard oeé from the FEE boards. In this
case the event synchronization between the DAQ boards and the traayerib critical, and an independent
event counter should be implemented in both the DAQ boards and the trigagetsbd he trigger board in
each crate provides the clock and synchronization signals for the looaters on each FEE board. The
global timing system is designed to enable continuous synchronization ofcdeclocks in different crates
and at different sites.

The event buffers are envisioned to be VME modules that are in the saies as the FEE boards. Data
from the trigger and FEE boards is transfered via the VME bus to the VMfignsuAn alternative design is
to have the VME buffer modules in separate crates and have data texhffan the FEE modules via fast
optical GHz links (GLinks) to the VME buffer modules. We envision VME leu#f with enough capacity to
store up to 256 events.

8.4 Detector Control and Monitoring

The detector control system (DCS) controls the various devices of fheriement (e.g., high voltage
systems, calibration system, etc.), and monitors the environmental paranmetelstector conditions (e.g.,
power supply voltages, temperature/humidity, gas mixtures, radiation, etme Safety systems, such as
rack protection and fast interlocks are also included in the DCS.

The DCS will be based on a commercial software package implementing thevisopg control, and
data acquisition (SCADA) standard in order to minimize development coststoam@ximize its main-
tainability. LabVIEW with Data logging and Supervisory control module is & effective choice for the
DCS.

The endpoint sensors and read modules should be intelligent, have diditaliut, and conform to
industrial communication standard. We will select the minimum number of negdgdd bus technologies
to be used for communication among the SCADA system and the readout modules.

1. G. Gratteet al., Nucl. Instr. and MethA400, 54 (1997).
2. Trimble Navigation Ltd. http://www.trimble.com/acutime2000.html
3. TrueTime Ltd, http://www.truetime.net/software-winsync.html
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9 Installation, System Testing, and Detector Deployment

The construction and installation of the Daya Bay experiment requires vilecanstruction of the
underground halls, the assembly and testing of the antineutrino detecidtheatransport and deployment
of the detectors in their appropriate locations. Well-coordinated activitiderground and on surface are
essential for the timely start of the experiment. While the civil constructionefitftderground tunnels and
halls is being completed the Collaboration will start the assembly and testing ofghddfector modules
above-ground so that they can be filled and deployed as early aslpossib

The Collaboration has a wide range of experience in the installation andtmpeof large detector
systems including underground installations at SNO and KamLAND, the lme€xperiment at the South
Pole, and the STAR detector. Members of the Daya Bay Collaboration tewd®een involved in the en-
gineering and installation activities at MINOS, and Chris Laughton is directlyived in the evaluation of
the tunnel design and specification for the civil construction at Daya Bay

All of the assembly work of the antineutrino detector modules except for Itimgy fiill be performed
above-ground in a Surface Assembly Building (SAB). This will providadility for the assembly and test-
ing of two antineutrino detector modules at a time. The SAB will also include staaad testing facilities
for other subsystems such as the muon system as well as some storageiagdanilities for the antineu-
trino detector liquids (see Chapter 5.3.) A separate Storage Building (SB3Isdllbe available for storage
of arriving equipment. Some elements, such as the mineral oil storage vélksrive ready for installa-
tion on the surface or in the tunnel. Other elements, such as the muon traktkeguire brief retesting to
ensure that no damage occurred during transport. However, elemehtasthe antineutrino detector tanks
will require assembly under cleanroom conditions and system testing ptloe teansport underground and
filling with liquid scintillator.

Careful logistical coordination will be essential for the receiving, ad®dg installation, and testing
of all detector components and subsystems. This chapter discussesfdbméasic considerations in the
installation process and outlines a plan for the assembly, filling, and deplowide antineutrino detector
modules.

The logistics of assembly and installation of the antineutrino detector include:

1. All detector modules will be fully assembled and tested with inert gas utegmroom conditions in
the surface assembly building.

2. Only empty detector modules will be moved down the ramp of the access torthel underground
laboratory. During transport down the access tunnel the antineutriectdes are unfilled (and are
therefore only about 20 T or 20% their final weight).

3. All detector liquids will be transported underground in special ISO liqoigt&@iners to ensure clean
and safe handling of all liquids (see Section 5.3).

4. The detector modules will be filled in pairs in the underground filling hall Buen“identical” target
mass and composition for each pair.

5. Once a pair of detector modules has been filled, the detectors arefoea@ployment in one of the
experimental halls.

6. Once a module is filled with liquid it will only be moved in the horizontal tunnet§.6% grade)
between the experimental halls.

7. The filling hall is designed to allow for the draining of all detector moduleseaetid of the experi-
ment.
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9.1 Receiving and Storage of Detector Components

The logistics of receiving, storing, assembling, and testing componentsgddaya Bay experiment
requires the construction of suitable surface facilities including the SABSEB1dAs detector subsystem
elements arrive at the Daya Bay site, they will be delivered to one of thekkngys. Special arrangements
will be made for the handling of the detector liquids: the unloaded liquid scintijl@&drloaded liquid
scintillator, and mineral oil. The major elements of the detector (antineutrinotdetanks, acrylic vessels,
calibration systems, muon detectors, PMTs, liquid storage tanks) will amigewell coordinated timeline
to avoid space problems and to allow the assembly of two detector modules at a tiraéSiiB. The space
required for the storage of components would otherwise quickly oveheimvailable storage space. The
storage building will be of sufficient size to hold the large elements of the artine detector and muon
systems, but only for a few of these elements and for short periods of gfoeehthey are moved into the
surface assembly building. Space for two steel outer vessels plus twaf setsted acrylic vessels as well
as several large muon detector panels and boxes of PMTs will be sufffiGieis requires a building of
roughly 200 nd area and a crane with two hooks (20 T and 5 T). A possible layout of tisitestorage and
assembly facilities is shown in Fig. 9.1.

Assembly Hall
on surface

Machine For water RPC Support Struc.
room tank
pre-assem

Clean tent
Test

Waf;ing for CD
Storage building Cleaning | pre-ass
Equip

Fig. 9.1. Layout of the surface assembly building and storage facilitieg at@nroad
to the tunnel portal.

The logistics underground also requires special consideration: thegsttainks for Gd-loaded liquid
scintillator, pure liquid scintillator and mineral oil will need to be in place prior toafresal of antineutrino
detector elements or completed antineutrino detectors will stack up down in tied taaiting to be filled.

9.2 Surface Assembly Building

A surface assembly building of the scale of 2560 m (1250 m) is required to assemble, survey, and
test two antineutrino detectors at once. This building will be large enougbusentwo detector tanks and
their associated inner acrylic vessels. The rest will be stored in the stbtéiding. It will also have a crane
of sufficient capacity to assemble the nested vessels and to lift the comtletelly) antineutrino detectors
onto their transporter. The surface assembly building will require clesendsly space for working on the
open vessels to maintain the appropriate surface cleanliness. Once ttterdeiedules are assembled and
tested as required, they will be moved underground for filling and sulestdnstallation in the experimental
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halls.

In parallel with the assembly of the antineutrino detectors, the muon deteatblewnspected and
tested. A building of this size will allow us to set up several inspection and ¢estiiiions and have a station
for survey and alignment. It is sized to handle the assembly of two antineuleteators in parallel plus a
short incoming RPC panel test station. If the building is arranged in a ldhp§5orientation, a single 30 T
bridge crane with rails along the building and a smaller 5-10 T crane utilizingatihe sails are sufficient.
This allows for the manipulation of partially or fully completed (dry) antineutrietedtors while moving
muon detector panels or staging other structures in parallel.

To accomplish these multiple testing, assembly, and QA tasks, appropriatatestswill be assem-
bled. We may need to provide appropriate gas mixes and high and low vottege as well as a low-noise
test environment.

The surface assembly building will be designed to ensure several l[dwdésaaliness control. Detector
components arriving on site will be stored under sealed conditions in tfeeeswssembly building. During
the assembly of the detector modules more stringent cleanliness requirem@gtsBath the level of par-
ticulates and the environmental air will have to be monitored. Cleanrooms af biE¥)—10000 inside the
surface assembly building or movable clean tents with HEPA filters to coveretieetdr modules can be
used to provide the appropriate environment for the detector assembly.

9.3 Assembly of the Antineutrino Detectors

The major components of the antineutrino detectors will be fabricated atediffplaces worldwide and
shipped to the Daya Bay site for assembly and testing. The tasks involvedasgambly of the detector
modules include:

1. Cleaning and inspection of stainless steel tank

2. Installation of the PMTs and cabling inside the detector tank
Installation of monitoring equipment in tank

Lifting the acrylic vessels into the detector tank

Connecting all fill lines, calibration, and instrumentation ports
Precision survey of tank and acrylic vessel geometry

Final cleaning throughout the entire assembly process.

Pressure/leak testing of acrylic vessels and detector tank after dgsemb
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Test installation of automated calibration systems (to be removed befospdrannderground)

The entire assembly of the detector modules will be performed in class 10008-tleanroom condi-
tions. This complex assembly and integration task will require close coordinatseveral working groups
(detector design, engineering, calibration, monitoring) and the on-sisempee of key scientific and techni-
cal personnel.

9.4 Precision Survey of Detector Modules

Before transporting the detector modules underground the geometrydstidetor modules is surveyed
to high precision using modern laser surveying techniques. The precisiomonly achieved in modern
equipment over the scale of the antineutrino detectob () is of the order ok 25 m in both the radial
and the longitudinal direction. This will serve as a baseline referencehéoas-built detector geometry.
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In-situ monitoring equipment inside the detector modules will then be used toargoghanges during the
transport or filling of the modules.

Similarly, the muon chambers, PMT support structure and other detectsystaims will be surveyed
in the surface assembly building prior to the transport undergroundtiiglaternal system geometries to
external fiducial points in the experimental halls will ultimately allow a precisdivelanderstanding of
detector geometry to the experimental hall and the outside world.

9.5 Subsystem Testing

Following the assembly of detector modules and subsystems, testing becoritiealaask to ensure a
smooth turn on and commissioning the detectors underground. The cotlab&&A and QC experience,
such as from IceCube, will be invaluable in preparing subsystems, g@igngready, and finally installing
them underground with a high success rate.

All incoming equipment will be inspected for obvious damage. System elemaxttarih completely
assembled and tested to meet specifications at far away sites (the US angl Beigxample) will require a
limited retest to ensure no internal damage occurred during shipment. Tiestlmgken channels or shorts
in RPC chambers, PMT function, calibration system function, etc., will alelgetired. To accomplish these
tasks, appropriate test stations will be assembled and utilized in the susisemlaly building. The test
stations will be manned by technicians, grad students, post-docs aridigtsyend will utilize a small set of
simple electrical tests performed to a written test specification. It is not likelwileepeat all the original
performance tests performed at the originating institutions. However, weeeythe capability to provide
appropriate gas mixes and high and low voltage power as well as a lowtastsmvironment.

Once the antineutrino detectors have been assembled in the surfacelpdselting we plan to perform a
suite of tests of their mechanical integrity and functionality including

1. pressure and leak tests of the detector tank and acrylic vessels
2. running the PMTs and all cabling with a gas fill inside the detector zones

3. testing the functionality of all ports, calibration, and monitoring equipment

Once a detector module passes these tests it is ready for transpogrondel It will be moved down the
access tunnel into the underground filling hall on transporters at vergpeed.

9.6 Filling the Detector Modules

The underground filling station is designed to accommodate two detector matlwlag the filling
process. The three components: Gd-loaded liquid scintillator, liquid scintifiatahe v-catcher, and min-
eral oil will be filled simultaneously into each detector module. The goal is to filldetector modules from
the same batch of liquids to ensure the same target mass and composition irf gatectors. They can
then be deployed either both at the same near site for a check of the reltiation efficiency, or one at
the near and the other one at the far site for a relative measurement aftitheusrino flux. An alternate
plan under consideration would be to fill the two detectors in their respestperimental halls. This would
require very different logistics and transport arrangements.

The underground filling hall houses a 40-t storage/mixing tank for the G#i%quid scintillator and
two more storage tanks for thgcatcher scintillator and the mineral oil for the buffer region. All three
regions of the detector modules will be filled simultaneously while maintaining diqué levels in each
vessel to minimize stress and loads on the acrylic vessels. The undetgrtonage tanks are sufficiently
large to hold the full liquid volumes for two detector modules.

Dedicated fill lines for the Gd-liquid scintillator, the-catcher liquid scintillator, and the mineral oil
connect the storage tank to the detector module during the filling proces§illifly station will be equipped
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with a variety of instrumentation on the storage tanks and the fill lines for asprand redundant measure-
ment of the target mass and composition. Each fill line may use multiple flowmetenses &r additional
systematic control. The instrumentation we envision using during the filling guseencludes (see chap-
ter 6.3):

On the storage tanks
1. liquid level sensors
2. load sensors
3. temperature sensors
4. access ports for extracting liquid samples
In the fill lines
1. Coriolis mass flowmeters + density measurement
2. conventional volume flow meters
3. temperature sensors
In each detector module
1. load sensors in the support of each acrylic vessel
2. liquid level sensors in each zone or volume
3. CCD imaging of inside of detector modules

In addition, all fill lines will be equipped with the necessary filtration and liquashdiing systems. The
filling of the different detectors will be performed sequentially. This eestinat the same set of instrumen-
tation and flowmeters is used in determining the target mass in each detect@r . deethario the systematic
uncertainty on the relative target mass between detector modules comeahéroapeatability of the mass
flow measurements of one set of instrumentation while the uncertainty on theaelmasses between dif-
ferent detector zones (which is less critical) comes from the absoluteetiffe between different sets of
instrumentation. After filling, the two detector modules will be deployed in the@pjate experimental
halls.

9.7 Transport to Experimental Halls

Detector modules and related systems will be transported to the filling hall aed®ental halls from
the surface assembly building using flat-bed trailers or self-propelledpoaters. There are several issues
associated with this task that make it somewhat more difficult than simply usingmiional transportation
equipment:

1. Due to cost and civil construction constraints the tunnel itself is ngtlaege.

2. Entrance to the underground laboratory is through an access titineln incline of up to 10%.

3. Transport systems have to be compliant with ventilation and undergsaiety requirements.

Because of this, the transport mechanism should:
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. have a low bed height{0.5 m).
. be powered by an electric drive or by some very clean burning @l &8s propane gas.

. be capable of accurate tracking along an electric or mechanical guide.

AW ON R

. utilize an active horizontal level mechanism while transporting the antineutietector down the
10% entrance tunnel into underground laboratory. This will maintain theeta an upright and
vertical position and minimize any stress on the inner acrylic vessels.

Note that the detector modules will be filled in the underground filling station amdwlill only be
transported in the horizontal tunnels between experimental halls after #veyldeen filled. During the
transport to the experimental halls the antineutrino detectors are filled aadhatal mass o100 T. We
are currently investigating several transportation systems. Custom-ntemtegsd wide) flatbed, ‘lowboy’
trailers pulled by an electric airport pushback tugs are one option. Aidaagation is self-propelled, remote-
controlled, small wheel diameter transporters which often have hydratinglitapability. A third option is
an electric power train-like transporter which runs on rails. All of thestesys have the benefit of having
a bed height of around 0.5 m. All of these can be powered by electric motocsean, safe operation in
confined spaces.

9.8 Final Integration in the Experimental Halls

After the antineutrino detectors have been filled they will be slowly transgdint®ugh the tunnels to
the appropriate experimental halls. They will be deployed by crane intordieed water pool and onto
their stands. All cabling and electronics will be connected and their calibragistems installed so they can
be calibrated and checked.

The muon-detector elements (RPC chambers, structures and PMTs) welilmred to the experimen-
tal halls after test and checkout on the surface. These elements willthkedsn the pool (PMTs and PMT
supports) and over the roof of the pool (RPCs).

9.9 Early Occupancy of the Experimental Halls at the Near and Mid Sites

The civil construction of the underground laboratory including the grpental halls and tunnels will
take about 24 months. The time scale is set by the excavation of the tunnekehetve experimental
halls. The near and mid sites will be completed first before the tunnel to tisédas finished. Completion
of experimental halls at the Daya Bay near site and the mid site suggests the imialgéomeof an early
experiment utilizing the halls at these two sites. Early occupancy of thesesitds provide the opportunity
to commission the detector modules at the near site and to make a first, “fast’ramaastiwith a sensitivity
of sin*20;3 <0.035 (see Chapter 3).

The use of these experimental halls during the ongoing excavation astrucion of the tunnel to
the far site poses significant but not insurmountable logistical challegése work underground. While
shared underground occupancy is largely to be avoided becauseies isf safety (traffic, blasting, explo-
sives, fumes etc..) and interference with mining work other experimentiétiéscsuch as KamLAND in
the Kamioka mine have demonstrated that data taking with a sensitive neutrerinespt is possible while
a new underground hall is excavated some few hundred feet anthe base of KamLAND, a new under-
ground hall for a liquid scintillator purification system was built in 2006. Thpegiment continued data
taking and access to the experimental facilities for scientists was arrange@mecific schedule together
with the mining and construction crews. A similar situation can be found at SH@Lthne Creighton mine
in Canada which is being constructed during the active phase of the igUdbutrino Observatory.

The possibility of commissioning the detector modules at the near site and makeaglpmeasure-
ment of sif26,3 with detector modules at the near and mid sites may be worth the additional logistical
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challenge of coordinating the underground construction work and tkedlatgn of the first detector mod-
ules. In this case, the experiment may start commissioning detector modulesff&ratier beginning of
civil construction and taking first neutrino data at two different expeniialehalls and distances about two
years after breaking ground.

The planning for this scenario requires that

1. the necessary infrastructure for the operation of the detector mggolesr, air, etc) can be installed
at the near and mid sites while the construction of the tunnel to the far site igngngo

2. a plan for the installation of the detector modules will be developed thatridésipact the day-to-
day mining operation

3. safety issues with respect to escape routes and personnelnaonahergre addressed

This possibility requires further discussion and negotiations with the caotsafor the underground
construction of the tunnel and experimental halls.

9.10 Precision Placement and Alignment

Precise knowledge of the ‘global’ location of each hall with respect toghetor cores is important for
the accurate determination of the distances between the reactor coreshmeatrino detector. Permanent
survey markers in each experiment hall will serve as reference markisd positioning of the detectors.
These survey markers will be placed and known to a precision of betteteha of centimeters, with respect
to the outside world, even though the halls are hundreds of meters insiegumahd tunnels. This precision
is commonly achieved in the construction of tunnels and in mining.

Within the experimental halls the position of the detectors can be determined tpitegly. The an-
tineutrino detectors will be surveyed into approximate but precisely knowatit;m on their stands at the
bottom of each water pool. The knowledge of the location of each antineuteirector, with respect to the
fiducial markers in the halls, will be at the sub-mm level. The location of the rystem elements also can
be surveyed and understood at the same sub-mm level. This is both wigletresthe antineutrino detectors
and the experimental hall.

With this information the distance between the detector modules and the reae®mngibbe known to
the required precision of better than 30 cm.

| Element of Experiment | Positioning Accuracy|
experimental hall O(10 cm)
detector position in experimental hall mm
acrylic vessels within detector tank | < 25 um

Table 9.1. Positioning accuracy of the principal elements of the Daya Begriexent.
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10 Operations of the Daya Bay Experiment

Operation of the Daya Bay Experiment requires a variety of tasks including
Underground transport of detector modules and deployment into plegimental halls.
Data taking with the detector modules in the experimental halls.
Frequent automated calibration of each detector module.
Full-volume calibration of the detector modules as needed.
Monitoring of the state of the detector modules and the undergroundtalitions.
Monitoring and maintenance of the muon system.
Maintenance and repair of the calibration system.

Monitoring, maintenance, and repair of electronics and data acquisystens.
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Monitoring the target liquid and and performing regular chemical assaythe liquid scintillator
samples.

The routine monitoring of the experiment will be performed by members of thebawation and spe-
cial technical personnel trained in emergency procedures of thegmoded lab facility. A surface control
room will be set up in the vicinity of the access portal for monitoring and d&iagaDaily walk-around
checks in the underground facility will ensure the safe operation of dikrground systems.

The operations of the detector will consist of monitoring the detector pedioce and data quality,
routine calibration, and online data analysis. The calibration procedurénalilide automated calibration
runs to be performed by shift members operating the detector. Speciabhwaiibration runs are to be
performed by expert personnel.

All shift duties related to data taking and monitoring will be shared between thebers of the Day
Bay Collaboration. On-site shifts as well as remote, off-site shifts will bé glarunning the Daya Bay
experiment. Groups responsible for specific subsystems will make areergs for the maintenance of
detector subsystems.

The scientific and technical team of the Daya Bay experiment will havessufppm the China Guang-
dong Nuclear Power Group (CGNPG) which operates the Daya Batorezmmplex, and which is a collab-
orator on the experiment.

Operation of the Daya Bay experiment includes data taking with the detectaresdd different con-
figurations. The default configuration, as well as other optional cordtgpns, are outlined in the following
section. A variety of alternative operations plans are currently beinigaea with varying frequency of
detector swaps.

10.1 Configurations of Detector Modules

This section describes the different possible detector configuratidhe Bfay Bay experiment and their
possible use during different phases of the experiment. The diffdegddyment options and run scenarios
are currently being evaluated from the point of view of logistics, costnysics reach:

1. Initial Detector Deployment: The eight detector modules are built, assembled, and filled in pairs to
ensure that their characteristics and target mass and composition aratasmides possible. Once a
detector pair has been filled underground there are two options:
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(a) the detectors can either be deployed together at the Daya Bay ndar aitommissioning run
and check of their relative detector efficiencies, or

(b) one of them can be installed at the near site and the other one at the mnigite fo immediately
start data taking with two detectors of the same pair at different distances

A commissioning run of both detectors at the near hall is a unique opportuniégttohe operation
of each detector module before one of them is deployed at the mid or fafséentrinsic detector
background, the cosmogenic background at the near site, and theereletection efficiency of the
detector modules can be checked during this commissioning phase. This stefalior the first
detector pair, as the default plan for the Daya Bay near site allows for stedlation of two detector
modules. Commissioning of the other detector pairs at the near site requalegidg the detectors
to the other experimental halls immediately after the commissioning run. A drawiting afetector
configuration is shown in Fig. 10.1.

v I -
E . Daya Bay cores

(4
Fig. 10.1. Optional commissioning runs of pairs of detectors at the DayanBay
site. With sufficient runtime of a few months for systematic checks of the deseato
relative comparison of the detector response is possible.

Including the time for detector installation and start-up, the total time for suclmanégsioning run

is likely to be~6 months. The collaboration may decide to skip this initial commissioning step and
immediately deploy the two detectors from each pair at the near and far (ositgiglfo expedite the
overall experiment. In this second scenario two detectors are assemibdldidled at the same time
and then one of them is deployed at a near site and the other one is immediately todte far

site. Data taking and a relative measurement of the neutrino flux betweerteedetectors can then
commence immediately.

2. Using the Mid Site: The default plan for the construction of the underground laboratddagéa Bay
includes a mid-site at a distance of about 1156 m from the Daya Bay awile®/8 m from the center
of the Ling-Ao cores (as discussed in Section 2.1). Civil constructiathiefsite will finish earlier
than the excavation of the tunnel to the far site. By deploying two or foulo2Gdetector modules
at the mid-site along with two 20-ton detectors at the Daya Bay near it may lsébfgot make a
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first, “fast” measurement of si@if;; at this intermediate distance. See chapter 9 for a discussion of
the logistical and construction issues relating to early occupancy of thendanid sites. A drawing
of this detector configuration is shown in Fig. 10.2.

: : ‘yaBaycores
m l 7 ~a

Fig. 10.2. Optional near-mid configuration of the Daya Bay experimenarfioearly
physics run. With two 20-ton detectors at the near and mid site a sensitivity of
sinf260,3 ~0.035 can be achieved inl year of data taking.

One can also envision using the mid-site for a systematic cross check. Bypguhe experiment in
the mid-far configuration it is possible to probe thg oscillation with a different combination of
distances. The ultimate sensitivity of the experiment is somewhat reducéukenattio of the energy
spectra from the mid and far site provide a different oscillation signatuagasction of energy.

3. Default Configuration of Full Experiment: To achieve the best sensitivity in the Daya Bay experi-
ment two 20-ton detector modules are deployed at each one of the DayanBayng-Ao near sites
along with four 20-ton detector modules at the far site. The total activettargss at the far site is
80 tons. In the default scenario, the mid-site is unused. It is possible tatepe this configuration
either with or without the swapping of pairs of detectors. A drawing of thieater configuration is
shown in Fig. 10.3.

4. Optional Swapping in the Daya Bay Run Plan:Swapping of detector modules is an option but not
a necessity in the Daya Bay experiment. The target sensitivity é#@ipn < 0.01 at 90% C.L. can be
achieved without swapping detectors. The design of the Daya Bayimgrgrprovides the option of
swapping detectors for systematic checks and to ultimately increase thevitynsitihe experiment
to about sid20;3 < 0.006 (see Table 3.9). After all detectors are commissioned and located at their
initial sites swapping of detectors can occur either:

(a) throughout the experiment in regular 6-months intervals for the optiameletiation of the ex-
perimental systematics (as described in Table 3.3), or

(b) after an initial static experiment with data taking for 2-3 years that e=atte design goal of
sin22013 < 0.01
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Fig. 10.3. Default configuration of the Daya Bay experiment, optimizeddest fensi-
tivity in sin?26,3. Data taking can occur in a static configuration or with swapping of
detectors.

The collaboration has not decided yet which approach to choose. legénd on the outcome of the
design studies of the antineutrino detectors, their transportation systerRg8&ahan the calibration
and monitoring of the detector response. In addition, the timeliness and pbiemé&ct of a first
measurement df;3 at Daya Bay will drive the detector deployment and run plan.

10.2 Detector Swapping

The purpose of swapping detectors has been described in Sectiods32 An overview of the steps
involved in the swapping procedure is given below. Detector swappingiiile the standard transportation
methods developed for the underground movement of the detectorsciAsdgiector swapping uses all of
the same techniques and procedures that are developed for the init@jrdept of the detector modules
and the installation of the experiment. Even the initial deployment of the detectbulesoat the far site
requires filled modules to be transported from the filling station to the far Empetal hall. Swapping is
different from the initial deployment of the detector modules in that it is crite@haracterize any change
in the detector response during the swap. Without a complete characteriabtiee detector response the
performance of a module cannot be compared before and after the Blwgajposes a unique challenge and
sets the criteria for the development of a comprehensive calibration anitbnirog program.

10.3 Logistics of Detector Swapping

The total estimated time for detector swapping in the baseline water pool caitguis several days.
We anticipate that the transport of each detector module in the tunnel carfoenped in less than a day.
With a transportation speed ef5 m/minute a distance of 1500 m can be covered in less than 7 hrs.
Detector swapping includes the following sequence of steps:

1. Perform final detector calibration to establish detector response immgghiate to the move.

2. Shut down HV and DAQ.
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10.
11.
12.

. Disconnect large area RPC roof system as necessary to readgrtios f muon system for sliding

back and out of the way for antineutrino detector lift operation.

. Drain water pool to a level below the antineutrino detector modulk900-1500 ). (Replace with

fresh, filtered water when refilling.)

. Install a personnel man bridge over the open pit to allow safe acctmsttup of antineutrino detector.
. Disconnect PMT HV and signal cables, LS overflow plumbing, etceqgired to prepare for move.
. Remove calibration system & piping as required from top of antineutrincbete

. Attach the lifting device to the antineutrino detector.

. Using a 150 T crane, lift the antineutrino detector vertically out of padlteanslate it horizontally

onto a transporter.
Transport the antineutrino detector to the new location.
Reverse the operation at the previously prepared new location.

Calibrate the detector in the new location to establish the detector respunséiately after the
move.
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11 Schedule and Scope

In this chapter, the overall project plan will be described. This will incladeoverview of the project
schedule, and the concept for the international division of scoper, ltlaéeplanned U.S. scope range will be
outlined. This is a joint project with an international collaboration.

11.1 Project Schedule

Briefly, the first significant construction event of the Daya Bay expamninsehedule begins with the
initiation of civil construction on the tunnels in the spring of 2007. The Ptjgoal is to complete the civil
construction of the tunnels, experimental halls and utility infrastructureredtie@ middle of 2009.

There is an additional goal to complete the Daya Bay Near Hall (and Filling aéparly as possible —
approximately 12 months earlier than the final (far) hall. The scheduledatdtector elements is therefore
driven by the completion of the first two antineutrino detectors and one thitteanuon system hardware
by the fall of 2008 in order to deploy these in this first experimental hall. Diaiga Bay Near Hall will be
used as an early opportunity to install, test and begin partial experimerdtimpes — a chance to debug
and gain insight into detector operations. This would occur in the early sumi@809. The next hall to
follow will be the Mid Hall. This hall and its detectors will most likely be availableifwstallation tasks 3—4
months after the Daya Bay Near Hall (early in calendar 2009). This woeld @allow us an opportunity to
install and begin measurementsigf by late summer of 2009.

The remainder of the detectors will be installed and commissioned in the Ling Aoade Far Halls by
early summer of calendar 2010 so that the full complement of near andtizetdrs can begin data taking.
A more complete view of the project schedule is shown in Fig. 11.1 below.

11.2 Project Scope

The project’s entire technical scope has been described in the prehiapters. The total Daya Bay
project includes the civil construction of the experimental facility at thedDBgty nuclear reactor complex
as well as the construction of the detector elements (antineutrino detectans,gyatem, calibration sys-
tem, DAQ/Trigger/Online and offline). Crucial to all of these activities arepttogect integration elements:
Installation and System Test, System Integration and Project Management.

The division of the Project scope will not be finalized until a formal MOU éveloped and signed
between the U.S., China and other countries. Therefore, the scopa shdwble 11.1 is based on the
current status of discussions within the Collaboration.

The major elements of U.S. scope deliverables include parts of the antiedétiector: Gadolinium
loaded Liquid Scintillator, PMTs (w/bases and control boards), PMT @uructure and the transporter
system for moving the assembled and filled antineutrino detectors. The Og®. also includes the majority
of the Muon System: the PMT based water Cherenkov system and theackifig system (possibly RPCs).
A significant portion of the Calibration system will also be a U.S. deliverablke:automated deployment
system and the full monitoring system. Additionally, many elements will be cobtypelsadeveloped: the
front-end and trigger electronics design for both the antineutrino and systems and many of the infras-
tructure items (e.g., online and offline software). System design integratgiallation and test and project
management will be jointly planned, managed and executed by the U.S. aral Chin
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WBS

Description

uU.S.
lead

Antineutrino Detector

System design, steel vessels, LS, mineral oi

FEE co-design and manufacture, racks

safety systems, assem. and test

Gd-LS, LS purification/mixing/filling

acrylic vessels, PMTs and support,

transporter, FEE co-design, cables, crates

Muon System

System design, muon tracker, water Cheren

kov

PMTs and support, assem. and test

FEE, safety systems

Calibration and Monitoring

automated system, glove box

monitoring system and system test

manual system, LED, radioactive sources

low background counting system

Trigger/DAQ/Online

Trig/DAQ board co-design and manufacture

monitoring/controls hardware and software

racks

Online hardware and software

Trig/DAQ board co-design, crates, cables

system test platform

Offline

offline architecture and data archiving in U.S|

offline hardware and software and simulatior

1S

o}

Conventional Construction

tunnels, halls, underground utilities

*

safety systems, surface facilities

*

Installation and Test

Onsite installation and system testing

planning, execution

System Integration

System level mechanical engineering

System level electronics engineering

oO|lo|lO|O|O]|O

ojlo|o|lOo|O|O

Common Fund

Project Management

o

@)

Planning, communication, coordination

@)

reporting, reviews

@)

Table 11.1. Daya Bay project scope. TXis refer to which country has the lead on a
given task. Thé's refer to responsibility for scope deliverables. Tgrefer to shared

responsibility.
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11.1. Daya Bay Project Summary Schedule.
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B Acronyms

AC
Access
ADC
BES
BINE
BNL
CAS
CcC
CCG
CD-1
CD-2
CERN
CGNPC
CL
CcP
CPT
CVS
DAC
DAQ
DC
DCS
DOE
ES
ES&H
FADC
FEC
FEE
FET
FPGA
FY
FWHM
Gallex
Gd-LS
GEANT
GNO
GOC
GPS
H/C
H/Gd
HOTLink
HV
HVPS

alternating current
database program from Microsoft Corporation
analog to digital converter
Beijing Spectrometer at the Beijing Electron Positron Collider
Beijing Institute of Nuclear Energy
Brookhaven National Laboratory
Chinese Academy of Sciences
charged-current neutrino interactions
central clock generator
Critical Decision #1 — Site Selection (CDR)
Critical Decision #2 — Cost/Schedule/Scope well defined (TDR)
European Organization for Nuclear Research
China Guandong Nuclear Power Group (Daya Bay owner)
confidence level
charge, parity symmetry
charge, parity, time reversal symmetry
code versioning system
digital to analog converter
data acquisition
direct current
detector control system
U.S. Department of Energy
elastic neutrino scattering
environment, safety & health
flash ADC
front-end card
front-end electronics
field effect transistor
field programmable gate array
fiscal year
full width at half maximum
Gallium Experiment
Gd loaded liquid scintillator
detector description and simulation tool
Gallium Neutrino Observatory
global operation clock
Global Positioning System
ratio of hydrogen to carbon
ratio of hydrogen to gadolinium
bus for clock distribution
high voltage
high voltage power supplies
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IFC
IGG
IHEP
ILL
ISO
JINR
JTAG
KamLAND
K2K
KARMEN
KEK
Kr2Det
L/E
L3C
LAB
LabVIEW
LBNL
LED
LENS
LIGO
LMA
Ln

LS
LSND
LVDS
MBLT
m.w.e.
MC
MINOS
MoST
MOU
MSB
MSPS
NC
NSFC
NPP
NTP
ODH
OPERA
p.e.
PC
PC
PMT
PPS
PRD
PVC
PWR

International Finance Committee

Institute of Geology and Geophysics

Institute for High Energy Physics

Institut Laue-Langevin

International Standards Organization

Joint Institutes for Nuclear Research

electronic standard for testing & downloading FPGA's
Kamioka Liquid Scintillator Antineutrino Detector
KEK to Kamiokanda neutrino oscillation experiment
Karlsruhe Rutherford Medium Energy Neutrino experiment
High Energy Accelerator Research Organization in Japan
Two Detector Reactor Neutrino Oscillation experiment at Krasrséya
distance divided by energy

L3 cosmic ray experiment

Linear Alkyl Benzene

Laboratory Virtual Instrument Engineering Workbench
Lawrence Berkeley National Laboratory

light emitting diode

Low Energy Solar Neutrino Spectrometer

Laser Interferometric Gravity Observatory
Large Mixing Angle solution

lanthanides

liquid scintillator

Liquid Scintillator Neutrino Detector

low voltage differential

Multiplexed Block Transfer

meters of water equivalent

Monte Carlo

Main Injector Neutrino Oscillation experiment

Ministry of Science and Technology of China
Memorandum of Understanding
1,4-bis[2-methylstyrl]benzene

mega-sample per second

neutral current neutrino interactions

Natural Science Foundation of China

nuclear power plant

Network Time Protocol

oxygen deficiency hazard

Oscillation Project with Emulsion-tRacking Apparatus
photo-electrons

pseudocumene

personal computer

photomultiplier tube

Pulse Per Second

Pearl River Delta (elevation above sea level)

Poly Vinyl Chloride

pressurized water reactors
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QA guality assurance

QC Quality control

QE quantum efficiency

REE rare earth elements

R&D research and development
RS Richter scale

RPC resistive plate chamber

RPVC rigid polyvinyl chloride

SAGE Soviet American Gallium solar neutrino Experiment

SCADA supervisory, control, and data acquisition

s.p.e. single photo-electron

SNO Sudbury Neutrino Observatory

SNO+ proposed solar and geo-neutrino experiment using liquid scintillatbeiaexisting SNO detector

SS stainless steel

SAB surface assembly building

TDC time to digital converter

TSY Fourth Survey and Design Institute of China Railways
uTC Universal Coordinated Time

uv ultraviolet light

VME Versa Module Europa

WBS work-breakdown structure

YREC  Yellow River Engineering Consulting Co. Ltd.



