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Executive Summary

This document describes the design of the Daya Bay reactor neutrino experiment. Recent discoveries in
neutrino physics have shown that the Standard Model of particle physicsis incomplete. The observation of
neutrino oscillations has unequivocally demonstrated that the masses of neutrinos are nonzero. The small-
ness of the neutrino masses (<2 eV) and the two surprisingly large mixing angles measured have thus far
provided important clues and constraints to extensions of the Standard Model.

The third mixing angle,θ13, is small and has not yet been determined; the current experimental bound
is sin2 2θ13 < 0.17 at 90% confidence level (from Chooz) for∆m2

31 = 2.5 × 10−3 eV2. It is important to
measure this angle to provide further insight on how to extend the Standard Model. A precision measurement
of sin2 2θ13 using nuclear reactors has been recommended by the 2004 APS Multi-divisional Study on the
Future of Neutrino Physics as well as a recent Neutrino Scientific Assessment Group (NuSAG) report.

We propose to perform a precision measurement of this mixing angle by searching for the disappearance
of electron antineutrinos from the nuclear reactor complex in Daya Bay, China. A reactor-based determi-
nation ofsin2 2θ13 will be vital in resolving the neutrino-mass hierarchy and future measurements of CP
violation in the lepton sector because this technique cleanly separatesθ13 from CP violation and effects of
neutrino propagation in the earth. A reactor-based determination ofsin2 2θ13 will provide important, com-
plementary information to that from long-baseline, accelerator-based experiments. The goal of the Daya
Bay experiment is to reach a sensitivity of 0.01 or better insin2 2θ13 at 90% confidence level.

The Daya Bay Experiment

The Day Bay nuclear power complex is one of the most prolific sources of antineutrinos in the world.
Currently with two pairs of reactor cores (Daya Bay and Ling Ao), separated by about 1.1 km, the complex
generates 11.6 GW of thermal power; this will increase to 17.4 GW by early 2011 when a third pair of
reactor cores (Ling Ao II) is put into operation and Daya Bay will be amongthe five most powerful reactor
complexes in the world. The site is located adjacent to mountainous terrain, ideal for siting underground
detector laboratories that are well shielded from cosmogenic backgrounds. This site offers an exceptional
opportunity for a reactor neutrino experiment optimized to perform a precision determination ofsin2 2θ13

through a measurement of the relative rates and energy spectrum of reactor antineutrinos at different base-
lines. In addition, this project offers a unique and unprecedented opportunity for scientific collaboration
involving China, the U.S., and other countries.

The basic experimental layout of Daya Bay consists of three underground experimental halls, one far
and two near, linked by horizontal tunnels. Figure 0.1 shows the detector module deployment at these sites.
Eight identical cylindrical detectors, each consisting of three nested cylindrical zones contained within a
stainless steel tank, will be deployed to detect antineutrinos via the inverse beta-decay reaction. To maxi-
mize the experimental sensitivity four detectors are deployed in the far hall at the first oscillation maximum.
The rate and energy distribution of the antineutrinos from the reactors aremonitored with two detectors
in each near hall at relatively short baselines from their respective reactor cores, reducing the systematic
uncertainty insin2 2θ13 due to uncertainties in the reactor power levels to about 0.1%. This configuration
significantly improves the statistical precision over previous experiments (0.2% in three years of running)
and enables cross-calibration to verify that the detectors are identical. Each detector will have 20 metric tons
of 0.1% Gd-doped liquid scintillator in the inner-most, antineutrino target zone.A second zone, separated
from the target and outer buffer zones by transparent acrylic vessels, will be filled with undoped liquid scin-
tillator for capturing gamma rays that escape from the target thereby improving the antineutrino detection
efficiency. A total of 224 photomultiplier tubes are arranged along the circumference of the stainless steel
tank in the outer-most zone, which contains mineral oil to attenuate gamma rays from trace radioactivity in
the photomultiplier tube glass and nearby materials including the outer tank. The detector dimensions are
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Fig. 0.1. Default configuration of the Daya Bay experiment, optimized for best sensi-
tivity in sin22θ13. 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 Steel

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 weights arefor the
mass of liquid contained only within that zone.

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

The mountainous terrain provides sufficient overburden to suppress cosmic muon induced backgrounds
to less than 1% of the antineutrino signal. The detectors in each experimental hall are shielded by 2.5 m of
water from radioactivity and spallation neutrons in the surrounding rock.The detector halls include a muon
detector system, consisting of a tracker on top of the water pool and water Cherenkov counters in the water
shield, for tagging the residual cosmic muons.

With this experimental setup, the signal and background rates at the Daya Bay near hall, Ling Ao near
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hall and the far hall are summarized in Table 0.2.

Daya Bay Near Ling Ao Near Far Hall

Baseline (m) 363 481 from Ling Ao 1985 from Daya Bay
526 from Ling Ao II 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+9Li Background/Signal (%) 0.3 0.2 0.2

Table 0.2. Summary of signal and background rates for each detector module at the
different experimental sites.

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

Source Uncertainty

Reactor Power 0.087% (4 cores)
0.13% (6 cores)

Detector (per module) 0.38% (baseline)
0.18% (goal)

Signal Statistics 0.2%

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

The horizontal tunnels connecting the detector halls will facilitate cross-calibration 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. Deployment of the first pair of the
detectors in one of the near halls will start in February 2009. Data taking using the baseline configuration of
two near halls and the far hall will begin in June 2010. With three years of running and the estimated signal
and background rates as well as systematic uncertainties, the sensitivity ofDaya Bay forsin2 2θ13 is 0.008
or better, relatively independent of the value of∆m2

31 within its currently allowed range.
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1 Physics

Neutrino oscillations are an ideal tool for probing neutrino mass and other fundamental properties of
neutrinos. This intriguing phenomenon depends on two neutrino mass differences and three mixing angles.
The neutrino mass differences and two of the mixing angles have been measured with reasonable precision.
The goal of the Daya Bay reactor antineutrino experiment is to determine the last unknown neutrino mixing
angleθ13 with a sensitivity of 0.01 or better in sin22θ13, an order of magnitude better than the current
limit. This section provides an overview of neutrino oscillation, the key features of reactor antineutrino
experiments, and a summary of the Daya Bay experiment.

1.1 Neutrino Oscillations

The last decade has seen a tremendous advance in our understanding of the neutrino sector [1]. There
is now robust evidence for neutrino flavor conversion from solar, atmospheric, reactor and accelerator ex-
periments, using a wide variety of detector technologies. The only consistent explanation for these results
is that neutrinos have mass and that the mass eigenstates are not the same as the flavor eigenstates (neu-
trino mixing). Neutrino oscillations depend only on mass-squared differences and neutrino mixing angles.
The scale of the mass-squared difference probed by an experiment depends on the ratioL/E, whereL is
the baseline distance (source to detector) andE is the neutrino energy. Solar and long-baseline reactor ex-
periments are sensitive to a small mass-squared difference, while atmospheric, short-baseline reactor and
long-baseline accelerator experiments are sensitive to a larger one. To date only disappearance experiments
have convincingly indicated the existence of neutrino oscillations.

The SNO experiment [2] utilizes heavy water to measure high-energy8B solar neutrinos via charged
current (CC), neutral current (NC) and elastic scattering (ES) reactions. The CC reaction is sensitive only
to electron neutrinos whereas the NC reaction is sensitive to the total active solar neutrino flux (νe, νµ and
ντ ). Elastic scattering has both CC and NC components and therefore servesas a consistency check. The
neutrino flux indicated by the CC data is about one-third of that given by theNC data, and the NC data also
agrees with the standard solar model prediction for the8B neutrino flux. Since onlyνe’s are produced in the
sun, the SNO data can only be explained by flavor transmutationνe → νµ and/orντ . Super-Kamiokande
has also measured the ES flux for the8B neutrinos [3] with a water Cherenkov counter and their data agree
with the SNO results.

Radiochemical experiments can also measure lower-energy solar neutrinos, in addition to8B neutrinos.
The Homestake experiment [4] is sensitive to7Be and pep neutrinos using neutrino capture on37Cl. The
SAGE, GALLEX and GNO experiments [5] are sensitive to all sources of solar neutrinos, including the
dominant pp neutrinos, using neutrino capture on71Ga. A global fit to all solar neutrino data yields a unique
region in the oscillation parameter space, known as the Large Mixing Angle (LMA) solution.

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

The atmospheric-neutrino inducedµ-like events of Super-Kamiokande show a depletion at long flight-
path compared to the theoretical predictions without oscillations, while thee-like events agree with the
non-oscillation expectation [7]. The detailed energy and zenith angle distributions for both electron and
muon events agree with the oscillation predictions if the dominant oscillation channel is νµ → ντ . More
recently, the long-baseline accelerator experiments K2K [8] and MINOS [9], have measuredνµ survival that
is consistent with the atmospheric neutrino data. The mass-squared difference indicated by the atmospheric
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neutrino data is about 30 times larger than that obtained from the fits to solar data. The existence of two
independent mass-squared difference scales means that the three neutrinos have different masses.

The Chooz [10] and Palo Verde [11] experiments, which measured the survival probability of reactor
electron antineutrinos at anL/E sensitive to the mass-squared difference indicated by the atmospheric neu-
trino data, found no evidence for oscillations, consistent with the lack ofνe involvement in the atmospheric
neutrino oscillations. However,νe 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 short-baseline accelerator exper-
iment [12], which found evidence of the oscillation̄νµ → ν̄e. A large region allowed by the LSND data
has been ruled out by the KARMEN experiment [13] and astrophysical measurements [14]. The remaining
allowed region is currently being tested by the MiniBooNE experiment [15]. If confirmed, the LSND signal
would require the existence of new physics beyond the standard three-neutrino oscillation scenario.

1.2 Neutrino Mixing

The phenomenology of neutrinos is described by a mass matrix. ForN flavors, the neutrino mass matrix
consists ofN mass eigenvalues,N(N−1)/2 mixing angles,N(N−1)/2 CP phases for Majorana neutrinos
or (N−1)(N−2)/2 CP phases for Dirac neutrinos. The mixing phenomenon is caused by the misalignment
of the flavor eigenstates and the mass eigenstates which are related by a mixing matrix. The mass matrix
which is commonly expressed in the flavor base is diagonalized using the mixing matrix. For three flavors,
the mixing matrix, usually called the Maki-Nakagawa-Sakata-Pontecorvo [16] mixing matrix, is defined to
transform the mass eigenstates (ν1, ν2, ν3) to the flavor eigenstates (νe, νµ, ντ ) and can be parameterized as
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
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whereCjk = cos θjk, Sjk = sin θjk, Ŝ13 = eiδCP sin θ13. The ranges of the mixing angles and the phases
are:0 ≤ θjk ≤ π/2, 0 ≤ δCP , φ1, φ2 ≤ 2π. The neutrino oscillation phenomenology is independent of the
Majorana phasesφ1 andφ2, which affect onlyneutrinoless double beta-decay experiments.

For three flavors, neutrino oscillations are completely described by six parameters: three mixing angles
θ12, θ13, θ23, two independent mass-squared differences,∆m2

21 ≡ m2
2 − m2

1, ∆m2
32 ≡ m2

3 − m2
2, and

oneCP phase angleδCP (note that∆m2
31 ≡ m2

3 − m2
1 = ∆m2

32 + ∆m2
21). An extensive discussion of

theoretical effects of massive neutrinos and neutrino mixings can be found in [17].

1.2.1 Current Knowledge of Mixing Parameters

Various solar, atmospheric, reactor, and accelerator neutrino experimental data have been analyzed to
determine the mixing parameters separately and in global fits. In the three-flavor framework there is a gen-
eral agreement on solar and atmospheric parameters. In particular for global fits in the2σ range, the solar
parameters∆m2

21 and sin2 θ12 have been determined to 9% and 18%, respectively; the atmospheric pa-
rameters|∆m2

32| andsin2 θ23 have been determined to 26% and 41%, respectively. Due to the absence of a
signal, the global fits onθ13 result in upper bounds which vary significantly from one fit to another. The sixth
parameter, theCP phase angleδCP , is inaccessible to the present and near future oscillation experiments.

We quote here the result of a recent global fit with2σ (95% C.L.) ranges [18]:

∆m2
21 = 7.92(1.00 ± 0.09) × 10−5 eV2 sin2 θ12 = 0.314(1.00+0.18

−0.15) (2)
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|∆m2
32| = 2.4(1.00+0.21

−0.26) × 10−3 eV2 sin2 θ23 = 0.44(1.00+0.41
−0.22) (3)

sin2 θ13 = (0.9+2.3
−0.9) × 10−2 (4)

A collection of fits of sin2 θ13 with different inputs as given in [18] is reproduced in Fig. 1.1. Note

Fig. 1.1. Global fits tosin2 θ13, taken from [18].

that fits involving solar or atmospheric data separately haveθ13 = 0 coinciding with the minima of the chi-
square. However global analyses taking into account both solar and atmospheric effects showχ2 minima at a
non-vanishing value ofθ13. Another very recent global fit [19] with different inputs finds allowedranges for
the oscillation parameters that overlap significantly with the above results evenat1σ (68% C.L.). The latest
MINOS neutrino oscillation results [9] significantly overlap those in the globalfit [18]. All these signify
the convergence to a set of accepted values of neutrino oscillation parameters∆m2

21, |∆m2
32|, sin2 θ12, and

sin2 θ23.
At 95% C.L., the upper bound ofθ13 extracted from Eq. 4 is about 10◦. This corresponds to a value of

sin2 2θ13 of 0.12, which should be compared to the upper limit of 0.17 at 90% C.L. obtained by Chooz (see
Section 1.6.1). We can conclude that, unlikeθ12 andθ23, the mixing angleθ13 is relatively small.

At present the three parameters that are not determined by the solar, atmospheric, and KamLAND data
areθ13, the sign of∆m2

32 which fixes the hierarchy of neutrino masses, and the DiracCP phaseδCP .

1.3 Significance of the Mixing Angleθ13

As one of the six neutrino mass parameters measurable in neutrino oscillations,θ13 is important in its
own right and for further studies of neutrino oscillations. In addition,θ13 is important in theoretical model
building of the neutrino mass matrix, which can serve as a guide to the theoretical understanding of physics
beyond the standard model. Therefore, on all considerations, it is highlydesirable to significantly improve
our knowledge onθ13 in the near future. The February 28, 2006 report of the Neutrino Scientific Assessment
Group (NuSAG) [20], which advises the DOE Offices of Nuclear Physics and High Energy Physics and the
National Science Foundation, and the APS multi-divisional study’s reporton neutrino physics,the Neutrino
Matrix [21], both recommend with high priority a reactor antineutrino experiment to measure sin22θ13 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 important goals to achieve: to mea-
sure more precisely the mixing angles and mass-squared differences, to probe the matter effect, to determine
the hierarchy of neutrino masses, and very importantly to determine the DiracCP phase. The mixing ma-
trix element which provides the information on theCP phase angleδCP appears always in the combination
Ue3 = sin θ13e

−iδCP . If θ13 is zero then it is not possible to probe leptonicCP violation in oscillation
experiments. Given the known mixing anglesθ12 andθ23 which are both sizable, we thus need to know the
value ofθ13 to a sufficient precision in order to design the future generation of experiments to measureδCP .
The matter effect, which can be used to determine the mass hierarchy, also depends on the size ofθ13. If
θ13 > 0.01, then the design of future oscillation experiments is relatively straightforward [22]. However, for
smallerθ13 new experimental techniques and accelerator technologies are likely required to carry out the
same sets of measurements.

1.3.2 Impact on theoretical development

The observation of neutrino oscillation has far reaching theoretical implications. To date, it is the only
evidence of physics beyond the standard model in particle physics. The pattern of the neutrino mixing
parameters revealed so far is strikingly different from that of quarks.This has already put significant con-
straints and guidance for constructing models involving new physics. Driven by the value ofθ13, studies of
the neutrino mass matrix have reached some interesting general conclusions.

In general, ifθ13 is not too small i.e., close to the current upper limit ofsin2 2θ13 ≈ 0.1 andθ23 6= π
4 ,

the neutrino mass matrix does not have to have any special symmetry features, sometimes referred to as
anarchy models, and the specific values of the mixing angles can be understood as a numerical accident.

However, ifθ13 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] shows that forθ13 <
∆m2

sol

∆m2

atm

≈ 0.03 a

µ-τ lepton-flavor-exchange symmetry is required. It disfavors a quark-lepton unification type theory based
onSUc(4) or SO(10) models.

For a larger value ofθ13, it leaves open the question of quark-lepton unification.

1.4 Complementarity of Reactor-based and Accelerator-based Neutrino Oscillation Experiments

Long-baseline accelerator experiments with intenseνµ beams and very large detectors, in addition to
improving the measurements of|∆m2

32| andθ23 via the study ofνµ survival, will also be able to search for
νe appearance due toνµ → νe oscillations. A measurement of bothνµ → νe and ν̄µ → ν̄e oscillations
allows one to measureθ13, test forCP violation in the lepton sector, and determine the hierarchy of the
neutrino masses, provided thatθ13 is large enough. However, there are potentially three two-fold parameter
degeneracies leading to the following ambiguities [1,24]:

1. theδCP − θ13 ambiguity,

2. the ambiguity in the sign of∆m2
32 and

3. theθ23 ambiguity, which occurs because onlysin2 2θ23, not θ23, is measured inνµ survival.

The degeneracies can all be present simultaneously, leading to as much asan eight-fold ambiguity in the
determination ofθ13 andδCP . Another problem is that Earth-matter effects can induce fakeCP violation,
which must be taken into account in any determination ofθ13 andδCP . 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 these problems. For example, by combin-
ing the results of two long-baseline experiments at different baselines, thesign of∆m2

32 could be determined
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if θ13 is large enough [25]. By sitting near the peak of the leading oscillation with a narrow-band beam,θ13

can be removed from theδCP − θ13 ambiguity [26]. However, neither of these approaches resolves theθ23

ambiguity, andθ13 may not be uniquely determined.
The ν̄e survival probability for reactor antineutrinos at short baseline depends only onθ13 and∆m2

31,
and is independent ofδCP and insensitive toθ12 and∆m2

21. Furthermore, matter effects are negligible due
to the short distance. Therefore, a short-baseline reactor antineutrinoexperiment is an ideal method for mea-
suringθ13 with no degeneracy problem. Ifθ13 can be unambiguously determined by a reactor antineutrino
experiment, then theδCP − θ13 ambiguity is resolved and long-baseline accelerator experiments can mea-
sureδCP and determine the sign of∆m2

32 [27]. Figure 1.2 is an illustration of the synergy between reactor
experiments and the future very long-baseline accelerator experiment, NOvA. For sin2 2θ23 > 0.87 at 68%

Fig. 1.2. Resolving ambiguity inθ23 with sin2 2θ13 determined by reactor experiments.
Not only does the reactor experiment provide a precise measurement ofsin2 2θ13, but it
provides a precise measurement ofθ23 by resolving an ambiguity in the interpretation
of the accelerator data. The blue line is the 95% C.L. curve averaged overthe two
mass-hierarchy solutions and possible values ofδCP .

C.L. [9], using both muon neutrino and antineutrino beams, NOvA cannot distinguish the value ofθ23. Yet,
for ∆m2

32 = 2.5 × 10−3 eV2 andsin2 2θ13 > 0.035, a reactor antineutrino experiment with an error of
0.004 can help single out the correct value forθ23.

1.5 Reactor Antineutrino Experiments

Nuclear reactors have played crucial roles in experimental neutrino physics. Most prominently, the very
first observation of the neutrino was made at the Savannah River Nuclear Reactor in 1956 by Reines and
Cowan [28], 26 years after the neutrino was first proposed. Recently, again using nuclear reactors, Kam-
LAND observed disappearance of reactor antineutrinos at long baseline and distortion in the energy spec-
trum, strengthening the evidence of neutrino oscillation. Furthermore, as discussed in Section 1.4, reactor-
based antineutrino experiments have the potential of uniquely determiningθ13 at a low cost and in a timely
fashion.
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In this section we summarize the important features of nuclear reactors whichare crucial 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 andplutonium isotopes (mostly
235U and239Pu) which are embedded in the fuel rods in the reactor core. The fission produces daughters,
many of which beta decay because they are neutron-rich. Each fission on average releases approximately
200 MeV of energy and six antineutrinos. The majority of the antineutrinos have very low energies; about
75% are below 1.8 MeV, the threshold of the inverse beta-decay reaction that will be discussed in Sec-
tion 1.5.2. A typical reactor with 3 GW of thermal power (3 GWth) emits6× 1020 antineutrinos per second
with antineutrino energies up to 8 MeV.

Many reactor antineutrino experiments to date have been carried out at pressurized water reactors
(PWRs). The antineutrino flux and energy spectrum of a PWR depend onseveral factors: the total ther-
mal power of the reactor, the fraction of each fissile isotopes in the fuel, thefission rate of each fissile
isotope, and the energy spectrum of antineutrinos of the individual fissileisotopes.

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

Fissile materials are continuously consumed while new fissile isotopes are produced from other fission-
able isotopes in the fuel (mainly238U) by fast neutrons. Since the antineutrino energy spectra are slightly
different for the four main isotopes,235U, 238U, 239Pu, and241Pu, the knowledge on the fission composition
and its evolution over time are therefore critical to the determination of the antineutrino flux and energy
spectrum. From the average thermal power and the effective energy released per fission [29], the average
number of fissions per second of each isotope can be calculated as a function of time. Figure 1.3 shows the
results of a computer simulation of the Palo Verde reactor cores [30].

Fig. 1.3. Fission rate of reactor isotopes as a function of time from a Monte Carlo
simulation [30].

It is common for a nuclear power plant to replace some of the fuel rods in thecore periodically as the
fuel is used up. Typically, a core will have 1/3 of its fuel changed every18 months. At the beginning of each
refueling cycle, 69% of the fissions are from235U, 21% from239Pu, 7% from238U, and 3% from241Pu.
During operation the fissile isotopes239Pu and241Pu are produced continuously from238U. Toward the
end of the fuel cycle, the fission rates from235U and239Pu are about equal. The average (“standard”) fuel
composition is 58% of235U, 30% of239Pu, 7% of238U, and 5%241Pu [31].
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In general, the composite antineutrino energy spectrum is a function of the time-dependent contributions
of the various fissile isotopes to the fission process. The Bugey 3 experiment compared three different models
of the antineutrino spectrum with its measurement [32]. Good agreement wasobserved with the model that
made use of thēνe spectra derived from theβ spectra [33] measured at the Institute Laue-Langevin (ILL).
The ILL derived spectra for isotopes235U, 239Pu, and241Pu are shown in Fig. 1.4. However, there is no data
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Fig. 1.4. Yield of antineutrinos per fis-
sion for the several isotopes. These are
determined by converting the corre-
sponding measuredβ spectra [33].

Fig. 1.5. Antineutrino energy spectrum
for four isotopes following the param-
eterization of Vogel and Engel [34].

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

A widely used three-parameter parameterization of the antineutrino spectrumfor the 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 theν̄e from a reactor is the inverse beta-decayν̄e + p → e+ + n.
The total cross section of this reaction, neglecting terms of orderEν/M , whereEν is the energy of the
antineutrino andM is the nucleon mass, is

σ
(0)
tot = σ0(f

2 + 3g2)(E(0)
e p(0)

e /1MeV2) (5)

whereE(0)
e = Eν−(Mn−Mp) is the positron energy when neutron recoil energy is neglected, andp

(0)
e is the

positron momentum. The weak coupling constants aref = 1 andg = 1.26, andσ0 is related to the Fermi
coupling constantGF , the Cabibbo angleθC , and an energy-independent inner radiative correction. The
inverse beta-decay process has a threshold energy in the laboratory frameEν = [(mn + me)

2 − m2
p]/2mp

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

σ
(0)
tot = 0.0952 × 10−42cm2(E(0)

e p(0)
e /1MeV2) (6)

Vogel and Beacom [35] have recently extended the calculation of the totalcross section and angular distri-
bution to order1/M for the inverse beta-decay reaction. Figure 1.6 shows the comparison ofthe total cross
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Fig. 1.6. Total cross section for inverse beta-decay calculated in leadingorder and
next-to-leading order.

sections obtained in the leading order and the next-to-leading order calculations. Noticeable differences are
present for high antineutrino energies. We adopt the order1/M formulae for describing the inverse beta-
decay reaction. The calculated cross section can be related to the neutronlifetime, whose uncertainty is only
0.2%.

The expected recoil neutron energy spectrum, weighted by the antineutrino energy spectrum and the
ν̄e + p → e+ + n cross section, is shown in Fig. 1.7. Due to the low antineutrino energy relative to the mass

Fig. 1.7. Recoil neutron energy spec-
trum from inverse beta-decay weighted
by the antineutrino energy spectrum.

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 positronangular distribution is slightly
backward peaked in the laboratory frame, the angular distribution of the neutrons is strongly forward peaked,
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Fig. 1.9. Antineutrino energy spectrum, total inverse beta-decay cross section, 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, which is rich in free protons in the
form of hydrogen, is a product of the reactor antineutrino spectrum and the cross section of inverse beta-
decay. Figure 1.9 shows the differential antineutrino energy spectrum, the total cross section of the inverse
beta-decay reaction, and the expected count rate as a function of the antineutrino energy. The differential
energy distribution is the sum of the antineutrino spectra of all the radio-isotopes in the fuel. It is thus
sensitive to the variation of thermal power and composition of the nuclear fuel.

By integrating over the energy of the antineutrino, the number of events canbe determined. With one-
ton∗ of liquid scintillator, a typical rate is about 100 antineutrinos per day per GWth at 100 m from the
reactor. The highest count rate occurs atEν ∼ 4 MeV when there is no oscillation.

1.5.4 Reactor Antineutrino Disappearance Experiments

In a reactor-based antineutrino experiment the measured quantity is the survival probability forν̄e → ν̄e

at a baseline of the order of hundreds of meters to about a couple hundred kilometers with thēνe energy
from about 1.8 MeV to 8 MeV. The matter effect is totally negligible and so the vacuum formula for the
survival probability is valid. In the notation of Eq. 1, this probability has a simple expression

Psur = 1 − C4
13 sin2 2θ12 sin2 ∆21 − C2

12 sin2 2θ13 sin2 ∆31 − S2
12 sin2 2θ13 sin2 ∆32 (7)

where

∆jk ≡ 1.267∆m2
jk(eV

2) × 103 L(km)

E(MeV)
(8)

∆m2
jk ≡ m2

j − m2
k

∗Throughout this document we will use the term ton to refer to a metric ton of 1000 kg.
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L is the baseline in km,E the antineutrino energy in MeV, andmj the j-th antineutrino mass in eV. The
νe → νe survival probability is also given by Eq. 7 whenCPT is not violated. Eq. 7 is independent of the
CP phase angleδCP and the mixing angleθ23.

To obtain the value ofθ13, the depletion of̄νe has to be extracted from the experimentalν̄e disappearance
probability,

Pdis ≡ 1 − Psur

= C4
13 sin2 2θ12 sin2 ∆21 + C2

12 sin2 2θ13 sin2 ∆31 + S2
12 sin2 2θ13 sin2 ∆32 (9)

Sinceθ13 is known to be less than 10◦, we define the term that is insensitive toθ13 as

P12 = C4
13 sin2 2θ12 sin2 ∆21 ≈ sin2 2θ12 sin2 ∆21 (10)

Then the part of the disappearance probability directly related toθ13 is given by

P13 ≡ Pdis − P12

= +C2
12 sin2 2θ13 sin2 ∆31 + S2

12 sin2 2θ13 sin2 ∆32 (11)

The above discussion shows that in order to obtainθ13 we have to subtract theθ13-insensitive contribu-
tion P12 from the experimental measurement ofPdis. To see their individual effect, we plotP13 in Fig. 1.10
together withPdis andP12 as a function of the baseline from 100 m to 250 km. The antineutrino energy is

Fig. 1.10. Reactor antineutrino disappearance probability as a function ofdistance
from the source. The values of the mixing parameters are given in Eq. 12.P12 is the
slowly rising blue curve.P13 is the green curve that has a maximum near 2 km. The
total disappearance probabilityPdis is the red curve.

integrated from 1.8 MeV to 8 MeV. We also takesin2 2θ13 = 0.10, which will be used for illustration in
most of the discussions in this section. The other parameters are taken to be

θ12 = 34◦, ∆m2
21 = 7.9 × 10−5eV2, ∆m2

31 = 2.5 × 10−3eV2 (12)

The behavior of the curves in Fig. 1.10 are quite clear from their definitions, Eqs. (9), (10), and (11).
Below a couple kilometersP12 is very small, andP13 andPdis track each other well. This suggests that
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the measurement can be best performed at the first oscillation maximum ofP13(max) ≃ sin2 2θ13. Beyond
the first minimumP13 andPdis deviate from each other more and more asL increases whenP12 becomes
dominant inPdis.

When we determineP13(max) from the differencePdis − P12, the uncertainties onθ12 and∆m2
21 will

propagate toP13. It is easy to check that, given the best fit values in Eq. 2, whensin2 2θ13 varies from 0.01
to 0.10 the relative size ofP12 compared toP13 is about 25% to 2.6% at the first oscillation maximum. Yet
the uncertainty in determiningsin2 2θ13 due to the uncertainty ofP12 is always less than 0.005.

In Fig. 1.11P13 integrated overE from 1.8 to 8 MeV is shown as a function ofLfar, the best possible
distance for the detector, for three values of∆m2

32 that cover the allowed range of∆m2
32 at 95% C.L. as

given in Eq. 3. The curves show thatPdis is sensitive to∆m2
32. For∆m2

32 = (1.8, 2.4, 2.9)×10−3 eV2, the

Fig. 1.11. Reactor antineutrino disappearance probability due to the mixing angle θ13

as a function of the baselineLfar over the allowed 2σ range in∆m2
32.

oscillation maxima correspond to a baseline of 2.5 km, 1.9 km, and 1.5 km, respectively. From this simple
study, placing the detector between 1.5 km and 2.5 km from the reactor looksto be a good choice.

We conclude from this phenomenological investigation that the choice ofLfar be made so that it can
cover as large a range of∆m2

31 as possible.

1.6 Determiningθ13 with Nuclear Reactors

In this section previous attempts to measuresin2 2θ13 are summarized, and a new method for a high-
precision determination ofsin2 2θ13 is presented.

1.6.1 Past Measurements

In the 1990’s, two reactor-based antineutrino experiments, Chooz [10]and Palo Verde [11], were carried
out to investigate neutrino oscillation. Based on∆m2

32 = 1.5×10−2 eV2 as reported by Kamiokande [36], the
baselines of Chooz and Palo Verde were chosen to be about 1 km. This distance corresponded to the location
of the first oscillation maximum ofνe → νµ when probed with low-energy reactorν̄e. Both Chooz and Palo
Verde were looking for a deficit in thēνe rate at the location of the detector by comparing the observed rate
with the calculated rate assuming no oscillation occurred. With only one detector, both experiments had to
rely on the operational information from the reactors, in particular, the composition of the nuclear fuel and
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the amount of thermal power generated as a function of time, for calculating the rate ofν̄e produced in the
fission processes.

Chooz and Palo Verde utilized Gd-doped liquid scintillator (0.1% Gd by weight) todetect the reactor̄νe

via the inverse beta-decaȳνe + p → n + e+ reaction. The ionization loss and subsequent annihilation of the
positron give rise to a fast signal obtained with photomultiplier tubes (PMTs).The energy associated with
this signal is termed the prompt energy,Ep. As stated in Section 1.5.2,Ep is directly related to the energy
of the incident̄νe. After a typical moderation time of about 30µs, the neutron is captured by a Gd nucleus,†

emitting severalγ-ray photons with a total energy of about 8 MeV. This signal is called the delayed energy,
Ed. The temporal correlation between the prompt energy and the delayed energy constitutes a powerful tool
for identifying theν̄e and for suppressing backgrounds.

The value ofsin2 2θ13 was determined by comparing the observed antineutrino rate and energy spec-
trum at the detector with the predictions that assumed no oscillation. The numberof detected antineutrinos
Ndet is given by

Ndet =
Np

4πL2

∫

ǫσPsurSdE (13)

whereNp is the number of free protons in the target,L is the distance of the detector from the reactor,ǫ is
the efficiency of detecting an antineutrino,σ is the total cross section of the inverse beta-decay process,Psur

is the survival probability given in Eq. 7, andS is 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 antineutrino experiments under-
ground to reduce cosmic-ray induced backgrounds, such as neutrons and the radioactive isotope9Li. Gamma
rays originating from natural radioactivity in construction materials and the surrounding rock are also prob-
lematic. The random coincidence of aγ ray interaction in the detector followed by a neutron capture is a
potential source of background. For Chooz, their background rate was1.41 ± 0.24 events per day in the
1997 run, and2.22 ± 0.14 events per day after the trigger was modified in 1998. The background events
were subtracted fromNdet beforesin2 2θ13 was extracted.

The systematic uncertainties and efficiencies of Chooz are summarized in Tables 1.1 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 fission 0.6

combined 2.7

Table 1.1. Contributions to the overall systematic uncertainty in the absolute normal-
ization of Chooz.

tively.
Neither Chooz nor Palo Verde observed any deficit in theν̄e rate. This null result was used to set a limit

on the neutrino mixing angleθ13, as shown in Fig. 1.12. Chooz obtained the best limit of 0.17 in sin22θ13

for ∆m2
31 = 2.5 × 10−3 eV2 at the 90% confidence level.

†The cross section of neutron capture by a proton is 0.3 b and 50,000 b on Gd.
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selection ǫ (%) relative error (%)

positron energy 97.8 0.8
positron-geode distance 99.9 0.1
neutron capture 84.6 1.0
capture energy containment 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.

Fig. 1.12. Exclusion contours determined by Chooz, Palo Verde along with the allowed
region obtained by Kamiokande. [10]

1.6.2 Precision Measurement ofθ13

With only one detector at a fixed baseline from a reactor, according to Eq.13, Chooz and Palo Verde had
to determine the absolute antineutrino flux from the reactor, the absolute cross section of the inverse beta-
decay reaction, and the efficiencies of the detector and event-selection requirements in order to measure
sin2 2θ13. The prospect for determiningsin2 2θ13 precisely with a single detector that relies on a thorough
understanding of the detector and the reactor is not promising. It is a challenge to reduce the systematic un-
certainties of such an absolute measurement to sub-percent level, especially for reactor-related uncertainties.

Mikaelyan and Sinev pointed out that the systematic uncertainties can be greatly suppressed or totally
eliminated when two detectors positioned at two different baselines are utilized[37]. The near detector close
to the reactor core is used to establish the flux and energy spectrum of the antineutrinos. This relaxes the
requirement of knowing the details of the fission process and operationalconditions of the reactor. In this
approach, the value ofsin2 2θ13 can be measured by comparing the antineutrino flux and energy distribution
observed with the far detector to those of the near detector after scaling withdistance squared. According
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to Eq. 13, the ratio of the number of antineutrino events with energy betweenE andE + dE detected at
distanceLf to that at a baseline ofLn is given by

Nf

Nn
=

(

Np,f

Np,n

)

(

Ln

Lf

)2 ( ǫf
ǫn

)[

Psur(E, Lf)

Psur(E, Ln)

]

(14)

If the detectors are made identical and have the same efficiency, the ratio depends only on the distances
and the survival probabilities. By placing the near detector close to the core such that there is no significant
oscillating effect,sin2 2θ13 is approximately given by

sin2 2θ13 ≈ 1

A(E, Lf)

[

1 −
(

Nf

Nn

)(

Lf

Ln

)2
]

(15)

whereA(E, Lf) = sin2 ∆31 with ∆31 defined in Eq. 8 is the analyzing power when the contribution ofθ12 is
small. Indeed, from this simplified picture, it is clear that the two-detector scheme is an excellent approach
for pin-pointing the value ofsin2 2θ13 precisely. In practice, we need to extend this idea to handle more
complicated arrangements involving multiple reactors and multiple detectors as in thecase of the Daya Bay
experiment.

1.7 The Daya Bay Reactor Antineutrino Experiment

As discussed in Section 1.5.4, probingsin2 2θ13 with excellent sensitivity will be an important milestone
in advancing neutrino physics. There are proposals to exploresin2 2θ13 with sensitivities approaching the
level of 0.01 [22]. The objective of the Daya Bay experiment is to determinesin2 2θ13 with sensitivity of
0.01 or better.

In order to reach the designed goal, it is important to reduce both the statistical and systematic uncertain-
ties as well as suppress backgrounds to comparable levels in the Daya Bayneutrino oscillation experiment.

This experiment will be located at the Daya Bay nuclear power complex in southern China. Its geo-
graphic location is shown in Fig. 1.13. The experimental site is about 55 km north-east from Victoria Harbor
in Hong Kong. Figure 1.14 is a photograph of the complex. The complex consists of three nuclear power
plants (NPPs): the Daya Bay NPP, the Ling Ao NPP, and the Ling Ao II NPP.The Ling Ao II NPP is under
construction and will be operational by 2010–2011. Each plant has two identical reactor cores. Each core
generates 2.9 GWth during normal operation. The Ling Ao cores are about 1.1 km east of theDaya Bay
cores, and about 400 m west of the Ling Ao II cores. There are mountain ranges to the north which provide
sufficient overburden to suppress cosmogenic backgrounds in the underground 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 Bay cluster of two cores and the
Ling Ao cluster of four cores. We plan to deploy two identical sets of near detectors at distances between
300 m and 500 m from their respective cluster of cores to monitor the antineutrino fluxes. Another set of
identical detectors, called the far detectors, will be located approximately 1.5km north of the two near
detector sets. Since the overburden of the experimental site increases withdistance from the cores, the
cosmogenic background decreases as the signal decreases, hencekeeping the background-to-signal ratio
roughly constant. This is beneficial to controlling systematic uncertainties. Bycomparing the antineutrino
fluxes and energy spectra between the near and far detectors, the Daya Bay experiment will determine
sin2 2θ13 to the designed sensitivity. Detailed design of the experiment, including baseline optimization
accounting for statistical and systematic uncertainty, backgrounds and topographical information will be
discussed in the following chapters.

It is possible to instrument a mid detector site between the near and far sites. The mid detectors along
with the near and far detectors can be used to carry out measurements forsystematic studies and for internal
consistency checks. In combination with the near detectors close to the DayaBay NPP, they could also be
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Fig. 1.13. Daya Bay and vicinity: The nuclear power complex is located about 55 km
from central Hong Kong.

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

utilized to provide a quick determination ofsin2 2θ13, 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 due toθ13, and to determine sin22θ13 to a precision of
0.01 or better, at least 50,000 detected events detected at the far site are needed, and systematic uncertainties
in the ratios of near-to-far detector acceptance, antineutrino flux and background have to be controlled to a
level below 0.5%, an improvement of almost an order of magnitude over the previous experiments. Based on
recent single detector reactor experiments such as Chooz, Palo Verde and KamLAND, there are three main
sources of systematic uncertainty: reactor-related uncertainty of (2–3)%, background-related uncertainty of
(1–3)%, and detector-related uncertainty of (1–3)%. Each source ofuncertainty can be further classified into
correlated and uncorrelated uncertainties. Hence a carefully designedexperiment, including the detector
design and background control, is required. The primary considerations driving the improved performance
are listed below:

◦ 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 Mikaelyan et al. for the Kr2Det ex-
periment in 1999 [1]. The event rate of the near detector will be used to predict the yield at the far
detector. Even in the case of a multiple reactor complex, reactor-related uncertainties can be controlled
to negligible level by a careful choice of locations of the near and far sites.

◦ multiple modulesEmploy multiple, identical modules at the near and far sites to cross check between
modules at each location and reduce detector-related uncorrelated uncertainties. The use of multiple
modules in each site enables internal consistency check to the limit of statistics. Multiple modules
implies smaller detectors which are easier to move. In addition, small modules intercept fewer cosmic-
ray muons, resulting in less dead time, less cosmogenic background and hence smaller systematic
uncertainty. Taking calibration and monitoring of detectors, redundancy,and cost into account we
settle on a design with two modules for each near site and four modules for the far site.

◦ three-zone detector moduleEach module is partitioned into three enclosed zones. The innermost
zone, filled with Gd-loaded liquid scintillator, is the antineutrino target which is surrounded by a zone
filled with unloaded liquid scintillator called theγ-catcher. This middle zone is used to capture theγ
rays from antineutrino events that leak out of the target. This arrangement can substantially reduce the
systematic uncertainties related to the target volume and mass, positron energythreshold, and position
cut. The outermost zone, filled with transparent mineral oil that does not scintillate, shields against
externalγ rays entering the active scintillator volume.

◦ sufficient overburden and shieldingLocations of all underground detector halls are optimized to
ensure sufficient overburden to reduce cosmogenic backgrounds tothe level that can be measured
with certainty. The antineutrino detector modules are enclosed with sufficientpassive shielding to
attenuate natural radiation and energetic spallation neutrons from the surrounding 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 muon detector to have a high
efficiency and that it is known with small uncertainty. Monte Carlo study shows that the efficiency
of the muon detector should be better than 99.5% (with an uncertainty less than 0.25%). The muon
system is designed to have at least two detector systems. One system utilizes the water buffer as a
Cherenkov detector, and another employs muon tracking detectors with decent position resolution.
Each muon detector can easily be constructed with an efficiency of (90–95)% such that the overall
efficiency of the muon system will be better than 99.5%. In addition, the two muondetectors can be
used to measure the efficiency of each other to a uncertainty of better than 0.25%.
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◦ movable detectorsThe detector modules are movable, such that swapping of modules between the
near and far sites can be used to cancel detector-related uncertainties tothe extent that they remain un-
changed before and after swapping. The residual uncertainties, being secondary, are caused by energy
scale uncertainties not completely taken out by calibration, as well as other site-dependent uncertain-
ties. The goal is to reduce the systematic uncertainties as much as possible by careful design and
construction of detector modules such that swapping of detectors is not necessary. Further discussion
of detector swapping will be given in Chapters 3 and 10.

With these improvements, the total detector-related systematic uncertainty is expected to be∼0.2% in
the near-to-far ratio per detector site which is comparable to the statistical uncertainty of∼0.2% (based
on the expected 250,000 events for three years of running at the far site). Using a globalχ2 analysis (see
Section 3.5.1), incorporating all known systematic and statistical uncertainties, we find thatsin2 2θ13 can be
determined to a sensitivity of better than 0.01 at 90% confidence level as discussed in Sec. 3.5.2.

2.1 Experimental layout

Taking the current value of∆m2
31 = 2.5 × 10−3 eV2 (see equation 12), the first maximum of the

oscillation associated withθ13 occurs at∼1800 m. Considerations based on statistics alone will result in
a somewhat shorter baseline, especially when the statistical uncertainty is larger than or comparable to the
systematic uncertainty. For the Daya Bay experiment, the overburden influences the optimization since it
varies along the baseline. In addition, a shorter tunnel will decrease the civil construction cost.

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

Fig. 2.1. Layout of the Daya Bay experiment.

distance between the two cores in each NPP is about 88 m. Daya Bay is 1100 mfrom Ling Ao, and the
maximum distance between cores will be 1600 m when Ling Ao II starts operation. The experiment will
locate detectors close to each reactor cluster to monitor the antineutrinos emitted from their cores as precisely
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as possible. At least two near sites are needed, one is primarily for monitoring the Daya Bay cores and the
other primarily for monitoring the Ling Ao—Ling Ao II cores. The reactor-related systematic uncertainties
can not be cancelled exactly, but can be reduced to a negligible revel, aslow as 0.04% if the overburden
is not taken into account. A global optimization taking all factors into account, especially balancing the
overburden and reactor-related uncertainties, results in a residual reactor uncertainty of<0.1%

Three major factors are involved in optimizing the locations of the near sites. The first one is overbur-
den. The slope of the hills near the site is around 30 degrees. Hence, the overburden falls rapidly as the
detector site is moved closer to the cores. The second concern is oscillation loss. The oscillation probability
is appreciable even at the near sites. For example, for the near detectorsplaced approximately 500 m from
the center of gravity of the cores, the integrated oscillation probability is0.19 × sin2 2θ13 (computed with
∆m2

31 = 2.5 × 10−3 eV2). The oscillation contribution of the other pair of cores, which is around 1100 m
away, has been included. The third concern is the near-far cancellationof reactor uncertainties.

After careful study of many different experimental designs, the best configuration of the experiment is
shown in Fig. 2.1 together with the tunnel layout. Based on this configuration, aglobalχ2 fit (see Eq. 29)
for the best sensitivity and baseline optimization was performed, taking into account backgrounds, mountain
profile, detector systematics and residual reactor related uncertainties. The result is shown in Fig. 2.2.

Fig. 2.2. Site optimization using the globalχ2 analysis. The optimal sites are labelled
with red triangles. The stars show the reactors. The black contours showthe sensitivity
when one site’s location is varied and the other two are fixed at optimal sites. The red
lines with tick marks are the perpendicular bisectors of the reactor pairs. The mountain
contours are also shown on the plot (blue lines).

Ideally each near detector site should be positioned equidistant from the cores that it monitors so that
the uncorrelated reactor uncertainties are cancelled. However, taking overburden and statistics into account
while optimizing the experimental sensitivity, the Daya Bay near detector site is best located 363 m from
the center of the Daya Bay cores. The overburden at this location is 98 m (255 m.w.e.).∗ The Ling Ao near
detector hall is optimized to be 481 m from the center of the Ling Ao cores, and526 m from the center of
the Ling Ao II cores† 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. Ideally the far site should be equidistant
between the Daya Bay and Ling Ao—Ling Ao II cores; however, the overburden at that location would be

∗The Daya Bay near detector site is about 40 m east of the perpendicular bisector of the Daya Bay two cores to gain more
overburden.
†The Ling Ao near detector site is about 50 m west of the perpendicular bisector of the Ling Ao-Ling Ao II clusters to avoid
installing it in a valley which is likely to be geologically weak, and to gain more overburden.
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only 200 m (520 m.w.e). At present, the distances from the far detector to themidpoint of the Daya Bay cores
and to the mid point of the Ling Ao—Ling Ao II cores are 1985 m and 1615 m, respectively. The overburden
is about 350 m (910 m.w.e). A summary of the distances to each detector is provided in Table 2.1.

Sites DYB LA Far

DYB cores 363 1347 1985
LA cores 857 481 1618
LA II cores 1307 526 1613

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

It is possible to install a mid detector hall between the near and far sites such that it is 1156 m from
the midpoint of the Daya Bay cores and 873 m from the center of the Ling Ao—Ling Ao II cores. The
overburden at the mid hall is 208 m (540 m.w.e.). This mid hall could be used fora quick measurement of
sin2 2θ13, studies of systematics and internal consistency checks.

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

2.2 Detector Design

As discussed above, the antineutrino detector employed at the near (far)site has two (four) modules
while the muon detector consists of a cosmic-ray tracking device and active water buffer. There are several
possible configurations for the water buffer and the muon tracking detector as discussed 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 tubes(PMTs) to serve as a
Cherenkov detector. The outer region of the water pool is segmented into water tanks made of reflective PVC
sheets with a cross section of 1 m×1 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 the watertank. The water tank scheme
first proposed by Y.F. Wang [3] for very long baseline neutrino experiments as a segmented calorimeter is a
reasonable choice as a muon tracking detector for reasons of both costand technical feasibility. Above the
pool the muon tracking detector is made of light-weight resistive-plate chambers (RPCs). RPCs offer good
performance and excellent position resolution for low cost.

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

2.2.1 Antineutrino detector

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

ν̄e + p −→ e+ + n

The prompt positron signal and delayed neutron-capture signal are combined to define a neutrino event
with timing and energy requirements on both signals. In LS neutrons are captured by free protons in the
scintillator emitting 2.2 MeVγ-rays with a capture time of 180µs. On the other hand, when Gadolinium
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Fig. 2.3. Layout of the baseline design of the Daya Bay detector. Four antineutrino
detector modules are shielded by a 1.5 m-thick active water Cherenkov buffer. Sur-
rounding this buffer is another 1-meter of water Cherenkov tanks serving as muon
trackers. The muon system is completed with RPCs at the top.

(Gd), with its huge neutron-capture cross section and subsequent 8 MeV release ofγ-ray energy, is loaded
into LS the much higherγ energy cleanly separates the signal from natural radioactivity, which ismostly
below 2.6 MeV, and the shorter capture time (∼30µs) reduces the background from accidental coincidences.
Both Chooz [4] and Palo Verde [5] used 0.1% Gd-loaded LS that yielded acapture time of 28µs, about a
factor of seven shorter than in undoped liquid scintillator. Backgrounds from random 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:

◦ Employ three-zone detector modules partitioned with acrylic tanks as shown in fig 2.4. The target
volume is defined by the physical dimensions of the central region of Gd-loaded liquid scintillator.
This target volume is surrounded by an intermediate region filled with normal LSto catchγs escaping
from the central region. The liquid-scintillator regions are embedded in a volume of mineral oil to
separate the PMTs from the scintillator and suppress natural radioactivityfrom the PMT glass and
other external sources.

Four of these modules, each with 20 T fiducial volume, will be deployed at thefar site to obtain
sufficient statistics and two modules will be deployed at each near site, enabling cross calibrations.
The matching of four near and four far detectors allows for analyzing data with matched near-far pairs.

In this design, the homogeneous target volume is well determined without a position cut since neu-
trinos captured in the unloaded scintillator will not in general satisfy the neutron energy requirement.
Each vessel will be carefully measured to determine its volume and each vessel will be filled with the
same set of mass-flow and flow meters to minimize any variation in relative detectorvolume and mass.
The effect of neutron spill-in and spill-out across the boundary between the two liquid-scintillator re-
gions will be cancelled when pairs of identical detector modules are used atthe near and far sites.
With the shielding of mineral oil, the singles rate will be reduced substantially. The trigger threshold



2 EXPERIMENTAL DESIGN OVERVIEW 23

Fig. 2.4. Cross sectional slice of a 3-zone antineutrino detector module showing the
acrylic vessels holding the Gd-doped liquid scintillator at the center (20 T), liquid
scintillator between the acrylic vessels (20 T) and mineral oil (40 T) in the outer region.
The PMTs are mounted on the inside walls of the stainless steel tank.

can thus be lowered to below 1.0 MeV, providing∼100% detection efficiency for the prompt positron
signal.

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

◦ The energy resolution should be better than 15% at 1 MeV. Good energy resolution is desirable for
reducing the energy-related systematic uncertainty on the neutron energycut. Good energy resolution
is also important for studying spectral distortion as a signature of neutrino oscillations.

◦ The time resolution should be better than 1 ns for determining the event time and for studying back-
grounds.

Detector modules of different shapes, including cubical, cylindrical, andspherical, have been consid-
ered. From the point of view of ease of construction cubical and cylindrical shapes are particularly attractive.
Monte Carlo simulation shows that modules of cylindrical shape can provide better energy and position reso-
lutions for the same number of PMTs. Figure 2.4 shows the structure of a cylindrical module. The PMTs are
arranged along the circumference of the outer cylinder. The surfacesat the top and the bottom of the outer-
most cylinder are coated with white reflective paint or other reflective materials to provide diffuse reflection.
Such an arrangement is feasible since 1) the event vertex is determined only with the center of gravity of the
charge, not relying on the time-of-flight information,‡ 2) the fiducial volume is well defined with a three-

‡Although time information may not be used in reconstructing the event vertex, it will 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. Details ofthe antineutrino detector will be
discussed in Chapter 5.

2.2.2 Muon detector

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

Besides being a shield against ambient radiation, the water buffer can alsobe utilized as a water
Cherenkov counter by installing PMTs in the water. The water Cherenkov detector is based on proven
technology, and known to be very reliable. With sufficient PMT coverageand reflective surfaces, the effi-
ciency of detecting muons should exceed 95%. The current baseline design of the water buffer is a water
pool, similar to a swimming pool with a dimensions of 16 m (length)× 16 m (width)× 10 m (height)
for the far hall containing four detector modules, as shown in Fig. 2.5. ThePMTs of the water Cherenkov

Fig. 2.5. The water pool with four antineutrino detector modules inside. watertanks of
dimension 1 m×1 m are used as an outer muon tracker.

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

The muon tracking detector consists of water tanks and RPCs. RPCs are very economical for instru-
menting large areas, and simple to fabricate. The Bakelite based RPC developed by IHEP for the BES-III
detector has a typical efficiency of 95% and noise rate of 0.1 Hz/cm2 per layer. [6]. A possible configuration
is to build three layers of RPC, and require two out of three layers hit within atime window of 20 ns to
define a muon event. Such a scheme has an efficiency above 99% and noise rate of<0.1 Hz/m2. Although
RPCs are an ideal large area muon detector due to their light weight, good performance, excellent position
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resolution and low cost, it is hard to put them inside water to fully surround thewater pool. The best choice
seems to use them only at the top of the water pool.

Water tanks with a dimension of 1 m×1 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 good as other choices, the resolution is
reasonably good for our needs, in particular with the help of RPCs at the top. Actually the water tanks are not
really sealed tanks, but reflective PVC sheets assembled on a stainless steel structure, so that water can flow
freely among water pool and water tanks, and only one water purification system is needed for each site.
Water tanks can be easily installed at the side of the water pool, but must be cut into sections at the bottom
to leave space for the supporting structure of antineutrino detector modules. Each tank will be equipped
with four PMTs at each end to collect Cherenkov photons produced by cosmic-muons. A few more PMTs
are needed for the bottom tanks to take into account optical path obstructionby the supporting structure of
the antineutrino detector modules. A 13 m long prototype has been built and tested [3]. A detailed Monte
Carlo simulation based on the data from this prototype shows that the total light collected at each end is
sufficient, as will be discussed in detail in Chapter 7. The technology employed in this 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 (see Fig. 2.3). The two near detector
sites have two antineutrino detector modules in a rectangular water pool, whereas the far site has four an-
tineutrino detector modules in a square water pool. The distance from the outer surface of each antineutrino
detector is at least 2.5 m to the water surface, with 1 m of water between eachantineutrino detector.

Our primary alternative to the baseline design is the “aquarium” option. A conceptual design, showing
a cut-away side view is provided in Fig. 2.6. Several views are shown in Fig. 2.7. The primary feature of

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

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

the antineutrino detectors are moved. The primary disadvantages of this design include the engineering
difficulties of the central tube and the water dam, safety issues associated with the large volume of water
above the floor level, cost, maintenance of the antineutrino detectors free of radon and radioactive debris.
This is preserved as the primary option for a “dry detector” and serves as our secondary detector design
option. Other designs that have been considered include: ship-lock, modified aquarium, 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 experimental configuration include:

◦ Civil construction

◦ Cranes for the antineutrino detectors

◦ Transporters for the antineutrino detectors

◦ Safety systems in the event of catastrophic failure

◦ Storage volume of purified water

◦ Complexity of seals in water environment

The physics performance drivers that we have identified include:

◦ Uniformity of shielding againstγ’s from the rock and cosmic muon induced neutrons

◦ Cost and complexity of purifying the buffer region of radioactive impurities



2 EXPERIMENTAL DESIGN OVERVIEW 27

◦ Amount and activity of steel near the antineutrino detectors (walls and mechanical support structures)

◦ Efficiency of tagging muons and measurement of that inefficiency

The primary parameters that we have investigated in the optimization of the detector design are the thickness
of the water buffer, the optical segmentation of this water Cherenkov detector, the PMT coverage of this
water Cherenkov detector, the size and distribution of the muon tracker system, the number of PMTs in
the antineutrino detector, the reflectors in the antineutrino detector. The study is ongoing, but existing work
favors the water pool.
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3 Sensitivity & Systematic Uncertainties

The control of systematic uncertainties is critical to achieving thesin2 2θ13 sensitivity goal of this
experiment. The most relevant previous experience is the Chooz experiment [1] which obtainedsin2 2θ13 <
0.17 for ∆m2

31 = 2.5 × 10−3eV2 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 expected events at the ‘far’ detector. In
order to achieve asin2 2θ13 sensitivity below 0.01, both the statistical and systematic uncertainties need to
be an order of magnitude smaller than Chooz. The projected statistical uncertainty for the Daya Bay far
detectors is 0.2% with three years data taking. In this section we discuss our strategy for achieving the level
of systematic uncertainty comparable to that of the statistical uncertainty. Achieving this very ambitious goal
will require extreme care and substantial effort, and can only be realizedby incorporating rigid constraints
in the design of the experiment.

There are three main sources of systematic uncertainties: reactor, background, and detector. Each source
of uncertainty can be further classified into correlated and uncorrelateduncertainties.

3.1 Reactor Related Uncertainties

For a reactor with only one core, all uncertainties from the reactor, correlated or uncorrelated, can be
canceled precisely by using one far detector and one near detector (assuming the distances are precisely
known) and forming the ratio of measured antineutrino fluxes [2]. In reality, the Daya Bay nuclear power
complex has four cores in two groups, the Daya Bay NPP and the Ling Ao NPP. Another two cores will
be installed adjacent to Ling Ao, called Ling Ao II, which will start to generateelectricity in 2010–2011.
Figure 2.1 shows the locations of the Daya Bay cores, Ling Ao cores, andthe future Ling Ao II cores.
Superimposed on the figure are the tunnels and detector sites. The distancebetween the two cores at each
NPP is about 88 m. The midpoint of the Daya Bay cores is 1100 m from the midpoint of the Ling Ao
cores, and will be 1600 m from the Ling Ao II cores. For this type of arrangement, with more reactor cores
than near detectors, one must rely upon the measured reactor power levels in addition to forming ratios of
measured antineutrino fluxes in the detectors. Thus there is a residual uncertainty in the extracted oscillation
probability associated with the uncertainties in the knowledge of the reactor power levels. In addition to the
reactor power uncertainties, there are uncertainties related to uncertainties in the effective locations of the
cores relative to the detectors.

3.1.1 Power Fluctuations

Typically, the measured power level for each reactor core will have a correlated (common to all the
reactors) uncertainty of the order of 2% and an uncorrelated uncertainty of similar size. Optimistically, we
may be able to achieve uncorrelated uncertainties of 1%, but we conservatively assume that each reactor
has 2% uncorrelated uncertainty in the following. (We note that both Chooz and Palo Verde achieved total
reactor power uncertainties of 0.6–0.7%. The appropriate value for the Daya Bay reactors will need to be
studied in detail with the power plant and could hopefully be reduced below 2% per core.) If the distances
are precisely known, the correlated uncertainties will cancel in the near/far ratio.

For the geometry of the Daya Bay experiment, we have (effectively) two near detectors. One near site
primarily samples the rate from the two Daya Bay cores and and the other primarily samples the rate from
the (two or four) Ling Ao cores. The detectors at the far site do not samplethe reactor cores equally, so one
needs to consider the weighting of the data from the near sites relative to the far site. In order to provide
optimal relative weights of the near sites one can utilize the following combination of ratios in the event
rates of the far and near detectors:
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whereφr is the antineutrino flux at unit distance from corer, Lf
r is the distance from reactorr to the far site,

LDB
r (LLA

r ) is the distance from reactorr to the near Daya Bay (Ling Ao) site, andα is a constant chosen to
provide the proper weighting of the near site data and minimize the sensitivity ofρ to the uncertainties in the
relative reactor power levels. (In Eq. 16 we have neglected neutrino oscillations. In the absence of oscilla-
tions and given a value ofα, the quantityρ is completely determined by the geometry. Thus a measurement
of ρ that differs from this value could then be used to determine the oscillation probability that depends upon
sin2 2θ13 with minimal systematic uncertainty due to the uncorrelated reactor power uncertainties.)

To illustrate the utility of the ratioρ in Eq. 16, we can consider a slightly simplified geometry where
there are only two cores, each very close to a near detector. Then the cross-talk in a near detector from
the other core can be neglected and the value ofα = (Lf

LA/Lf
DB)2 will correct the ratioρ for the fact

that the two reactors are not sampled equally by the far detector. (HereLf
DB andLf

LA are the distances of
the far detector from the two reactor cores.) Then the ratioρ would be independent of the reactor power
uncertainties.

For the more complex situation as in Fig. 2.1, the optimal choice of the weighting factor α is somewhat
different, and can be computed from knowledge of the relative distancesand powers of the reactor cores.
One can also determineα by Monte Carlo simulations that minimize the systematic uncertainty inρ due
to uncorrelated reactor power uncertainties. The weighting of near sites using α does introduce a slight
degradation (in our case<11% fractional increase) in the statistical uncertainty. The correlated uncertainties
of the reactors are common to both the numerator and denominator of the ratioρ, and therefore will cancel.

Using the detector configuration shown in Fig. 2.1, with two near sites at∼500 m baselines to sample
the reactor power and a far site at an average baseline of∼1800 m, an uncorrelated uncertainty of 2% for
each core and optimal choice ofα leads to the estimated reactor power contribution toσρ (i.e., the fractional
uncertainty in the ratioρ) shown in Table 3.1 for the case of four (six) reactor cores. In Section3.5.1 below,
we study the sensitivity of the Daya Bay experiment to neutrino oscillations andsin2 2θ13 using a more
generalχ2 analysis that includes all the significant sources of systematic uncertainty.The optimal weighting
of near sites in that analysis is implemented by allowing all the reactor core powers to vary in theχ2

minimization associated with the measured rates in the different detectors.

Number of cores α σρ(power) σρ(location) σρ(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 reactorconfigurations.
The uncorrelated uncertainty of the power of a single core is assumed to be2%.

3.1.2 Location Uncertainties

The the center of gravity of the antineutrino source in each core will be determined to a precision of
about 30 cm. We assume that the location uncertainties are uncorrelated, and so their combined effect will
be reduced by∼

√
Nr whereNr 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 baseline of∼500 m.

3.1.3 Spent Fuel Uncertainties

In addition to fission, beta decay of some fission products can also produce antineutrinos with energy
higher than the inverse beta decay threshold 1.8 MeV. Some of these have long lifetimes, such as [3]

106Ru(T1/2 = 372 d) → 106Rh(T1/2 = 20 s, Emax = 3.54MeV)
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144Ce(T1/2 = 285 d) → 144Pr(T1/2 = 17m, Emax = 3.00MeV)
90Sr(T1/2 = 28.6 y) → 90Y(T1/2 = 64h, Emax = 2.28MeV) (17)

These isotopes will accumulate in the core during operations. Normally a fuelrod will produce power in the
core for 2–3 years. The inverse beta decay rate arising from these fission products will increase to 0.4–0.6%
of the total event rate. In the 1.8–3.5 MeV range, the yield will increase to about 4%. 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 adjoining the cores. A manipulator
moves the burnt-out fuel rods from the core to the water pool during refueling. The long lived isotopes
mentioned in the previous paragraph will continue to contribute to the antineutrino flux. The spent fuel data,
as well as the realtime running data, will be provided to the Daya Bay Collaboration by the power plant.

Taking the average of all fuel rods at different life cycles, and the decay in the spent fuel, these isotopes
are estimated to contribute<0.5% to the event rate (prior to receiving the detailed reactor data). All of these
events are in the low energy region. Since the spent fuel is stored adjoining to the core, the uncertainty
in the flux will be canceled by the near-far relative measurement, in the same way as the cancellation of
the reactor uncertainties. The uncertainty associated with the spent fuel ismuch smaller than the assumed
2% uncorrelated uncertainty of reactor fission, and thus we expect it willhave negligible impact on theθ13

sensitivity.

3.2 Detector Related Uncertainties

For the detector-related uncertainties, we estimate two values for the Daya Bay experiment: baseline
and goal. The baseline value is what we expect to be achievable through essentially proven methods with
straightforward improvement in technique and accounting for the fact thatwe need to consider onlyrelative
uncertainties between near and far detectors. The goal value is that which we consider achievable through
improved methods and extra care beyond the level of previous experimentsof this type. The results are
summarized in Table 3.2 and discussed in the rest of this section.

Source of uncertainty Chooz Daya Bay (relative)
(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 (all in percent, per
detector module) of the Chooz experiment (absolute) and projections for Daya Bay
(relative). Baseline values for Daya Bay are achievable through essentially proven
methods, whereas the goals should be attainable through additional effortsdescribed
in the text. In addition, the additional improvement from detector swapping is indicated
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 event rate in the detector is propor-
tional to the total mass of free protons. The systematic uncertainty in this quantityis controlled by precise
knowledge of the relative total mass of the central volumes of the detector modules as well as filling the
modules from a common batch of scintillator liquid so that the H/C ratio is the same to highprecision.

The mass of the antineutrino target is accurately determined in several ways. First the detector modules
will be built to specified tolerance so that the volume is known to∼ 0.1% (typically <1 mm dimension
out of a diameter of 3.2 meters). We will make a survey of the detector geometryand dimensions after
construction to characterize the detector volumes to higher precision than 0.1%. Using optical measuring
techniques and reflective survey targets built into the detector modules andattached to the surfaces of the
acrylic vessels sub-mm precision is easily achievable with conventional surveying techniques. A precision
survey of each detector module will be conducted after the assembly of the acrylic vessels and the stainless
steel tank in the surface assembly building near the underground tunnel entrance.

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

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

in the filling station and load sensors in both the storage tank and possibly the antineutrino detector will
allow us to determine the mass of the liquid scintillator reliably and with independent methods.

We will also measure the fluid flow using premium grade precision volume flow meters with a re-
peatability specification of 0.02%. Several volume flowmeters will be run in series for redundancy. Residual
topping up of the detector module to a specified level (only about∼20 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 the ambient temperature of the
filling station are controlled and monitored. Liquid level sensors may be used during the filling process to
monitor and maintain the relative liquid levels in the antineutrino detector volume and theγ-catcher region.

Coriolis mass flow meters are devices developed by the processing industryto measure directly the
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mass flow of a liquid or gas (compared to the volume flow of conventional flow meters). The measured
mass flow is independent of the liquid’s density and viscosity hence minimizing theneed for environmental
control of the storage tank, filling station, and detector modules, and reducing possible systematics due to
ambient temperature fluctuations. Coriolis meters use two U-shaped oscillating flow tubes. A sine voltage is
applied to an electromagnetic driver which produces an oscillating motion of thetubes. The vibration of the
tube causes a slight angular rotation about its center. The fluid flow is then deflected by the Coriolis force
which changes the tube rotation, The amplitude of this change is related to the mass flow and the frequency
is related to the product density. Coriolis meters measure simultaneously the massflow and density of
the liquid. They are commercially available with flow rates ranging from 1g/hr to 8000 kg/hr. The quoted
absolute accuracy of the devices is 0.1–0.2%, and their repeatability is∼0.1%. Combined with a control
valve system Coriolis flow meters allow the precise and repeatable filling of the detector modules with a
chosen target mass.

The volume flowmeters have anabsolute calibrated precision of0.2%, so we quote a baseline uncer-
tainty of 0.2% for the detector mass. We use the 0.02% repeatability performance of the volume flowmeters
to estimate the goal uncertainty of 0.02%.

The absolute H/C ratio was determined by Chooz using scintillator combustion andanalysis to 0.8%
precision based on combining data from several analysis laboratories. We will only require that therelative
measurement on different samples be known, so an improved precision of0.2% or better is expected. We
quote this as the estimated baseline H/C systematic uncertainty.

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

In addition, we will need to determine therelative H/C ratio in theγ-catcher liquid scintillator to about
1%. This is to control the relative amount of “spill-in” events where a neutron generated in theγ-catcher
is captured in the Gd-loaded scintillator after thermal diffusion. This should be much more straightforward
than the more demanding requirement on the Gd-loaded scintillator but will be sufficient 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 without resort to reconstruction
of the event location. Therefore the uncertainty in the event rate is relatedto the physical parameters of the
antineutrino volume. We do not anticipate employing cuts on reconstructed position to 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 positron energy threshold of
1.3 MeV. This cut resulted in an estimated uncertainty of 0.8%. The improved shielding design of the Daya
Bay detectors makes it possible to lower this threshold to below 1 MeV while keeping uncorrelated back-
grounds as low as 0.1%. The threshold of visible energy of neutrino events is 1.022 MeV. Due to the finite
energy resolution of∼12% at 1 MeV, the reconstructed energy will have a tail below 1 MeV. The systematic
uncertainty associated with this cut efficiency is studied by Monte Carlo simulation. The tail of the simu-
lated energy spectrum is shown in Fig. 3.2 with the full spectrum shown in the inset. For this simulation,
200 PMTs are used to measure the energy deposited in a 20-ton module. Theenergy resolution is∼15%
at 1 MeV. The inefficiencies are 0.32%, 0.37%, and 0.43% for cuts at 0.98MeV, 1.0 MeV, and 1.02 MeV,
respectively. Assuming the energy scale uncertainty is 2% at 1 MeV, this inefficiency variation will produce
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Fig. 3.2. Energy spectra associated with the positron’s true energy, simulated energy
(Geant Energy), and reconstructed energy at 1 MeV. The full spectrum is shown in the
inset, where the red line corresponds to the true energy and the black onecorresponds
to the reconstructed energy.

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

3.2.4 Neutron Detection Efficiency

The delayed neutron from the inverse beta decay reaction is produced with ∼10 keV of kinetic energy.
The neutron loses energy in the first few interactions with H and C in the scintillator, and reaches thermal
energy in a few microseconds. The neutrons can capture on either H or Gd during or after the thermalization
process. We will detect the neutrons that capture on Gd, yielding at least6 MeV of visible energy from the
resulting captureγ rays, during the time period 0.3< T <200µs.

The efficiency for detecting the neutron is given by

ǫn = PGdǫEǫT (18)

in whichPGd is the probability to capture on Gd (as opposed to H),ǫE is the efficiency of theE > 6 MeV
energy cut for Gd capture, andǫT 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 reachsin2 2θ13 = 0.01 the baseline requirement
for the uncertainty onrelative neutron detection efficiencies is0.25%. Theǫn for neutrons at the center of a
detector module can be determined directly by using a tagged neutron source(either252Cf, AmBe or both
can be used) and counting the number of neutrons using the time and energycuts after neutron producing
event. (Corrections associated with uniformly distributed neutrons are studied with spallation neutrons, as
discussed in Section 6.) This will require measurement of order 1 million neutron captures, and would likely
require several hours of measurement. This will be established during theinitial comprehensive calibration
of each detector.

In addition, the individual componentsPGd, ǫE , andǫT can be monitored separately as an additional
check on the measurement ofǫn.

H/Gd ratio
Neutrons are thermalized during their first10 µs of existence in the detector central volume. Thus for

times longer than10 µs the delayed neutron capture events will exhibit an exponential time constant, τ ,
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related to the average concentration of Gd in the detector module. The rate ofcapture,Γ ≡ 1/τ , is given by:

Γ = ΓGd + ΓH = [nGdσGd + nHσH ]v (19)

wherenH(Gd) is the number density of hydrogen (Gd) in the liquid scintillator andσH(Gd) is the neutron
capture cross section on hydrogen (Gd) andv is the thermal velocity. The fraction of neutrons that capture
on Gd rather than H is then

PGd =
1

1 + ΓH/ΓGd
(20)

and we would like to know thisrelative fraction between different detector modules to∼0.1%. Thus we
must measure the time constantsτ for different detector modules to arelative precision of 0.2µs. The
value ofτ is expected to be about 30µs, so we need to measure it to about 0.5% relative precision. Such a
measurement requires measuring about 30,000 neutron captures, whichcan be done in a few minutes with a
neutron source. The Chooz experiment measured the (absolute) ∼30µs capture time to±0.5µs precision.

Measurement ofτ to 0.5% precision will provide a relative value ofPGd 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 signal from capture of neutrons on

Gd in the antineutrino detector volume. An energy threshold of about 6 MeV will be employed to select these
delayed events, and the efficiency (∼93%) of this criterion may vary between detector modules depending
upon the detailed response of the module. However, this can be calibrated through the use of radioactive
sources (see Section 6) and spallation neutron captures. The KamLAND detector gain is routinely (every
two weeks) monitored with sources, and a relative long-term gain drift of∼ 1% is readily monitored with
a precision of0.05%. Monte Carlo simulations of the Daya Bay detector response for the Gd capture γs
indicate that 1% energy scale uncertainty will lead to 0.2% uncertainty inǫE , and we use this value as the
baseline systematic uncertainty.

We have also performed detailed Monte Carlo simulations of the detector response to neutron sources
and spallation neutrons. The results of these studies indicate that we can indeed establish the relative value of
ǫE to 0.1%, even for reasonable variations of detector properties (such as scintillator attenuation length). As
an example, Fig. 3.3 shows how the source data can be used with uniform spallation neutrons to bootstrap a
non-linear energy scale that corrects the spectrum, independent of attenuation length over the extreme range
of 4.5–18 m. Therefore, we estimate a value of 0.1% for the goal systematic uncertainty inǫE .

Time cuts
The time correlation of the prompt (positron) event and the delayed (neutron) event is a critical aspect of

the event signature. Matching the time delays of the start and end times of this time window between detector
modules is crucial to reducing systematic uncertainties associated with this aspect of the antineutrino signal.
If the starting time (∼0.3 µs) and ending time (∼200 µs) of the delayed event window is determined to
∼10 ns precision, the resulting uncertainty associated with missed events is∼0.03%. We will insure that
this timing is equivalent for different detector modules by slaving all detectorelectronics to one master
clock. We estimate that with due care, the relative neutron efficiency for different modules due to timing
is known to∼0.03%, and we use this value as the estimated goal systematic uncertainty. We use a more
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 appeared that there were
two neutron captures following the positron signal, resulting in a 2.6% inefficiency and associated 0.5%
systematic uncertainty. These multiple neutron events are due to muon-inducedspallation neutrons, and will
be reduced to a much lower level by the increased overburden available at the Daya Bay site. For the near
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Fig. 3.3. Spallation neutron response for detector modules with scintillator optical at-
tenuation lengths of4.5 ≤ d ≤ 18 m. The left panel shows the raw photoelectron
spectra, whereas the right panel shows the spectra rescaled according to a non-linear
rescaling procedure we have developed. The rescaled 6 MeV effective energy thresh-
old produces a constant value ofǫE = 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 than afactor nine lower than
for the Chooz site. Therefore, events with multiple neutron signals will be reduced by this factor relative to
Chooz, and should present a much smaller problem for the Daya Bay site. We therefore estimate a 0.05%
value for this systematic uncertainty and use this for both the baseline and goal values.

3.2.6 Trigger

The trigger efficiency can be measured to high precision (0.01%) using studies with pulsed light sources
in the detector. (We note that KamLAND has used this method to determine 99.8% absolute trigger effi-
ciency [4].) In addition, we will employ several redundant triggers so that they can be used to cross-check
each other to high precision. We estimate a systematic uncertainty of 0.01% can be achieved, 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 MHz clock using the detector
electronics, and normalizing to the number of clock ticks in a second (as defined by a GPS receiver signal).
The uncertainty associated with this procedure should be extremely small, andcertainly negligible relative
to the other systematic uncertainties. For example, SNO measured the relative live times for their day/night
analysis with a relative fractional uncertainty of5 × 10−7.

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 horizontaltunnels provides the Daya
Bay experiment with the unique and important option of swapping the detectorsbetween the locations. This
could enable the further reduction of detector-related systematic uncertainties in the measurement of the
ratio of neutrino fluxes at the near and far locations. Although the estimated baseline and goal systematic
uncertainties in Table 3.2 are sufficient to achieve a sensitivity of 0.01 insin2 2θ13, implementation of
detector swapping could provide an important method to further reduce systematic uncertainties and increase
confidence in the experimental results.

The swapping concept is easy to demonstrate for a simple scenario with a single neutrino source and
only two detectors deployed at two locations, near and far. The desired measurement is the ratio of event
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rates at the near and far locations:N/F . With detector #1 (efficiencyǫ1) at the near location and detector #2
(efficiencyǫ2)at the far location we would measure

N1

F2
=

(

ǫ1
ǫ2

)

N

F
(21)

By swapping the two detectors and making another measurement, we can measure

N2

F1
=

(

ǫ2
ǫ1

)

N

F
(22)

where we have assumed that the detector properties (e.g., efficiencies) do not change when the detector is
relocated. We can now combine these two measurements to obtain a value ofN/F that is, to first order,
independent of the detector efficiencies:

1

2

(

N1

F2
+

N2

F1

)

=
N

F

(

1 +
δ2

2

)

(23)

where we have defined
δ ≡ ǫ2

ǫ1
− 1 (24)

Note that even if the detector efficiencies are different by as much as 1%,we can determineN/F to a
fractional precision better than10−4.

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

Run Period Near(DB) Near(LA) Far

I 1,3 5,7 2,4,6,8
II 2,3 6,7 1,4,5,8
III 2,4 6,8 1,3,5,7
IV 1,4 5,8 2,3,6,7

Table 3.3. Swapping scheme with four running periods. The detectors (labelled 1–8)
are deployed at the Near(DB), Near(LA), and Far sites during each period as indicated
in this table.

analogous to the above discussion to provide cancellation of detector-related systematic uncertainties and
also reactor power systematic uncertainties. Careful calibration of the detectors following each swap will
be necessary to insure that each detector’s performance does not change significantly due to relocation. In
particular, all the parameters in Table 3.2 need to be checked and, if necessary, corrections applied to restore
the detection efficiency to the required precision through, e.g., changes incalibration constants.

Successful implementation of this swapping concept will lead to substantial reduction in many of the
detector-related systematic uncertainties. The uncertainty associated with theH/C and H/Gd ratios should
be completely eliminated. By measuring the fluid levels before and after swapping, we can insure that the
detector volume will be the same with negligible uncertainty. However, due to the residual uncertainty in the
monitored temperature of the detector module (0.1◦ 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 the presence of two detector
modules at each near site. During a single running period (I, II, III, orIV) each near detector module
will measure the neutrino rate with 0.23% statistical precision. If the systematic uncertainties are smaller
than this, the two detectors at the near site should measure the same rate, giving a detector asymmetry
of 0 ± 0.34% (statistical uncertainty only). Combining all the detector pairs in all 4 runningperiods will
yield an asymmetry of0 ± 0.04% (statistical uncertainty only). These asymmetries are an important check
to ensure that the detector-related systematic uncertainties are under control. In addition, this analysis can
provide information on the the degree to which the detector-related systematic uncertainties are correlated
or uncorrelated so that we know how to handle them in the full analysis including the far site.

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

Rnear =
SDB

SLA
(25)

whereSDB (SLA) is the detector signal (background subtracted, normalized to the reactorpower) for the
Daya Bay (Ling Ao) near site. If the reactor powers are correct (andthe detector systematic uncertainties
are under control) then we expectRnear = 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 detector(baseline) systematic uncertainty.
Note that these uncertainties are small relative to the expected 2% uncorrelated reactor power uncertainty,
so measurement ofRnear will provide an important check (and even perhaps additional information)on the
reactor powers. Furthermore, studies of the measured neutrino spectrain the different near detectors during
different parts of the reactor fuel cycle can help provide constraints on the fuel cycle effects on the spectrum.

3.4 Backgrounds

In the Daya Bay experiment, the signal events (inverse beta decay reactions) have a distinct signature
of two time-ordered signals: a prompt positron signal followed by a delayedneutron-capture signal. Back-
grounds can be classified into two categories: correlated and uncorrelated backgrounds. If a background
event is triggered by two signals that come from the same source, such as those induced by the same cosmic
muon, it is a correlated background event. On the other hand, if the two signals come from different sources
but satisfy the trigger requirements by chance, the event is an uncorrelated background.

There are three important sources of backgrounds in the Daya Bay experiment: fast neutrons,8He/ 9Li,
and natural radioactivity. A fast neutron produced by a cosmic muon in thesurrounding rock or the detector
can produce a signal mimicking the inverse beta decay reaction in the detector: the recoil proton generates
the prompt signal and the capture of the thermalized neutron provides the delayed signal. The8He/ 9Li
isotopes produced by cosmic muons have substantial beta-neutron decaybranching fractions, 16% for8He
and 49.5% for9Li. The beta energy of the beta-neutron cascade overlaps the positron signal of neutrino
events, simulating the prompt signal, and the neutron emission forms the delayedsignal. Fast neutrons and
8He/ 9Li isotopes create correlated backgrounds since both the prompt and delayed signals are from the
same single parent muon. Some neutrons produced by cosmic muons are captured in the detector without
proton recoil energy. A single neutron capture signal has some probability to fall accidentally within the
time window of a preceding signal due to natural radioactivity in the detector,producing an accidental
background. In this case, the prompt and delayed signals are from different sources, forming an uncorrelated
background.

All three major backgrounds are related to cosmic muons. Locating the detectors at sites with adequate
overburden is the only way to reduce the muon flux and the associated background to a tolerable level. The
overburden requirements for the near and far sites are quite differentbecause the signal rates differ by more
than a factor of 10. Supplemented with a good muon identifier outside the detector, we can tag the muons
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going through or near the detector modules and reject backgrounds efficiently.
In this section, we describe our background studies and our strategies for background management. We

conclude that the background-to-signal ratio will be around 0.3% at the near sites and around 0.2% at the
far site, and that the major sources of background can be quantitatively studiedin-situ.

3.4.1 Cosmic Muons in the Underground Laboratories

The most effective and reliable approach to minimize the backgrounds in the Daya Bay experiment is to
have sufficient amount of overburden over the detectors. The Daya Bay site is particularly attractive because
it is located next to a 700-m high mountain. The overburden is a major factor indetermining the optimal
detector sites. The location of detector sites has been optimized by using a global χ2 analysis described in
Section 3.5.1.

Detailed simulation of the cosmogenic background requires accurate information of the mountain pro-
file and rock composition. Figure 3.4 shows the mountain profile converted from a digitized 1:5000 topo-
graphic map. The horizontal tunnel and detector sites are designed to be about−20 m PRD.∗ Several rock

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

samples at different locations of the Daya Bay site were analyzed by two independent groups. The mea-
sured rock density ranges from 2.58 to 2.68 g/cm3. We assume an uniform rock density of 2.60 g/cm3 in the
present background simulation. A detailed description of the topography and geology of the Daya Bay area
is given in Chapter 4.

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

dI

dEµd cos θ
= 0.14

(

Eµ

GeV

(

1 +
3.64 GeV

Eµ(cos θ∗)1.29

))−2.7 [
1

1 +
1.1Eµ cos θ∗

115 GeV

+
0.054

1 +
1.1Eµ cos θ∗

850 GeV

]

(26)

which is the same as the standard formula, except that the polar angleθ is substituted withθ∗,

cos θ∗ =

√

(cos θ)2 + P 2
1 + P2(cos θ)P3 + P4(cos θ)P5

1 + P 2
1 + P2 + P4

(27)

∗PRD is the height measured relative to the mouth of the Zhu Jiang River (Pearl River), the major river in South China.
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as defined in [6]. The parameters are determined to beP1 = 0.102573, P2 = −0.068287, P3 =
0.958633, P4 = 0.0407253, andP5 = 0.817285, by using CORSIKA to simulate the muon production
in the atmosphere. The comparison of the modified formula with data is shown in Fig. 3.5, where the cal-
culations with the standard Gaisser formula are also shown. At muon energies of several tens of GeV, the

Fig. 3.5. Comparison of the modified for-
mula (solid lines) with data. Calculations
with the standard Gaisser’s formula are
shown in dashed lines. The data are taken
from Ref. [7,8].

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

1 10 10
2

10
3

Daya Bay
Ling Ao
Mid
Far

Muon Energy (GeV)

M
uo

n 
F

lu
x 

(H
z/

m
2 /G

eV
)

Fig. 3.6. Muon flux as a function of the
energy of the surviving muons. The four
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tively.

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

Using the mountain profile data, the cosmic muons are transported from the atmosphere to the un-
derground detector sites using the MUSIC package [9]. Simulation results are shown in Table 3.4 for the
optimal detector sites. The muon energy spectra at the detector sites are shown in Fig. 3.6. The four curves

DYB site LA site Mid site Far site

Vertical overburden (m) 98 112 208 355
Muon Flux (Hz/m2) 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 corresponding muon flux
and mean energy.

from upper to lower corresponds to the Daya Bay near site, the Ling Ao near site, 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 and average energy at the detector.
However, the neutron backgrounds in the detector also depend on the local detector shielding. The neutrino
detectors will be shielded by at least 2.5 meters of water. This water bufferwill be used as a Cherenkov
detector to detect muons. Thus neutrons produced by muons in the detectormodule or the water buffer will
be identified by the muon signal in the water Cherenkov detector. In addition,neutrons created by muons
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in the surrounding rock will be effectively attenuated by the 2.5 m water buffer. Together with another
muon tracker outside the water buffer, the combined muon tag efficiency is designed to be 99.5%, with an
uncertainty smaller than 0.25%.

From the detailed muon flux and mean energy at each detector site, the neutron yield, energy spectrum,
and angular distribution can be estimated with an empirical formula [10] which has been tested against
experimental data whenever available. A full Monte Carlo simulation has beencarried out to propagate the
primary neutrons produced by muons in the surrounding rocks, the waterbuffer, and the oil buffer layer of
the neutrino detector, to the detector. The primary neutrons are associatedwith their parent muons in the
simulation so that we know if they can be tagged by the muon detector. Neutronsproduced by muons that
pass through the liquid scintillator neutrino detector will be tagged with 100% efficiency. Neutrons produced
in the water buffer will be tagged with an efficiency of 99.5%, since their parent muons must pass through
the muon systems. Neutrons produced in the rocks, however, have to traverse at least 2.5 meters of water to
reach a detector module. About 70% of the neutrons that enter the detectormodules from the surrounding
rock arise from parent muons that leave a signal in the muon system (i.e., “tagged”). About 30% of the
neutrons that enter the detector modules from the surrounding rocks arise from muons that miss the muon
system (≡ “untagged”). The neutron background after muon rejection is the sum ofthe untagged events and
0.5% (due to veto inefficiency) of the tagged events.

Some energetic neutrons will produce tertiary particles, including neutrons. For those events that have
energy deposited in the liquid scintillator, many have a complex time structure due tomultiple neutron
scattering and captures. These events are split into sub-events in 50 ns timebins. We are interested in two
kinds of events. The first kind has two sub-events. The first sub-event has deposited energy in the range of
1 to 8 MeV, followed by a sub-event with deposited energy in the range of 6to 12 MeV in a time window
of 1 to 200µs. These events, called fast neutron events, can mimic the antineutrino signal as correlated
backgrounds. The energy spectrum of the prompt signal of the fast neutron 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 sub-event with deposited energy in

Fig. 3.7. The prompt energy spectrum of fast neutron background atthe Daya 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 radioactivity events, can provide the
delayed signal to form the uncorrelated backgrounds. We call them single neutron events. Most of the single
neutron events are real thermalized neutrons while others are recoil protons that fall into the 6–12 MeV
energy range accidentally. About 1.5% thermalized neutrons will survivethe 200µs cut, even though its
parent muon is tagged. This inefficiency will be also taken into account when calculating the single neutron
rate. The neutron simulation results are listed in Table 3.5.

The rate and energy spectrum of the fast neutron backgrounds can be studied 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 rows labelled
”tagged” refer to the case where the parent muon track traversed and was detected by
the muon detectors, and thus it could be tagged. Rows labelled ”untagged” refer to 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 produce radioactive isotopes in
the detector scintillator which decay by emitting both a beta and a neutron (β-neutron emission isotopes).
Some of these so-called cosmogenic radioactive isotopes live long enoughsuch that their decay cannot be
reliably associated with the last tagged muon. Among them,8He and9Li with half-lives of 0.12 s and 0.18 s,
respectively, constitute the most serious correlated background sources. The production cross section of
these two isotopes has been measured with muons at an energy of 190 GeV at CERN [11]. Their combined
cross section isσ(9Li +8 He) = (2.12± 0.35) µbarn. Since their lifetimes are so close, it is hard to extract
individual cross sections. About 16% of8He and 49.5% of9Li will decay byβ-neutron emission. Using the
muon flux and mean energy at each detector site (from Section 3.4.1) and anenergy dependent cross section,
σtot(Eµ) ∝ Eα

µ , with α = 0.73, the estimated8He+9Li backgrounds are listed in Table 3.6.

DYB site LA site Far site

(8He+9Li)/day/module 3.7 2.5 0.26

Table 3.6.8He+9Li rates in a 20-ton module at the Daya Bay sites.

The recent Double Chooz paper [13] includes new reactor-off data from Chooz [1] that allow a better
separation of9Li from fast neutron background. This basically comes from including previously unreleased
high energy data in the fit. The extracted9Li background level was 0.7±0.2 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 fast neutron background is flat in energy
spectrum. Scaling from the Chooz result, the Daya Bay experiment will have8.0, 5.4, and 0.579Li events
per module per day at the Daya Bay near site, the Ling Ao near site, and the far site, respectively. These
estimates are twice as large as the estimates from the CERN cross section.

The KamLAND experiment measures this9Li/ 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 detector. The mean time
interval of successive muons is∼ 3 seconds, much longer than the lifetimes of9Li/ 8He. For the Daya Bay
experiment, the target volume of a 20 ton detector module has a cross section around 10 m2, thus the muon
rate is around 10 Hz at the near sites, resulting in a mean time interval of successive muons shorter than the
lifetimes of9Li/8He. With a modified fitting algorithm, we find that it is still feasible to measure the isotope
backgroundin-situ.

From the decay time andβ-energy spectra fit, the contribution of8He relative to that of9Li was deter-
mined by KamLAND to be less than 15% at 90% confidence level [14]. Furthermore, the8He contribution
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can be identified by tagging the double cascade8He→8Li →8Be. So we assume that all isotope backgrounds
are9Li. They can be determined with a maximum likelihood fitting even at 10 Hz muon rate,by taking all
contributions from the preceding muons into account. The resolution of the background-to-signal ratio can
be determined to be [15]

σb =
1√
N

·
√

(1 + τRµ)2 − 1 (28)

whereN is the total number of neutrino candidates,τ is the lifetime of9Li, and Rµ is the muon rate in
the target volume of detector. The resolution is insensitive to the9Li level since the statistical fluctuation
of neutrino events dominates the uncertainty. The background-to-signalratio of 9Li background can be
measured to∼ 0.3% with two 20-ton modules at the near sites of the Daya Bay experiment and∼ 0.1% at
the far site with four 20-ton modules, with the data sample of three years of running. The fitting uses time
information only. Inclusion of energy and vertex information could furtherimprove the precision.

A Monte Carlo has been carried out to check the fitting algorithm. The background-to-signal ratio is
fixed at 1%. The total number of neutrino candidates is2.5 × 105, corresponding to the far site statistical
uncertainty, 0.2%. Figure 3.8 shows the fitting results as a function of muon rate. The data sample generation
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and fitting were performed 400 times for each point to get the fitting precision.In Fig. 3.9 the fitting precision
is compared to the analytic formula Eq. 28 with the same Monte Carlo samples. The Monte Carlo results for
minimizingχ2, the maximum likelihood fit, and the simple analytical estimation are in excellent agreement.

KamLAND also found that most8He/ 9Li background are produced by showering muons [14]. A 2-
second veto of the whole detector is applied at KamLAND to reject these backgrounds. Roughly 3% of
cosmic muons shower in the detector. It is not feasible for Daya Bay to applya 2-second veto since the
dead time of the near detector would be more than 50%. However, if the Daya Bay detector is vetoed
for 0.5 s after a showering muon, about 85% of the8He/ 9Li backgrounds caused by shower muons can
be rejected. Approximately 30% of the8He/ 9Li background will remain:∼ 15% from non-showering
muons and∼ 15% from showering muons. Although additional uncertainties may be introduceddue to the
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uncertainties in the relative contributions from showering and non-showering muons and the uncertainties
arising from the additional cuts (e.g., increased dead time), this rejection methodcan cross check the fitting
method and firmly determine the background-to-signal ratio to 0.3% at the nearsites and to 0.1% at the far
site.

Some other long-lived cosmogenic isotopes, such as12B/12N, beta decay without an accompanying
neutron. They can not form backgrounds themselves but can fake thedelayed ‘neutron’ signal of an acci-
dental background if they have beta decay energy in the 6–10 MeV range. The expected rates from these
decays in the antineutrino detector are listed in Table 3.7. The12B/12N cross section is taken from Kam-
LAND [14] and the others are taken from measurement at CERN [11]. They are extrapolated to Daya Bay
mean muon energies using the power lawσtot(Eµ) ∝ E0.73

µ . The total rates of all these isotopes of visible
energy in detector in the 6–10 MeV range, where they can be misidentified asa neutron capture signal on
Gadolinium, are 210, 141, and 14.6 events per module per day at the Daya Bay near site, the Ling Ao near
site, and the far site, respectively. The dominant contribution is from12B/12N. KamLAND found that12N
yield is smaller than 1% of12B. Since the half-life of12B is short comparing to the mean muon interval,
the rate can be well determinedin 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 per dayat the Daya Bay near site,
the Ling Ao near site, and the far site, respectively, using three years’ data sample. Therefore, we expect
those isotopes will introduce very little uncertainties in the background subtraction. On the other side, these
isotopes, uniformly produced inside the detector, can be used to monitor detector response.

isotopes Emax T1/2(s) DYB site LA site far site
(MeV) (s) (/day/module) (/day/module) (/day/module)

12B/12N 13.4 (β−) 0.02/0.01 396 267 27.5
9C 16.0 (β+) 0.13 16.6 11.2 1.15
8B 13.7 (β+) 0.77 24.5 16.5 1.71
8Li 16.0 (β−) 0.84 13.9 9.3 0.96

11Be 11.5 (β−) 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 but withbeta
decay energy greater than 6 MeV. Cross sections are taken from KamLAND [14]
(12B/12N) and Hagner [11] (others).

3.4.4 Radioactivity

Natural radioactivity and the single neutron events induced by cosmic muons may occur within a given
time window accidentally to form an uncorrelated background. The coincidence rate is given byRγRnτ,
whereRγ is the rate of natural radioactivity events,Rn is the rate of spallation neutron, andτ is the length
of the time window. With the single neutron event rate given in the previous section, the radioactivity should
be controlled to 50 Hz to limit the accidental backgrounds< 0.1%. The accidental backgrounds can be well
determinedin-situ by measurement of the individual singles rates from radioactivity and the single neutrons.
The energy spectrum can be also well determined.

Past experiments suppressed uncorrelated backgrounds with a combination of carefully selected con-
struction materials, self-shielding, and absorbers with large neutron capture cross section. However, addi-
tional care is necessary to lower the detector energy threshold much below1 MeV. A higher threshold will
introduce a systematic uncertainty in the efficiency of detecting the positron. In the following, the singles
rate is from radioactivity depositing>1 MeV of visible energy in detector.
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Radioactive background can come from a variety of sources. For simplicity, U, Th, K, Co, Rn, Kr in the
following text always mean their radioactive isotopes238U, 232Th, 40K, 60Co, 222Rn, 85Kr. The radioactive
sources include

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

◦ U/Th/K in the water buffer.

◦ Co in the detector vessel and other supporting structures.

◦ U/Th/K in weld rods.

◦ U/Th/K in the PMT glass.

◦ U/Th/K in the scintillator.

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

◦ Dust and other impurities

◦ Rn and Kr in air.

◦ Cosmogenic isotopes.

The radioactivity of rock samples from the Daya Bay site has been measured by several independent
groups, including the Institute for Geology and Geophysics (IGG). The concentrations are:∼10 ppm for
U, ∼30 ppm for Th, and∼5 ppm for K. The effect of the rock radioactivity on the antineutrino detectors
has been studied with Monte Carlo. With the shielding of 2.5-meter water bufferand 45 cm oil buffer, there
are 0.65 Hz, 2.6 Hz, and 0.26 Hz singles rates with visible energy greater than 1 MeV in each antineutrino
detector module for U/Th/K, respectively. The total rate is∼3.5 Hz.

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

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

The Co in stainless steel varies from batch to batch and should be measuredbefore use as detector
material, such as the outer vessel. U/Th/K concentration in normal weld rods are very high. There are non-
radioactivity weld rods commercially available. Weld rods TIG308 used in KamLAND were measured to
have<1 ppb Th,0.2± 0.08 ppb U,0.1± 0.03 ppb K, and2.5± 0.04 mBq/kg Co, five orders of magnitude
lower than normal weld rods. The welded stainless steel in KamLAND has an average radioactivity of 3 ppb
Th, 2 ppb U, 0.2 ppb K, and 15 mBq/kg Co. Assuming the same radioactivity forthe vessel of the Daya
Bay neutrino detector module, the corresponding rate from a 20-ton welded stainless 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 R5912† with low radioactivity glass. The concentrations
of U and Th are both less than 40 ppb in the glass, and that of K is 25 ppb. The Monte Carlo study shows
that the singles rate is 2.2 Hz, 1 Hz, 4.5 Hz for U/Th/K, respectively, with a 20cm oil buffer from the PMT
surface to the liquid scintillator. The total rate from the PMT glass is 7.7 Hz.

†The R5912 is a newer version of the R1408 used by SNO [12].
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Fig. 3.10. Spectrum of natural radioactivity measured with a Ge crystal in the Hong
Kong Aberdeen Tunnel. Prominent peaks for40K (1.461 MeV) and208Tl (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, backgroundsfrom impurities in the liquid
scintillator can be reduced to the required levels. A major source is the U/Th contamination in the Gadolin-
ium, which can be purified before doped into liquid scintillator. The U/Th/K concentration of10−12g/g in
liquid scintillator will contribute only 0.8 Hz of background in a 20-ton detector module.

Radon is one of the radioactive daughters of238U, which can increase the background rate of the exper-
iment. The Radon concentration in the experimental halls can be kept to an acceptable level by ventilation
with fresh air from outside. Since the neutrino detector modules are immersed ina 2.5-meter thick water
buffer, it is expected that the radon contribution, as well as the krypton,can be safely ignored for the water
pool design.

Theβ decay of long lived radioactive isotopes produced by cosmic muons in the scintillator will con-
tribute a couple of Hz at the near detector, and less than 0.1 Hz at the far detector. The rate of muon decay
or muon capture are 2–6% of the muon rate. So they can be ignored when viewed as a source of singles.

3.4.5 Background Subtraction Uncertainty

There are other sources of backgrounds, such as cosmogenic nuclei, stopped-muon decay, and muon
capture. While they are important for a shallow site, our study shows that they can be safely ignored at Daya
Bay.

Assuming a muon efficiency of 99.5%, the three major backgrounds are summarized in Table 3.8 while
the other sources are negligible (the signal and singles rates are also included). In our sensitivity study,
the uncertainties were taken to be 100% for the accidental and fast neutron backgrounds. The8He/ 9Li
background can be measured to an uncertainty of 0.3% and 0.1% at the near and far sites, respectively.

The rates and energy spectra of all three major backgrounds can be measuredin-situ. Thus the back-
grounds at the Daya Bay experiment are well controlled. The simulated energy spectra of backgrounds are
shown in Fig. 3.11. The background-to-signal ratios are taken at the far site.
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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 1.5
β-emission isotopes 210 141 14.6
Accidental/Signal <0.2% <0.2% <0.1%

Fast neutron/Signal 0.1% 0.1% 0.1%
8He9Li/Signal 0.3% 0.2% 0.2%

Table 3.8. Summary of signal and background rates in the antineutrino detectors at
Daya Bay. A neutron detection efficiency of 78% has been applied to the antineutrino
and single-neutron rates.
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Fig. 3.11. Spectra of three major backgrounds for the Daya Bay experiment and their
size relative to the oscillation signal, which is the difference of the expected neutrino
signal without oscillation and the ‘observed’ signal with oscillation forsin2 2θ13 =
0.01.

3.5 Sensitivity

If θ13 is non-zero, a relative rate deficit will be present at the far detector due to oscillation. At the
same time, the energy spectra of neutrino events at the near and far detectors will be different because
neutrinos of different energies oscillate at different frequencies. Both the rate deficit and spectral distortion
of neutrino signal will be exploited in the final analysis to obtain maximum sensitivity. When the neutrino
event statistics are low (<400 ton·GW·y), the sensitivity is dominated by the rate deficit. For luminosity
higher than 8000 ton·GW·y, the sensitivity is dominated by the spectral distortion [16]. The Daya Bay
experiment will have∼4000 ton·GW·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 Globalχ2 Analysis

Many systematic uncertainties will contribute to the final sensitivity of the Daya Bay experiment, and
many of them are correlated. The correlation of the uncertainties must be taken into account correctly. A
rigorous analysis of systematic uncertainties can be done by constructing aχ2 function with pull terms,
where the uncertainty correlations can be introduced naturally [16–19]:

χ2 = min
γ
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whereA sums over detector modules,i sums over energy bins, andγ denotes the set of minimization param-
eters,γ = {αc, αr, βi, εD, εA

d , ηA
f , ηA

n , ηA
s }. Theγ’s are used to introduce different sources of systematic un-

certainties. The standard deviations of the corresponding parameters are{σc, σr, σshp, σD, σd, σ
A
f , σA

n , σA
s }.

They will be described in the following text.TA
i is the expected events in thei-th energy bin in detector

A, andMA
i is the corresponding measured events.FA

i , NA
i , SA

i are number of fast neutron, accidental, and
8He/ 9Li backgrounds, respectively. For each energy bin, there is a statistical uncertaintyTA

i and a bin-to-
bin systematic uncertaintyσb2b. For each point in the oscillation space, theχ2 function is minimized with
respect to the parametersγ.

Assuming each uncertainty can be approximated by a Gaussian, this form ofχ2 can be proven to be
strictly equivalent to the more familiar covariance matrix formχ2 = (M − T )T V −1(M − T ), whereV is
the covariance matrix of(M − T ) with systematic uncertainties included properly [17].

To explore the sensitivity toθ13, we use the single parameter raster scan method. We make an assump-
tion of no oscillations so thatTA

i are the event numbers without oscillation. For each given∆m2
31, the

”measured” event numbersMA
i are calculated with differentsin2 2θ13. Thesin2 2θ13 value corresponding

to χ2 = 2.71 is the limit of the experiment to exclude the ”no oscillation” assumption at 90% confidence
level.

The systematic uncertainties are described in detail:

◦ The reactor-related correlated uncertainty isσc ≈ 2%. This fully correlated uncertainty will be can-
celled by the near-far relative measurement and has little impact on the sensitivity.

◦ The reactor-related uncorrelated uncertainty for corer is σr ≈ 2%. These enter the normalization of
the predicted event rate for each detectorA according to the weight fractionsωA

r . After minimization,
the σr contribute a total of∼0.1% to the relative normalization of neutrino rate. This is essentially
equivalent to the analysis described in Section 3.1, and takes into accountthe correlations of this
uncertainty with the others (like the detector efficienciesεA

d ).

◦ The spectrum shape uncertainty isσshp ≈ 2%: The shape uncertainty is the uncertainty in the neu-
trino energy spectra calculated from the reactor information. This uncertainty is uncorrelated between
different energy bins but correlated between different detectors. Since we have enough statistics at
near detector to measure the neutrino energy spectrum to much better than 2%, it has little effect on
the Daya Bay sensitivity.

◦ The detector-related correlated uncertainty isσD ≈ 2%. Some detection uncertainties are common
to all detectors, such as H/Gd ratio, H/C ratio, neutron capture time on Gd, andthe edge effects,
assuming we use the same batch of liquid scintillator and identical detectors. Based on the Chooz
experience,σD is (1–2)%. Like other fully correlated uncertainties, it has little impact on sensitivity.
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◦ The detector-related uncorrelated uncertainty isσd = 0.38%. We take the baseline systematic uncer-
tainty as described in Section 3.2. The goal systematic uncertainty with swapping is estimated to be
0.12%.

◦ The background rate uncertaintiesσA
f , σA

n , andσA
s , corresponding to the rate uncertainty of fast neu-

tron, accidental backgrounds, and8He/ 9Li isotopes. They are listed in Table 3.8.

◦ Bin-to-bin uncertaintyσb2b: The bin-to-bin uncertainty is the systematic uncertainty that is uncor-
related between energy bins and uncorrelated between different detector modules. The bin-to-bin
uncertainties normally arise from the different energy scale at different energies and uncertainties of
background energy spectra during background subtraction. The only previous reactor neutrino exper-
iment that performed spectral analysis with large statistics is Bugey, which used a bin-to-bin uncer-
tainty of order of 0.5% [20,21]. With better designed detectors and much lessbackground, we should
have much smaller bin-to-bin uncertainties than Bugey. The bin-to-bin uncertainty can be studied by
comparing the spectra of two detector modules at the same site. We will use 0.3%,the same level as
the background-to-signal ratio, in the sensitivity analysis. The sensitivityis not sensitive toσb2b at this
level. For example, varyingσb2b from 0 to 0.5% will change thesin2 2θ13 sensitivity from 0.0082 to
0.0087 at the best fit∆m2

31.

There are other uncertainties not included in theχ2 function. 1) Due to the energy resolution, the spectra
are distorted. However, the energy bins used for sensitivity analysis (∼ 30 bins) is 2∼6 times larger than the
energy resolution, and the distortion happens at all detectors in the same way. It has little impact on the final
sensitivity. 2) Detector energy scale uncertainty has significant impact ondetection uncertainties (neutron
efficiency and positron efficiency) which has been taken into account inσd. An energy scale uncertainty will
shift the whole spectrum, thus directly impacting the analysis, especially on the best fit values. However,
this shift has very little impact on our sensitivity computations. 3) Current knowledge onθ12 and∆m21

has around 10% uncertainties. Although the primary oscillation effect at theDaya Bay baseline is related to
θ13 only, the subtraction ofθ12 oscillation effects introduce very small uncertainties (see Section 1.5.4). We
have studied the above three sources of uncertainty and found that none of them have a significant impact on
the sensitivity of the Daya Bay experiment. For simplicity, they are ignored in our χ2 analysis of sensitivity.

3.5.2 θ13 Sensitivity

Figure 3.12 shows the sensitivity contours in thesin2 2θ13 versus∆m2
31 plane for three years of data,

using the globalχ2 analysis and the baseline values for detector-related systematic uncertainties. The green
shaded area shows the 90% confidence region of∆m2

31 determined by atmospheric neutrino experiments.
Assuming four 20-ton modules at the far site and two 20-ton modules at each near site, the statistical un-
certainty is around 0.2%. The sensitivity of the Daya Bay experiment with this design can achieve the
challenging goal of 0.01 with 90% confidence level over the entire allowed (90% CL) range of∆m2

31. At
the best fit∆m2

31 = 2.5× 10−3 eV2, the sensitivity is around 0.008 with 3 years of data. The corresponding
values for other assumptions of systematic uncertainties are shown in Table 3.9.

Figure 3.13 shows the 3σ discovery limit forsin2 2θ13 at Daya Bay with 3 years of data. At∆m2
31 =

2.5 × 10−3 eV2, the correspondingsin2 2θ13 discovery limit is 0.015. Figure 3.14 shows the sensitivity
versus time of data taking. After one year of data taking,sin2 2θ13 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. The tunnelling will take
∼ 2 years. To accelerate the experiment, the first completed experimental hall, the Daya Bay near hall, can
be used for detector commissioning. Furthermore, it is possible to conduct afast experiment with only two
detector sites, the Daya Bay near site and the mid site. For this fast experiment,the ‘far detector’, which
is located at the mid hall, is not at the optimal baseline. At the same time, the reactor-related uncertainty
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Systematic Uncertainty Assumptions:Baseline Goal Goal
with swapping

90% CL Limit: 0.008 0.007 0.006

Table 3.9. 90% CL sensitivity limit forsin2 2θ13 at ∆m2
31 = 2.5 × 10−3 eV2 for dif-

ferent assumptions of detector related systematic uncertainties as considered in Sec-
tion 3.2. We assume 3 years running for each scenario.

would be 0.7%, very large compared with that of the full experiment. However, the sensitivity is still much
better than the current best limit ofsin2 2θ13. It is noteworthy that the improvement comes from better
background shielding and improved experiment design. The sensitivity ofthe fast option for one year of
data taking is shown in the dashed line in Fig. 3.12. With one year of data, the sensitivity is ∼0.035 for
∆m2 = 2.5 × 10−3 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 physics result while construction is being
completed. The higher precision of the completed experiment will be necessary to fully 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 antineutrinos from reactors. The nearby
mountain range provides excellent overburden to suppress cosmogenicbackground at the underground ex-
perimental halls. Since the Daya Bay nuclear power complex consists of multiple reactor cores, there will
be two near detector sites to monitor the yield of antineutrinos from these coresand one far detector site
to look for disappearance of antineutrinos. It is possible to instrument another detector site about half way
between the near and far detectors to provide independent consistencychecks.

The proposed experimental site is located at the east side of the Dapeng peninsula, on the west coast of
Daya Bay, where the coastline goes from southwest to northeast (see Fig. 1.13). It is in the Dapeng township
of the Longgang Administrative District, Shenzhen Municipality, GuangdongProvince. Two mega cities,
Hong Kong and Shenzhen are nearby. Shenzhen City∗ is 45 km to the west and Hong Kong is 55 km to the
southwest. The geographic location is east longitude 114◦33’00” and north latitude 22◦36’00”. Daya Bay is
semi-tropical and the climate is dominated by the south Asia tropical monsoon. It is warm and rainy with
frequent rainstorms during the typhoon season in one half of the year, while relatively dry in the other half.
Frost is rare.

The Daya Bay Nuclear Power Plant (NPP) is situated to the southwest and the Ling Ao NPP to the
northeast along the coastline. Each NPP has two cores that are separated by 88 m. The distance between the
centers of the two NPPs is about 1100 m. The thermal power,Wth, of each core is 2.9 GW. Hence the total
thermal power available isWth = 11.6 GW. A third NPP, Ling Ao II, is under construction and scheduled
to come online by 2010–2011. This new NPP is built roughly along the line extended from Daya Bay to
Ling Ao, about 400 m northeast of Ling Ao. The core type is the same as that of the Ling Ao NPP but with
slightly higher thermal power. When the Daya Bay—Ling Ao—Ling Ao II NPP are 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 upward from southwest to northeast.
The slopes of the hills vary from 10◦ to 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. The summit, called Pai Ya
Shan, is 707 m PRD. Due to the construction of the Daya Bay and Ling Ao NPPs, the foothills along the
coast from the southwest to the northeast have been levelled to a height of 6.6 m to 20 m PRD. Daya Bay
experiment laboratories are located inside the mountain north of the Daya Bayand Ling Ao NPPs.

There is no railway within a radius of 15 km of the site. The highway from Daya Bay NPP to Dapeng
Township (Wang Mu) is of second-class grade and 12 m wide. Dapeng Town is connected to Shenzhen,
Hong Kong, and the provincial capital Guangzhou by highways which are either of first-class grade or
expressways.

There are two maritime shipping lines near the site in Daya Bay, one on the east side and the other on
the west side. Oil tankers to and from Nanhai Petrochemical use the eastside. Huizhou Harbor, which is
located in Daya Bay is 13 km to the north. Two general-purpose 10,000-tondocks were constructed in 1989.
Their functions include transporting passengers, dry goods, construction materials, and petroleum products.
The ships using these two docks take the west line. The minimum distance from the west line to the power
plant site is about 6 km. Two restricted docks of 3000-ton and 5000-ton capacity, respectively, have been
constructed on the power plant site during the construction of the Daya BayNPP [1].

4.1 General Laboratory Facilities

The laboratory facilities include access tunnels connected to the entrance portal, a construction tunnel
for waste rock transfer, a main tunnel connecting all the four underground detector halls, a LS filling hall,
counting rooms, water and electricity supplies, air ventilation, and communication. There is an assembly

∗Shenzhen is the first Special Economic Zone in China. With a total populationof about 7 million, many international corporations
have their Asian headquarters there. It is both a key commercial and tourist site in South China.
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hall and control room near the entrance portal on surface. The approximate location of the experiment halls
and the layout of the tunnels are shown in Fig. 4.1. All experimental halls arelocated at similar elevations,
approximately−20 m PRD.

Fig. 4.1. Layout of the Daya Bay and Ling Ao cores, the future Ling Ao IIcores
and possible experiment halls. The entrance portal is shown at the bottom-left. Five
experimental halls marked as #1 (Daya Bay near hall), #2 (Ling Ao near hall), #3
(far hall), #4 (mid hall), #5 (LS filling hall) are shown. The green line represents the
access tunnel, the blue lines represent the main tunnels and the pink line represents the
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 three branches, which are rep-
resented by line{3-7-4-5}, line{4-8-Ling Ao near} and line{5-far site}, form the horizontal main tunnel
extending from a junction near the mid hall to the near and far undergrounddetector halls. The lines marked
as A, B, C, D and E are for the geophysical survey. Line E, which is a dashed line on the top of figure across
the far site, is the geophysical survey line investigated if the far site needs tobe pushed further from the
cores as a result of future optimizations. Line{1-2-3} 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 (which may have different options for
cost optimization).

Figure 4.1 shows the entrance portal of the access tunnel behind the on-site hospital and to the west
of the Daya Bay near site. From the portal to the Daya Bay near site is a downward slope with a grade of
less than 10%. A sloped access tunnel will allow the underground facilities tobe located deeper with more
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overburden.
The access and main tunnels will be able to accommodate vehicles transporting equipment of different

size and weight. The grade of the main tunnel will be 0.3% upward from the Daya 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 sloped tunnel has two
important functions: to ensure a nearly level surface for the movement ofthe heavy detectors filled with
liquid scintillator inside the main tunnel and to channel any water seeping into the tunnel to a collection pit
which is located at the lowest point near the Daya Bay near site. The collected water will be pumped to the
surface.

The entrance portal of the construction tunnel is near the lower level of the Daya Bay Quarry. The
length of this tunnel is 228 m from the entrance to the junction point with the main tunnel if the shortest
construction tunnel option is chosen (see Fig. 4.1). During most of the tunnel construction, all the waste
rock and dirt is transferred through this tunnel to the outside in order to minimize the interference with the
operation of the hospital and speed up the tunnel construction. We expect the access tunnel and the Daya
Bay near hall to be finished earlier than the far and Ling Ao halls since it requires much less tunnelling.
After the work on this section of tunnel is finished, the Daya Bay near hall will be available for detector
installation. Since the construction tunnel is far from the access tunnel andthe Daya Bay near hall, we can
therefore avoid interference with the rest of the excavation activities andthe assembly of detectors in the
Daya Bay near site can proceed in parallel. The cross section of the construction tunnel can be smaller than
the other tunnels; it is only required to be large enough for rock and dirt transportation. The grade and the
length of this construction tunnel will be determined later to optimize the construction cost and schedule.

Excavation will begin from the construction portal. Once it reaches the intersection of the main tunnel,
the excavation will proceed in parallel in the directions of the Daya Bay nearhall and the mid hall. Once the
tunnelling reaches the the mid hall, it will proceed parallel in the direction of the far hall and the Ling Ao
hall.

The total length of the tunnel is about 2700 m. The amount of waste to be removed will be about
200,000 m3. About half of the waste will be dumped in the Daya Bay Quarry to provide additional overbur-
den to the Daya near site which is not far away from the Quarry. This requires additional protection slopes
and retaining walls. The rest of the waste could be disposed of along with thewaste from the construction
of the Ling Ao II NPP. Our tunnel waste is about one tenth of the Ling Ao II NPP waste.

4.2 Site Survey

The geological integrity of the Daya Bay site was studied in order to determine itssuitability for the
construction of the underground experimental halls and the tunnels connecting them. The survey consisted of
a set of detailed geological surveys and studies: (1) topographic survey, (2) engineering geological mapping,
(3) geophysical exploration, (4) engineering drilling, (5) On-site tests at boreholes and (6) laboratory tests.
The site survey has been conducted by the Institute of Geology and Geophysics (IGG) of Chinese Academy
of Sciences (CAS). The work started in May 2005 and was completed in June 2006.

4.2.1 Topographic Survey

The topographic survey is essential for determining the position of the tunnels and experimental halls.
From the topographic survey the location of the cores relative to the experimental halls is determined, as
is the overburden above each of the experimental halls. This measurementof the overburden was input to
the optimization of the experimental sensitivity. It is also needed for the portaldesign and construction.
Appropriate maps are constructed out of this measurement. The area surveyed lies to the north of the Daya
Bay complex The area of the survey extends 2.5 km in the north-south direction and varies from 450 m to
1.3 km in the east-west direction as determined by the location of the experimental halls and tunnels. The
total area measured is 1.839 km2. The results of the survey are plotted at a scale of 1:2000.

The instrument used for the topographic measurement is a LEICA TCA2003Total Station, with a
precision of±0.5” in angle and±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 map baseline points are selected. In total,
7000 points are used to obtain the topographic map. As an example, Fig. 4.3 shows the topographic map
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around the far site. The altitude difference between adjacent contour lines is one meter. The area around the

Fig. 4.3. Topographical map in the vicinity of the far site. The location of the far
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 possible construction portals are measured
at the higher resolution of 1:500. The cross sections along the tunnel line for the access and construction
portals are measured at an even higher resolution of 1:200. The positionsof the experimental halls, the
entrance portal, and the construction portal are marked on the topographic map.

4.2.2 Engineering Geological Mapping

Geological mapping has been conducted in an area extending about 2.5 kmin the north-south direction
and about 3 km in the east-west direction. From an on-the-spot surveyto fill in the geological map of the
area, a listing of the geological faults, underground water distribution andcontact interface between different
rocks and weathering zones could be deduced. The statistical informationon the orientation of joints is used
to deduce the general property of the underground rock, and the determination of the optimal tunnel axes.
The survey includes all the areas through which the tunnels will pass and those occupied by the experimental
halls. Reconnaissance has been performed along 28 geological routes, of 18.5 km total length. Statistics of
2000 joints and rock mine skeletons are made at 78 spots. Rock mine appraisals are done with 36 sliced
samples.
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Surface exploration and trenching exposure show that the landforms and terrain are in good condition.
There are no karsts, landslides, collapses, mud slides, empty pockets, ground sinking asymmetry, or hot
springs that would affect the stability of the site. There are only a few pieces of weathered granite scattered
around the region.

The mountain slopes in the experimental area, which vary from10◦ to 30◦, are stable and the surface
consists mostly of lightly effloresced granite. The rock body is comparatively integrated. Although there is
copious rainfall which can cause erosion in this coastal area, there is noevidence of large-scale landslide or
collapse in the area under survey. However, there are small-scale isolated collapses due to efflorescence of
the granite, rolling and displacement of effloresced spheroid rocks.

The engineering geological survey found mainly four types of rocks in this area: (1) hard nubby and
eroded but hard nubby mid-fine grained biotite granite, (2) gray white thickbedding conglomerate and
gravel-bearing sandstone, (3) siltstone, (4) sandy conglomerate sandstone. Most of the areas are of hard
nubby granite, extended close to the far detector site in the north and reaching to the south, east, and west
boundaries of the investigated area. There exists a sub-area, measured about 150 m (north-south) by 100 m
(east-west), which contains eroded but still hard nubby granites north of a conspicuous valley existing in
this region.† Mildly weathered and weathered granites lie on top of the granite layer. Devonian sandstones
are located in the north close to the far detector site. There are also scattered sandstones distributed on the
top of the granites. The granites are generally very stable, and there exist only three small areas of landslide
found around the middle of the above mentioned valley. The total area of the slide is about 20 m2 and the
thickness is about 1 m. Four faults (F2, F6, F7, F8) and two weathering bags have been identified, as shown
in Fig. 4.4

The accumulation and distribution of underground water depends generally on the local climate, hy-
drology, landform, lithology of stratum, and detailed geological structure. In the investigated area of the
Daya Bay site, the amount of underground water flux depends, in a complicated way, on the atmospheric
precipitation and the underground water seeping that occurs. The sandstone area is rich in underground
water seeping in, mainly through joints caused by weathering of crannies that formed in the structure. No
circulation is found between the underground water and outside boundary water in this area. Underground
water mainly comes from the atmospheric precipitation, and emerges in the low landand is fed into the
ocean.

Table 4.1 gives the values of various aspects of the meteorology of the Daya Bay area. A direct com-

Meteorological Data Units Magnitude

Average air speed m/s 3.29
Yearly dominant wind direction 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 station in 1985.

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

†The valley extends in the north-east direction from the north-east edge of the reservoir. The valley can be seen in Fig. 4.1, as a
dark strip crossing midway along the planned tunnel connecting the mid halland the 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 have been 63 earthquakes above
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magnitude 4.7 on the Richter scale (RS), including aftershocks, within a radius of 320 km of the site.‡

Among the stronger ones, there was one 7.3 RS, one 7.0 RS, and ten 6.0–6.75RS. There were 51 medium
quakes between 4.7 and 5.9 RS. The strongest, 7.3 RS, took place in Nan Ao, 270 km northeast of Daya Bay,
in 1918. The most recent one in 1969 in Yang Jiang at 6.4 RS. In addition, there have been earthquakes in
the southeast of China and one 7.3 RS quake occurred in the Taiwan Straiton Sept. 16, 1994. The epicenters
of the quakes were at a depth of roughly 5 to 25 km. These statistics show that the seismic activities in
this region originate from shallow sources which lie in the earth crust. The strength 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 earth quakes ofMs ≥ 3.0 (ML ≥
3.5)§, and there is no record of even weak quakes within 5 km of the site. The distribution of the weak quakes
is isolated in time and separated in space from one another, and without any obvious pattern of regularity.

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

4.2.3 Geophysical Exploration

Three methods are commonly used in geophysical prospecting: high densityelectrical resistivity method,
high resolution gravity method, and seismic refraction image method using a mechanical hammer. The first
two methods together with the third as supplement have been used for the DayaBay geophysical study¶.
The combination of these three methods reveal the underground structure, including: faults, type of granite,
rock mine contact interface, weathering zone interface and underground water distribution.

Geophysical exploration revealed another four faults (F1, F3, F4, F5shown in Fig. 4.4) along the tunnel
lines. Figure 4.5 shows the regions of the geophysical survey, includingthe experimental halls and tunnel
sections from the Daya Bay near hall to the mid hall and the far hall. The experimental halls, tunnel sections,
faults and weathering bags are marked explicitly in the figure. The electricalresistivity measurements are
shown in the middle of the figure, the high resolution density measurements on thebottom, and two sections
of seismic refraction measurement in the corresponding part on the top. Because of the complexity and
variety of underground structures, the electrical resistivity was measured in boreholes ZK1 and ZK2. The
resistivity and density of the rock samples from the boreholes were used for calibration of the resistivity
map. Depending on the characteristics of the granite and its geological structure, the electrical resistivity of
this area can vary from tens of ohm-m to more than 10k ohm-m. The non-weathered granite has the highest
electrical resistivity, whereas the sandstone has medium resistivity due to trapped moisture. The weathered
zone, consisting of weathered bursa and faults, has relatively low resistivity.

4.2.4 Engineering Drilling

Based on the information about faults, zones with relative high density of joints, weathering bags,
low resistivity areas revealed from previous geological survey, fourborehole positions were determined.
The purpose of the boreholes was essentially to prove or exclude the inferences 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 andML the seismic local magnitude.Ms provides the information of the

normal characteristics of an earthquake. There is a complicated location-dependent relationship betweenMs andML. In Daya Bay
Ms ≥ 3.0 is equivalent toML ≥ 3.5.
¶In order not to affect the construction work of Ling Ao II, a heavy blaster cannot be used as a source of the seismic refraction
measurement, as required for deep underground measurement. Therefore 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 densitymaps
along the tunnel cross section from the Daya Bay experimental hall (left end) to the far
hall (right end).

approaches above ground. These four boreholes are labelled as ZK1, ZK2, 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, 133.0m respectively (all to at least
the tunnel depth). Figure 4.6 shows sections of rock samples obtained from borehole ZK1. Similar samples
are obtained in the other three boreholes. The samples are used for various laboratory tests.

4.2.5 On-site Test at Boreholes

There are many on-site tests performed at the boreholes: (1) High densityelectrical resistivity measure-
ment in boreholes ZK1 and ZK2. (2) Permeability tests at different time and depth are made in the boreholes
during borehole drilling and at completion. The test shows that all measuredvalues of the permeability pa-
rameter K are less than0.0009 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 the fourboreholes. (3) Acoustic
logging, which is tested at different segments separated by 0.5 m. There are 66, 26, 34, 23 segments tested
in ZK1, ZK2, ZK3, ZK4 respectively. The combined results give the velocity of longitudinal wavelength
Vp = 5500 m/s in the fresh granite. (4) Geo-stress test. (5) Digital video. (6) The radon emanation rate
inside the borehole ZK4 was measured up to a depth of 27 m with an electronic radon dosimeter inserted
into the borehole. An average rate of0.58 × 10−3 Bq m−2 s−1 was determined at depths of 14–27 m after
correction for back diffusion. These values generally agree with the rates (0.13–2.56))×10−3 Bq m−2 s−1

measured directly from the rock samples extracted from the borehole. (7)Measurements 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, among these elements, the amount
of radioactive U was measured to be 10.7, 16.6, 14.5 and 14.2 ppm from thesamples in each of the four
boreholes, respectively. The Th concentrations were measured to be 25.2, 49.6, 29.4 and 41.9 ppm in each of
the borehole respectively. (8) Water chemical analysis. Water samples from the four boreholes and a surface
stream have a pH slightly smaller than 7.5, considered neutral. The water hardness is smaller than 42 mg/l
which is considered to be very soft. The underground water is thus veryweakly 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, mineralelements, physical and mechan-
ical property tests. The following data are some of the physical propertiesof slightly weathered or fresh rock
which are the most comment type of rocks in the tunnel construction:

◦ Density of milled rock:2.609 ∼ 2.620 g/cm3

◦ Density of bulk rock:2.59 ∼ 2.60 g/cm3
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◦ Percentage of interstice:0.765% ∼ 1.495%

◦ Speed of longitudinal wave(Vp) : 4800 ∼ 5500 m/s

◦ Pressure resistance strength of a saturated single stalk:85.92 ∼ 131.48 MPa

◦ Pressure resistance strength of a dry single stalk:87.88 ∼ 125.79 MPa

◦ Softening coefficient:0.924 ∼ 1.000

◦ Elastic modulus:32.78 ∼ 48.97 GPa

◦ Poisson ratio:0.163 ∼ 0.233

4.2.7 Survey Summary

Based on the combined analyses of the survey and tests described above, IGG concludes that the ge-
ological structure of the proposed experimental site is rather simple, consisting mainly of massive, slightly
weathered or fresh blocky granite. There are only a few small faults with widths varying from 0.5 m to 2 m,
and the affected zone width varies from 10 m to 80 m. There are a total of four weathering bags along the
tunnel from the Daya Bay near site to the mid site and on the longer constructiontunnel option from the
Daya Bay quarry to the mid site. The weathering depth and width are 50–100 m.Just below the surface, the
granite is mild to mid weathered. These weathered zones are well above the tunnel, more than three times the
tunnel diameter away, so the tunnel is not expected to be affected by theseweathering bags. Nevertheless,
there are joints around this region and some sections of the tunnel will need extra support.

The far hall at a depth of 350 m is thought to consist of lightly efflorescedor fresh granites; the far hall
is most likely surrounded by hard granite. The distance to the interface with Devonian 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 mechanical tests found that it is
actually hard rock. No circulation is found between the underground water and the outside boundary water in
this area, underground water mainly comes from the atmospheric precipitation.Water borehole permeability
tests show that underground water circulation is poor and there is no uniform underground water level at the
tunnel depth. At the tunnel depth the stress is 10 MPa, which lies in the normalstress regime. The quality
of most of the rock mass varies from grade II to grade III (RQD around70% which indicates good and
excellent rock quality). From the ZK1 and ZK2 stress measurements and structure analysis, the orientation
of the main compressive stress is NWW. For the east-west oriented excavation tunnel, this is a favorable
condition for tunnel stability. For the 810 m segment of the main tunnel from theDaya Bay near hall (#1)
to the mid hall (#4) the tunnel orientation will run sub-perpendicular to the orientation of the maximum
principal stress and it will thus be subject to higher stress levels at the excavation perimeter. These higher
stress levels are not expected to cause significant stability problems due to the strength of the granite rock
mass. There are some tunnel sections, including the access tunnel, wherethe rock mass quality belongs to
grade IV, and some belongs to grade V. Figure 4.8 shows the details of the engineering geological section
along Line A. Detailed results from the site survey by IGG can be found in references [4,7–12].

4.3 Conceptual Design

In June 2006 we organized a bid for a conceptual design of the civil construction. The purpose of this
effort was to further refine our understanding of the cost of variousoptions and to make sure that we do
not leave any important points out of the final design specifications. The major items of the conceptual
design included: (1) the underground experimental halls, the connectingtunnel, access tunnel, and construc-
tion tunnel; (2) the infrastructure buildings above ground; (3) the electricpower, communication, monitor,
ventilation system, water supply, and drainage, safety, blast control, andenvironmental protection. Two de-
sign firms were selected: the Fourth Survey and Design Institute of China Railways (TSY) and the Yellow
River Engineering Consulting Co. Ltd. (YREC). TSY has expertise in the design of railway tunnels, and
YREC has a great deal of experience in underground hydroelectric engineering projects. They completed
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Fig. 4.8. Engineering geological section in line A: the faults, weathering bags and tun-
nel are shown on the figure. The first curve down from the surface shows the boundary
of the weathered granite and the second curve down shows the boundary of the slightly
weathered granite. The tunnel passes through one region of slightly weathered granite.
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their designs in the end of July and beginning of August 2006. These two reports 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 module. Each module is a cylinder
of 100 T with an outer diameter 5 m and a height of 5 m, with ports extending above. The transportation of
the antineutrino detector determines the cross section of the tunnel and directly affects the total tunnelling
construction plan.

The space in the tunnel is limited, so the transportation vehicle for the heavy antineutrino detector
should be easy to operate and very stable and smooth during movement. TSY has investigated two kinds
of transportation vehicles: (1) heavy-truck with a lowboy trailer, and (2)truck with a platform on top. The
bed of the lowboy trailer is 40 cm off the ground and the loading height is 80 cm. The total length of the
truck plus the trailer is more than 20 m long, the turnaround radius is 50 m. This turnaround radius makes
it impossible to turn the vehicle around without significantly increase the total length of the tunnel. So TSY
recommends the use of a truck with a platform on top and the specifications of this platform 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) 11.0 x 5.0 11.0 x 5.5
Height of loading (mm) 1700(±300) 1750(±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 rotating system with the wheels
rotatable in any directions. It has two driving cabs, one in the front and one in the back which makes
turning around in the tunnel unnecessary. Its movement is more steady thanthe lowboy trailer which is very
important for transporting the antineutrino detector modules.

YREC also investigated the above mentioned transporting vehicles with similar specifications. In ad-
dition, they have investigated an electric railway transportation system whichconsists of a transport frame-
work, support frame, cable winding, and control desk. However, theloading height is 1 m, and laying the
rail is expensive and time consuming. Finally, YREC recommend the use of a semi-trailer with a platform
loading, as shown in Fig. 4.10. The total length is 15.8 m and the loading heightis 95 cm. Since it is not very
long, this semi-trailer will drive forward and backward in the tunnel withoutturning around. The ventilation
speed in the tunnel has to be increased during the transportation of the detector modules to vent the exhaust
discharged in the tunnel.

Further investigation about the transportation vehicle with lower height of theloading platform is
needed in order to lower the required height of the tunnel. It is also necessary to find a suitable electric
powered vehicle instead of one powered by petroleum. Current studies are focussing on custom low-boy
trailers with electric tugs and on sophisticated, low-profile computer controlledtransporters.
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Fig. 4.9. Photo of a platform truck with schematic diagrams of wheel rotations.The
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 been investigated. The lifting
system should be low in order to minimize the height of the experimental hall and togain overburden. Both
gantry cranes (suggested by TSY) and bridge style cranes (suggested by YREC) satisfy our requirement.
The heights of the experimental halls required to install and lift the antineutrinodetector with these two
types of cranes are similar: about 12–13 m. Figures 4.11 and 4.12 show these two kind of cranes. Both
cranes have two hooks working during the lifting which will greatly decrease the height of the hall and can
be operated more steadily. The final choice of one vs. two hooks needs further study. The rails of the bridge
crane are supported on the two side walls of the experiment hall. The final choice of a crane system needs
further study.

4.3.3 Experimental Hall Layout

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

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

along the tunnel direction for construction convenience. The Ling Ao near hall (#2) is the only one with its
longitudinal direction to be about 90◦ with 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 and filling procedures.
We expect no special questions about the design and construction of thishall. At 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 cross section of the 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 a narrower 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 to lift the
antineutrino detector (left panel) and lower it into the water pool (right panel).

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

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

Fig. 4.14. Layout of the experimental hall where the counting room, etc., are along one
side of the hall (as proposed by YREC).

on the rock quality. The rock quality varies from grades I to V, grade I being excellent and grade V poor.
According to the site survey, more than 90% of the rock belongs to grade I,II or III which are stable rocks.
Some very short section of the tunnel have grade IV rock and the only grade V rock is in the first tens
of meters at the main portal. The lining for different quality of rocks are giving by two designers in their
report [13] [14].

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

There are two possible design strategies for the construction tunnel. One isto transport the dirt by heavy
truck, another one is by tram. In the truck option, the allowed slope is up to 13%(TSY), the width of this
tunnel is 5.0 m and height 5.8 m. There will be a passing section in every 80 m along the tunnel for two
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Fig. 4.15. An engineering schematic diagram of the tunnel layout proposed by TSY.
The dimensions are in cm.

Fig. 4.16. An engineering schematic diagram of the tunnel layout Proposed by YREC.
The dimensions are in meters.

trucks to cross into the opposite directions. The total length of such a tunnelis 528 m. If a tram is used for
dirt transportation, the tunnel can tolerate a much steeper slope, up to 42% (< 23◦ ). 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 high. Construction with a tram will allow
for a shorter tunnel, therefore saving both time and money. The dirt removal with a tram is more complicated
than using heavy trucks, which will take more time and money. Let us note that inthe case of a tram, since
special tools are needed, the number of construction companies bidding onthe tunnel construction contract
may be more limited.

A possible layout of the main portal behind the local hospital is shown in Fig. 4.17 (YREC’s design).

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 submitted byTSY [13] and YREC [14].
They include: (1) electricity, (2) ventilation system (3) water supply and drainage, (4) communication, (5)
monitoring systems, (6) blast control, and (7) environmental effect evaluations.

4.4 Civil Construction Overview

Based in part on the two conceptual design reports, we are optimizing the construction tunnel layout,
the crane system, the transport system and the tunnel cross section. Once this process is completed a spec-
ification for the final civil construction design package will be drafted. The final tunnel design and civil
construction contractors will be selected via a bidding process. Most likelythe detailed design and civil
construction team will be separated. An oversight agency is needed forthe construction. The time needed to
complete the final design will be 4–5 months once all of the specifications are laid out. 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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Construction item Volume (m3)

Excavation dirt in open 17,068
Excavation dirt in tunnel 202,745
Concrete 8,740
Eject concrete 7,774

Table 4.3. Table of the main civil construction work items.

1. Report of Preliminary Feasibility Study of Site Selection for the Daya Bay Neutrino Experiment, pre-
pared by Beijing Institute of Nuclear Energy, September, 2004.

2. Catalog of Chinese Earthquakes, Quoted in thePreliminary Safety Report on Ling Ao Nuclear Power
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Geophysics, CAS, May, 2006.
5. Final Report on Topographic Survey of the Neutrino Experimental Site, Institute of Geology and Geo-

physics, CAS, June, 2006.
6. Map obtained from Topographic Survey of the Neutrino Experimental Site, Institute of Geology and

Geophysics, CAS, December, 2005.
7. Report on Engineering Geology of the Neutrino Experimental Site, Institute of Geology and Geo-

physics, CAS, May 6, 2006.
8. Report on Geophysical Survey of the Neutrino Experimental Site, Institute of Geology and Geophysics,

CAS, May 6, 2006.
9. Report on Bore Drilling and In-situ Sonic Investigation of the Neutrino Experimental Site, Institute of

Geology and Geophysics, CAS, May, 2006.
10. Report on Stress-loading in Bore Holes at the neutrino Experimental Site, Institute of Geology and

Geophysics, CAS, April 18, 2006.
11. Report on Ultra-sonic Imaging in Bore holes at the Neutrino Experimental Site, Institute of Geology

and Geophysics, CAS, May, 2006.
12. Report on Laboratory Study of the Neutrino Experimental Site, Institute of Geology and Geophysics,

CAS, May 6, 2006.
13. Feasibility study about Daya Bay neutrino experiment engineering work, The Fourth Survey and De-

sign Inst. of China Railway, July 2006.
14. Feasibility study about Daya Bay neutrino experiment engineering work, Yellow River Engineering

Consulting Co. Ltd., August 2006.
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5 Antineutrino Detectors

5.1 Overview

The measurement ofsin2 2θ13 to 0.01 or better is an experimental challenge. A value of 0.01 for
sin2 2θ13 yields a tiny oscillation effect. This corresponds to a small difference in the number of antineutrino
events observed at the far site from the expectation based on the number of events detected at the near site
after correcting for the distance under the assumption of no oscillation. To observe such a small change, the
detector must be carefully designed following the guidelines discussed in Chapter 2, and possible system-
atic uncertainties discussed in Chapter 3. The following requirements shouldbe satisfied 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 efficient for positrons of all energies.

3. The number of protons in the target liquid scintillator should be well known,implying that the scintil-
lator mass and the proton to carbon ratio should be precisely determined. Thetarget scintillator should
come from the same batch for each pair of near-far detector modules, andthe mixing procedure should
be well controlled to ensure that the composition of each antineutrino target isthe same.

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

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

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

5.1.1 Module Geometry

Several previous neutrino experiments have designed spherical or ellipsoidal detectors to insure uniform
energy response in the entire volume. This type of detector vessel is expensive and requires many PMTs for
4π coverage. Two types of alternative detector geometries have been investigated: cubic and cylindrical.
Both are attractive from the viewpoint of construction. Monte Carlo simulationshows that a cylindrical
shape, as shown in Fig. 2.3, can deliver a better energy and position resolution while maintaining good
uniformity of light response over the volume, similar to that of a sphere or ellipsoid. This design is verified
by our prototype tests as discussed in section 5.6. An optical reflector canbe put at the top and bottom of
the cylinder, so that PMTs are only positioned on the circumference of the cylinder, to reduce the number of
PMTs by half.

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

1. The event vertex is determined by the center of gravity of the charge, without reliance on time-of-
flight, so that the light reflected from the top and bottom of the cylinder will notworsen the perfor-
mance of the detector module. The individual PMT hit times are measured to a resolution of 0.5 ns
for background studies.

2. The fiducial volume is well defined with a three-zone-structure as discussed below 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 as is shown in Fig. 5.1 as a
function of the far site detector mass. To measuresin2 2θ13 to better than 0.01, a total target mass of 80–
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Fig. 5.1. Sensitivity ofsin2 2θ13 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 uncertainty of∼0.2% after three years data taking.
A larger target mass is not attractive since the sensitivity improves rather slowly when the target mass goes
beyond 100 tons. By adopting a multiple-module-scheme as discussed in Chapter 2, two modules are chosen
for each near site to allow a cross check of the module behavior (within the limit of statistic uncertainties at
the near site). For the far detector site, at least four modules are neededfor sufficient statistics to reach the
designed sensitivity while maintaining the number of modules at a manageable level. A detector scheme of
eight identical modules, each with a target mass of 20 tons, is chosen. About 600 to 1200 events per day per
module will be detected at the Daya Bay near site (300–500 m) with about 90 events per 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 the requirements although com-
pletely new concepts are not excluded. The energy threshold of a Chooz-type scintillator detector can be
reduced by a three-zone structure as shown in Fig. 5.2. The inner-mostzone (region I) is the Gd-loaded
liquid scintillator antineutrino target. The second zone (region II) is filled with normal liquid scintillator and
serves as aγ-catcher to contain the energy ofγs from neutron capture or positron annihilation. This zone
does not serve as an antineutrino target as neutron-capture on hydrogen does not release sufficient energy
to satisfy the 6 MeV neutron detection threshold. The outer-most zone (region III) contains mineral oil that
shields radiation from the PMT glass from entering the fiducial volume. This buffer substantially reduces
the singles rates and allows the threshold to be lowered below 1.0 MeV. The three regions are partitioned
with transparent acrylic tanks so that the target mass contained in region I can be well determined without
the need for event vertex reconstruction and a position cut.
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Fig. 5.2. Cross section of a simple detector module showing the three-zone antineutrino
detector.

5.1.4 γ-Catcher

Theγ rays produced in the target region by positron annihilation or neutron capture will undergo many
collisions with the LS molecules to transfer most of their energy to the liquid scintillator before converting
to visible scintillation light. However, theγ rays can also escape from this target region and deposit energy
outside of this region. To capture the escapingγ rays a layer of undoped liquid scintillator surrounding the
target zone is added, significantly reducing this energy loss mechanism. The energy spectrum of the delayed
neutron capture signal is shown in Fig. 5.3. The tail to low energies is from events with an escapingγ. The
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Fig. 5.3. The neutron capture energy spectrum in gadolinium as obtained from the
GEANT3 simulation. The long tail at low energies corresponds to the escaped events.

Gd capture peak at 8 MeV is from the two most abundant isotopes of gadolinium, 155Gd and157Gd, with
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totalγ energies of 7.93 and 8.53 MeV, respectively.
A threshold of 6 MeV cleanly separates the 8 MeV neutron capture signal from the background due to

natural radioactivity. However, this threshold will cause a loss of some neutron capture events and a corre-
sponding loss of detection efficiency. A simulation of the detector module giving the correlation between
the thickness of theγ-catcher region and the neutron detection efficiency is shown in Fig. 5.4. The figure
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Fig. 5.4. The neutron detection efficiency as a function of theγ-catcher (GCAT). The
neutron energy cut is set at 6 MeV. The thickness of the middle zone of theDaya Bay
experiment will be 45 cm.

shows that with aγ-catcher thickness of 45 cm the neutron detection efficiency is 92%. Chooz had a smaller
detector and aγ-catcher thickness of 70 cm, and neutron source test showed a (94.6±0.4)% detection ef-
ficiency [1]. The uncertainty includes a vertex selection uncertainty that Daya Bay will not have. Chooz,
Palo Verde and KamLAND all claimed an uncertainty on the energy scale at 6 MeV of better than 1%. Our
detector simulation shows that a 1% uncertainty in energy calibration will causea 0.2% uncertainty in the
relative neutron detection efficiencies of different detector modules fora 6 MeV threshold. After subtract-
ing the vertex selection uncertainty, the results of the efficiency test are consistent with simulation. After a
comprehensive study of detector size, detection efficiency, and experimental uncertainties, we choose 45 cm
as the thickness of theγ-catcher.

5.1.5 Oil Buffer

The outermost zone of the detector module is composed of mineral oil. The PMTs will be mounted
in the mineral oil next to the stainless steel vessel wall, facing radially inward. This mineral oil layer is
optically transparent and emits very little scintillation light. There are two primary purposes for this layer:
1) to attenuate radiation from the PMT glass, steel tank and other sources outside of the module; and 2) to
ensure that the PMTs are sufficiently far from the liquid scintillator so that thelight yield is quite uniform.
Simulations indicate that the location of light emission should be at least 15 cm away from the PMT surface,
as indicated in Fig. 5.5. Simulation shows that with 20 cm of oil buffer between the PMT glass and the
liquid scintillator (which corresponds to a 45 cm total oil buffer thickness),the 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 of 3 ppb Th, 2 ppb U, 0.2 ppb
K, and 15 mBq/kg Co. Assuming the same radioactivity levels for the vessel ofthe Daya Bay antineutrino
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Fig. 5.5. Antineutrino detector response (in number of photoelectrons) asa function
of radial location of a 1 MeV electron energy deposit. The mineral oil volumehas
been removed and the PMTs are positioned directly outside theγ-catcher volume. The
vertical red line is 15 cm from the PMT surface and indicates the need for 15 cm of
buffer between the PMT surface and the region of active energy deposit in order to
maintain uniform detector response.

Buffer Oil Thickness
Isotope Concentration 20 cm 25 cm 30 cm 40 cm

(Hz) (Hz) (Hz) (Hz)
238U 40 ppb 2.2 1.6 1.1 0.6
232Th 40 ppb 1.0 0.7 0.6 0.3
40K 25 ppb 4.5 3.2 2.2 1.3

Total 7.7 5.5 3.9 2.2

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

detector module, the corresponding rate from a 10-ton welded stainless steel vessel 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, respectively at a threshold of 1 MeV. The
total is 8.8 Hz. The natural radioactivity of rock, buffer water, mineral oil, dust, radon and krypton in air
play a minor role, as described in section 3.4.4. The totalγ rate is<50 Hz.

Since the PMTs are placed in the mineral oil, and the length of PMT plus its base isabout 25–30 cm, a
45-cm thick oil buffer will be sufficient to suppress theγ rate and the subsequent uncorrelated backgrounds
to an acceptable level. The dimensions of the antineutrino detector modules areshown 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
γ-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 antineutrino de-
tector modules. IR (OR) refers to the inner (outer) radius of each volume and thickness
refers to the wall thickness.

The neutrino target is a cylinder of 3.2 m height and 1.6 m radius. Theγ-catcher and oil buffer are both
0.45 m thick. The diameter of the stainless steel vessel is 5.0 m, with a height of 5.0 m and 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 structure, by removing theγ-catcher
from the current 3-zone design, has been carefully studied. A 2-zone detector module with the same outer
dimension as the 3-zone structure has a target mass of 40 ton (keeping the same oil buffer andγ-catcher
thicknesses). The efficiency of the neutron energy cut at 6 MeV will be∼70%, compared to∼90% with
theγ-catcher and the 2-zone 40 ton detector module will have only∼60% more detected events than the
3-zone 20 ton detector module. The reduction of efficiency in the neutron energy cut will introduce a larger
uncertainty due to the energy scale uncertainty. This uncertainty is irreducible, not removable by the near/far
relative measurement, in the different detector modules due to differencesin the energy scales.

The energy scale is possibly site-dependent due to variation of calibrationconditions in the different
sites. According to the experience gained from KamLAND, a 1% energy scale stability at 8 MeV and 2%
at 1 MeV can be readily achieved. The uncertainties in neutron detection efficiency for a 1% relative energy
scale uncertainty have been studied by Monte Carlo for the 2-zone 40-tondetector module and the 3-zone
20-ton detector module. The uncertainty in the relative neutron detection efficiency for the 2-zone detector
module is 0.4% at 6 MeV as compared with 0.22% for the 3-zone detector module.Similar uncertainties
at 4 MeV have also been studied, see Table 5.3. This uncertainty will be the dominant 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 caused by uncer-
tainty in the energy scale for 2-zone and 3-zone detector modules. The energy scale
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 by detector module swapping this one
is not (e.g., a doubling of this uncertainty will significantly degrade thesin2 2θ13 sensitivity that can be
achieved).

As shown in Table 5.3, lowering the energy cut to 4 MeV can reduce the neutron energy threshold
efficiency uncertainty. However, the intrinsic radioactivity from the Gd-doped liquid scintillator and the
acrylic vessel will cause a significant increase of the accidental background rate. For external sources (such
as radioactivity from the PMTs and the rock) onlyγs, with an upper limit of∼3.5 MeV, can enter the
detector module. For internal sources, however,γs,βs, andαs contribute — these can produce significant
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rates of signals above 3.5 MeV (e.g.208Tl has an endpoint of 5 MeV) as observed by KamLAND. Chooz
has also observed a significant number of events of delayed energy of4–6 MeV (see Fig. 5.6). In addition,
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Fig. 5.6. The energy distribution observed by Chooz, horizontal axis is the prompt
signal energy; the vertical axis is the delayed signal energy. In the region labelled D
there are many background events with delayed signal falling into the 3–5 MeV energy
range.

gadolinium has contamination from232Th which increases the rate of208Tl decay in the scintillator. All of
these factors make a reduction of the neutron threshold from 6 MeV to 4 MeVundesirable. The accidental
background rate would be a couple of orders of magnitude larger with the lower threshold at 4 MeV.

5.1.7 Expected Performance

With reflectors at the top and bottom the effective photocathode coverage is12% with 224 PMTs, the
light yield is ∼100 p.e./MeV and the energy resolution is around 5.4% at 8 MeV when the total-charge
method is used, or 4.5% with a maximum likelihood fit approach. The vertex can also be reconstructed with
a resolution similar to a design with 12% PMT coverage on all surfaces. The vertex reconstruction resolution
is∼13 cm for a 8 MeV electron event using the maximum likelihood fit, as shown in Fig. 5.7. The horizontal
axis is the distance of the reconstructed vertex to the true vertex and the vertical axis is the number of events.
Such a vertex resolution is acceptable since the neutron capture vertex has ∼20 cm intrinsic smearing, as
found by Chooz [1] and by our Monte Carlo simulation as well. The intrinsic smearing of the neutron capture
vertex is caused by the energy deposition of theγs released from neutron-capture on Gd.

5.2 Containers and Calibration Ports

The stainless steel vessel is the outer tank of the antineutrino detector module,and surrounds the buffer
oil region. It will be built with low radioactivity 304L stainless steel and will satisfy the following require-
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ments:

a. leak-tight against mineral oil and water over a long period of time (10 years);

b. chemically compatible with the mineral oil buffer;

c. mechanical strength to support the hydrostatic pressure of the liquids,to support 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 the steel and welds.

The stainless steel vessel is a cylinder of 5000 mm height and 5000 mm diameter (external dimensions)
with a 10 mm wall thickness (304L stainless) as depicted in Fig. 5.8. It weighs about 20 tons (including the
support structures) and has a volume of∼95 m3 (without the chimney).

5.2.1 Acrylic Vessel

The target vessel is a cylinder of 3200 mm height and 3200 mm diameter (external dimensions) with
10 mm wall thickness (acrylic). It weighs∼580 kg, and contains a volume of∼25 m3 (without chimneys).
Theγ-catcher vessel surrounding the Target is a cylinder of 4100 mm heightand 4100 mm diameter (external
dimensions) with a 15 mm wall thickness (acrylic). It weighs 1420 kg, and contains a volume of 28 m3

(53 m3 − 25 m3) (without the chimneys). At the top of the target vessel, there are two or three chimneys for
injecting the LS and for passage of radioactive calibration sources. There will be one or two chimneys for the
γ-catcher as well. The chimneys diameter will be∼50–100 mm. Drawings of the target and theγ-catcher
vessels are shown in Fig. 5.9.

The target andγ-catcher vessels will be built of acrylic which is transparent to photons withwavelength
above∼300 nm (50% at 300 nm [2]). Both vessels are designed to contain aromaticliquids with a long term
leak-tightness (free from leakage for ten years) and stability. The critical constraint is the chemical compati-
bility between the vessel and the scintillating liquids, for at least five years. There must be no degradation of
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Fig. 5.8. 3D view of the stainless steel Buffer vessel.

Fig. 5.9. The design of the double vessel.

the liquid properties (scintillation efficiency, absorption length) nor any significant degradation of the acrylic
material (yellowing or crazing of more than a few percent of the acrylic surface area). Theγ-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 UV light absorption. Dif-
ferent manufacturing companies have different formulas and trade secrets for the additional ingredients,
resulting in different appearance, chemical compatibility, and aging effects. For the material choice, we
have surveyed many kinds of organic plastic. We have identified two possible sources for fabrication of the
acrylic vessels: the Jiang Chuan Organic Plastic Ltd. Corp, located in city ofLang Fang, Hebei Province,
China, and the Gold Aqua System Technical Co. in Kaoshiung, Taiwan (subsidiary of the Nakano company).

The Jiang Chuan Corp. uses a centrifugal casting method for their construction of the vessel. The
approach of Nakano’s subsidiary company uses bent plate sheets to beglued together by the polymerization
method. It appears at this time that this method will be preferable as it should provide a higher quality vessel.

In the polymerization gluing method, they add the same raw materials as the acrylic (PMMA + in-
gredients) into the gap between the plates. Thus the joints consist of exactly the same acrylic material as
the joined plates, and there is no difference in their mechanical, chemical andoptical properties. During
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polymerization, UV light is used instead of heating, in order to prevent the bent sheets from rebounding.
The speed of polymerization is controlled to minimize the remaining stress. Once thetank is fabricated in
shape, it will be put in a thermally insulated enclosure for up to a month (∼1 week in our case) to be heated
for releasing the stresses. The temperature will be controlled within±1◦ C. Different acrylic types, shapes,
thicknesses, etc., need different temperature curves for bending andcuring. Hence experience is very im-
portant. The geometric precision can be controlled to±2 mm for a 2 m-diameter tank. The tank can have
reinforcement structures at both the top and bottom; therefore the mechanical strength is not a problem for a
very thin tank (∼1 cm). However, a thin sheet tends to have more residual stress which may be problematic
for chemical compatibility. The minimum thickness of our tank is to be discussed after the compatibility
tests of acrylic sheets with liquid scintillator and mineral oil are completed. Figure5.10 shows a example
of the acrylic plastic vessel. Mechanically, the double vessels must be strong and stable enough to ensure

Fig. 5.10. A sample acrylic vessel produced at the Gold Aqua Technical Co. in Taiwan.
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 cause complications to the experiment

and they need to be studied in great detail. Simulation has shown that the transportation phase is hazardous
for a double acrylic vessel which has been completely assembled. The vessel design, and the design of
a transportation system to isolate large shock and vibration loads, requiresfurther analysis. This problem
could also be solved, without changing the baseline design, by transporting the target andγ-catcher vessels
separately, and integrate and glue theγ-catcher top lid and the chimney in the filling hall.

All three regions within the antineutrino detector module have to be filled simultaneously. The fill-
ing phase generates constraints related to the differences in height of theliquid. According to mechanical
simulations, if we neglect density variations, the acceptable difference in relative fluid heights is 30 cm.

5.2.2 Calibration Ports

In addition to the central chimney port, the buffer vessel lid will have several (3–6) ports, each 100–
200 mm diameter, to facilitate the deployment of radioactive calibration sourcesand light sources. These
ports will have gate valves to isolate the calibration devices when they are notin use and facilitate their
removal. Around the side wall of the stainless steel vessel there will be 32 ports of 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 side so as to minimize
interference with the water Cherenkov system. The cables may either be contained in 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 component of the antineutrino
detector. The H atoms (”free protons”) in the LS serve as the target for the inverse beta-decay (IBD) reac-
tion, and the Gd atoms produce the delayed coincidence, so important for background reduction, between
the prompt positron and the delayed neutron from the IBD. The LS contains∼10% hydrogen. Gd has a
very large neutron-capture cross section; theσ of natural abundance Gd is 49,000 barns so that isotopic
enrichment of the Gd is not required. Two stable isotopes of Gd contribute most of this cross section:
σ(155Gd) = 61, 400 barns andσ(157Gd) = 255, 000 barns. Furthermore, neutron-capture on Gd leads to
emission ofγ rays with a total energy of∼8 MeV, that is much higher than the energies of theγ rays from
natural radioactivity which are normally below 3.5 MeV. Hence, organic LSdoped with a small amount of
Gd is an ideal antineutrino target and detector. Both Chooz [1] and Palo Verde [3] used 0.1% Gd-doping (1 g
Gd per kg LS) that yielded a capture time ofτ ∼28µs, about a factor of seven shorter than that on protons
in undoped liquid scintillator, (τ ∼180µs). This shorter capture time reduces the backgrounds from random
coincidences by a factor∼7.

To detect reactor antineutrinos with high precision, the Gd-LS must have thefollowing key properties:
a) high optical transparency = long optical attenuation length, (b) high photon production (high light yield)
by the scintillator, (c) ultra-low impurity content, mainly of the natural radioactive contaminants, such as
U, Th, Ra, K, and Rn, and (d) long-term chemical stability, over a period of several years. It is necessary
to avoid any chemical decomposition, hydrolysis, formation of colloids, or polymerization, which can lead
over time in the LS to development of color, cloudy suspensions, or formationof gels or precipitates, all of
which can degrade the optical properties of the LS. To achieve these criteria, R&D is required on a variety of
topics, such as: (1) selection of the proper organic LS, (2) development of chemical procedures to synthesize
an organo-Gd complex that is soluble and chemically stable in the LS, (3) purification of the components of
the Gd-LS, and (4) development of analytical methods to measure these keyproperties 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 U.S.,IHEP in the Peoples
Republic of China and JINR in Russia:

A. The Solar-Neutrino/Nuclear-Chemistry Group in the BNL Chemistry Department has been involved
since 2000 in R&D of chemical techniques for synthesizing and characterizing organic liquid scintil-
lators loaded with metallic elements, M-LS. They helped to develop a proposed new low-energy solar-
neutrino detector, LENS/Sol [4]. Concentrations of M in the LS∼5-10% by weight were achieved
to serve as targets for solar neutrino capture, with M being ytterbium (Yb3+) and indium (In3+). It
was obvious that these chemical results could readily be extended to the newreactor antineutrino
experiments, to prepare Gd-LS (with Gd3+) at the much lower concentrations required for neutron
detection,∼0.1%. BNL began R&D in 2004 on solvent extraction methods to synthesize Gd-LS.

B. Nuclear chemists at IHEP also began their R&D on Gd-LS in 2004. They have tended to focus on
preparing solid organo-Gd complexes, the idea being that the solid should be readily 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 of plastic scintillators, are currently
studying the characteristics of different LS solvents, especially Linear Alkyl Benzene. They have also
began some collaborative work on Gd-LS with chemists at the Institute of Physical Chemistry of the
Russian Academy of Sciences, who also did R&D on In-LS for LENS/Sol starting in about 2001.
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It should be noted that the general approach of these different groups is pretty much the same, to prepare
organo-Gd complexes that are soluble and stable in the LS organic solvent.However, the chemical details
of their R&D programs do differ in significant respects at present, such as in the purification procedures, the
control of pH, and reliance on either solvent-extraction methods or formation of Gd-precipitates to isolate
the Gd organo-complex. We discuss the current status of the major similarities and differences of these
approaches. We note that the differences cited do not seriously affect the general goals of the experiment
and are acceptable at this stage of development of the experiment. As closer cooperative R&D ties between
these groups develop in the coming months, it is expected that these issues willbe resolved.

5.3.1 Selection of Solvents

Several aromatic (organic compounds based on benzene) scintillation liquidswere studied at BNL to
test their applicability as solvents for Gd-LS. (1) Pseudocumene (PC), which is the 1,2,4-isomer of trimethyl-
benzene (and mesitylene, the 1,3,5-isomer), has been the most commonly usedsolvent for Gd-LS in pre-
vious neutrino experiments. But it has a low flash point (48◦ C) and aggressively attacks acrylic plastic.
(2) Phenylcyclohexane (PCH) has a lower reactivity than PC, but only half of the light yield. (3) Both di-
isopropylnaphthalene (DIN) and 1-phenyl-1-xylyl ethane (PXE) have optical absorption bands in the UV
region below 450-nm that cannot be removed by our purification procedure (although we note that Double
Chooz has chosen PXE as a satisfactory solution for their requirements).(4) Recently, a new LS solvent,
Linear Alkyl Benzene (LAB) [5], has been identified as a potentially excellent solvent for Gd-LS. LAB is
composed of a linear alkyl chain of 10–13 carbon atoms attached to a benzene ring, and has a light yield
comparable to PC. LAB also has a high flash point, which significantly reduces the safety concerns. It is
claimed by the manufacturers to be biodegradable, and is relatively inexpensive, since it is used in the in-
dustrial manufacturing of detergents. (5) Mineral oil (MO) and dodecane (DD) both have very good light
transmission in the UV-visible region so that no further purification is required. They produce little or no
scintillating light. It has been reported that mixtures of PC + mineral oil will not attack acrylic.

PC and LAB, as well as mixtures of PC with DD and of LAB with PC, have been selected as the
candidate scintillation liquids for loading Gd in the Daya Bay neutrino detector. In China, an unpurified
LAB sample obtained from Fushun Petroleum Chemical, Inc. has an attenuation length longer than 30 m; if
its quality is uniform from production batch to batch, it can be used directly asthe required solvent without
further purification. In the U.S., pure LAB has been obtained from the Petresa Company in Canada. Even
though this LAB is quite pure, BNL routinely uses purification procedures toensure that all of its LAB
samples have uniform properties. The chemical properties and physicalperformance of these scintillation
solvents, plus mineral oil and dodecane, are summarized in Table 5.4.

LS Gd Loading Density abs430 Purification Relative Flash Point
in LS (g/cm3) Method Light Yield

PC Yes 0.889 0.002 Distillation 1 48oC
PCH Yes 0.95 0.001 Column 0.46 99oC
DIN Yes 0.96 0.023 Column 0.87 ≥140oC
PXE Yes, but is not stable 0.985 0.022 Column 0.87 167oC
LAB Yes 0.86 0.000 Column 0.98 130oC
MO No 0.85 0.001 Not needed NA 215oC
DD No 0.75 0.000 Not needed NA 71oC

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 liquid scintillator. Since the LS
detector is made of an aromatic organic solvent, it is difficult to add inorganic salts of Gd into the organic
LS. The only solution to this problem is to form organometallic complexes of Gd withorganic ligands that
are soluble in the organic LS.

The recent Chooz and Palo Verde antineutrino experiments used different methods to produce their Gd-
doped liquid scintillator. In the Chooz experiment, Gd(NO3)3 was directly dissolved in the LS, resulting in
a scintillator whose attenuation length decreased at a relatively rapid rate, 0.4% per day. As a result, Chooz
had to be shut down prematurely. On the other hand, the Palo Verde experiment used the organic complex,
Gd-ethylhexanoate, yielding a scintillator which aged at a much slower rate, 0.03% per day.

In the Periodic Table, Gd belongs to the lanthanide (Ln) or rare-earth series of elements. Lanthanides
such as Gd can form stable organometallic complexes with ligands that contain oxygen, nitrogen, and phos-
phorus, such as carboxylic acids, organophosphorus compounds,and beta-diketones. Several recipes for Ln-
LS have been developed based on these organic ligands. For example, Gd-ethylhexanoate (Palo Verde, Univ.
Sheffield, Bicron), In-, Yb- and Gd-carboxylates (BNL for LENS and Daya Bay), Gd-triethylphosphate
(Univ. Sheffield), Yb-dibutyl-butylphosphonate (LENS), and Gd-acetylacetonate (Double-Chooz).

Complexants that have been studied at BNL are (i) carboxylic acids (R-COOH) that can be neutralized
with inorganic bases such as NH4OH to form carboxylate anions that can then complex the Ln3+ ion,
and (ii) organic phosphorus-oxygen compounds, ”R-P-O”, such astributyl phosphate (TBP), or trioctyl
phosphine oxide (TOPO), that can form complexes with neutral inorganicspecies such as LnCl3 [6]. Initially,
work was done with the R-P-O compounds. The extraction of Ln is effective, but the attenuation length is
only a few meters and the final Ln-LS was not stable for more than a few months. On the other hand, the
carboxylic acids, ”RCOOH”, form organic-metal carboxylate complexesthat can be loaded into the LS with
more than 95% efficiency using solvent-solvent extraction. Moreover thecarboxylic acids are preferable
because they are less expensive and easier to dispose of as chemical waste, compared to the phosphorus-
containing compounds. In principle, the chemical reactions are (a) neutralization, RCOOH + NH4OH →
RCOO− + NH+

4 + H2O in the aqueous phase, followed by (b) Ln-complex formation, Ln3+ + 3RCOO− →
Ln(RCOO)3, which is soluble in the organic LS. These reactions are very sensitive to pH: the neutralization
step to form the RCOO− depends on the acidity of the aqueous solution, and hydrolysis of the Ln3+ can
compete with formation of the Ln(RCOO)3 complex.

A range of liquid carboxylic acids with alkyl chains containing from 2 to 8 carbons was studied. It was
found that acetic acid (C2) and propionic acid (C3) have very low efficiencies for extraction of Ln into the
organic phase. Isobutyl acid (C4) and isovaleric acid (C5) both have strong unpleasant odors and require R-
P-O ligands to achieve high extraction efficiencies for Ln. Carboxylic acids containing more than 7 carbons
are difficult to handle because of their high viscosity; also as the number ofcarbon atoms increases in the
carboxylate complex, the relative concentration by weight of Ln decreases. The best complexant found to
date is the C6 compound, 2-methylvaleric acid, C5H11COOH or ”HMVA”.

Several instrumental and chemical analytical techniques have been usedat BNL as guides for optimiza-
tion of the synthesis procedures for Gd-LS. Besides the measurements oflight yield and optical attenuation
length to be described below, are measurements in the LS of the concentrations of: (1) Gd3+ by spectropho-
tometry, (2) the total carboxylic acid, R-COOH, by acid-base titrations, (3)the uncomplexed R-COOH by
IR spectroscopy, (4) the different organo-Gd complexes in the organic liquid by IR spectroscopy, (5) the
H2O by Karl-Fischer titration, and (6) the NH+4 and Cl− by electrochemistry with specific ion-sensitive
electrodes. These measurements produced very interesting results that indicated that the chemistry of the
Gd-LS is more varied and complicated than what is expected from the simple chemical reactions (a) and (b)
listed above. The Gd molecular complex in the LS is not simply Gd(MVA)3, but contains some OH as well,
and the form of this complex changes with changing pH. So, even though thelong-term studies consistently
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show that the Gd-LS is chemically stable for periods≥1 year, there is the lingering concern that hydrolysis
reactions might occur over long times in the LS. Careful attention to chemical details, especially 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 synthesized, including scores of Gd-
LS. [7] There are two approaches for preparing batches of the Gd-LS: (i) synthesizing each batch at the
desired final Gd concentration, 0.1–0.2%, or (ii) synthesizing more concentrated batches,≥1–2% Gd, and
then diluting with the organic LS by a factor≥10 to the desired concentration. The two approaches are not
identical, with regard to possible long-term effects such as hydrolysis andpolymerization. Approach (ii) is
currently favored because it simplifies the logistics of preparing and transporting very large volumes of Gd-
LS. At IHEP, thirteen organic ligands including four organophosphorus compounds, five carboxylic acids,
and fourβ-diketones have been tested. The carboxylic acids seem most suitable; three of them have been
used for further study. The Gd carboxylate can be synthesized by the following methods: [a.] Carboxylic
acids are neutralized by ammonium hydroxide and reacted with GdCl3 to form a precipitate. The solid is
collected by filtration, washed with distilled water, and dried at room temperature. [b.] Carboxylic acids are
dissolved in an organic solvent that is also the LS and mixed with a GdCl3 water solution. Then the pH of the
solution is adjusted with ammonium hydroxide. The Gd-carboxylate is simultaneously formed and extracted
into the LS solvent. Method [a], the preparation of the solid Gd complex, is currently being emphasized at
IHEP.

After the Gd-complex is synthesized and dissolved in the LS, a primary fluorescent additive and a
secondary spectrum shifter (both called ”fluors”) are added. At IHEP, the final concentration of the solutes
includes 1 g/L Gd, 5 g/L PPO (primary), and 10 mg/L bis-MSB (secondary).The resulting liquid is then
pumped through a 0.22-µm 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 duringthe synthesis of the Gd-LS [8].
Chemical separation schemes that would be used after the Gd-LS has beensynthesized are usually unsuitable
because they would likely remove some of the Gd as well as other inorganic impurities.

The removal of non-radioactive chemical impurities can increase the transmission of the light in the LS
and enhance the long-term stability of the Gd-LS, since some impurities can induce slow chemical reactions
that gradually reduce the transparency of the Gd-LS. Chemical purification steps have been developed for
use prior to or during the chemical synthesis: (1) The purification of chemical ingredients in the aqueous
phase, such as ammonium hydroxide and ammonium carboxylate, is done by solvent extraction with toluene
mixed with tributyl phosphine oxide (TBPO). (2) LAB, which has low volatility, ispurified by absorption
on a column of activated Al2O3. (3) High-volatility liquids, such as the carboxylic acids and PC, are pu-
rified by temperature-dependent vacuum distillation at≤0.04 bar. Vacuum distillation should remove any
radioisotopic impurities, including radon. Figure 5.11 compares the optical spectra for LAB before and after
purification with the activated Al2O3 column.

Two methods, cation exchange and solvent extraction, are being considered at BNL for the purifica-
tion of radioactive impurities associated with Gd, mainly the U and Th decay chains. The contents of the
radioactive impurities in the commercially obtained 99% and 99.999% GdCl3.6H2O solids that are used as
starting materials were measured by low-level counting at BNL and at the NewYork State Department of
Health and found to be less than the detectable limits (10−8 g/g). More sophisticated radioactivity measure-
ment steps will have to be developed to quantify these radioactive species at concentrations of 10−9 g/g in
the Gd (implying impurity levels of 10−12 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 contamination of238U, 232Th, and40K in the Gd-
LS). Although this goal is achievable routinely for unloaded LS (i.e., withoutadded Gd), [9], special care is
required for Gd-loaded LS since the Gd (and other lanthanides) obtainedin China usually contain232Th at
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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 Gd starting material
has to be purified to a level≤10−10g/g. In order to eliminate the Th, Gd2O3 powder at IHEP is dissolved in
hydrochloric acid and passed through a cation-exchange resin column.Preliminary assays at IHEP showed
that this Gd purification procedure reduced the Th content at the ppb level by a factor of four.

5.3.4 Characterization of Gd-LS

The long-term stability of the Gd-LS preparations is periodically monitored in a ”QC”, quality control,
program, by measuring their light absorbance and light yield. Samples fromthe same synthesis batch are
sealed respectively in 10-cm optical glass cells for UV absorption measurements, and in scintillation vials
for light yield measurements. Monitoring the UV absorption spectrum as a function of time gives a more
direct indication of chemical stability than does the light yield. In Fig. 5.12, the UV absorption values for
a wavelength of 430 nm (in the UV spectrometer) are plotted for BNL Gd-LS samples as a function of
calendar date, until May 2006, for different concentrations of Gd from 0.2% to 1.2% by weight in a variety
of solvent systems — pure PC, pure LAB, and mixtures of PC+dodecane and of PC+LAB. The figure shows
that, since synthesis, samples of: (a) the 1.2% and 0.2% of Gd in pure PC have so far been stable for more
than 1.5 and 1 years, respectively; (b) the 0.2% of Gd in the mixture of 20% PC and 80% dodecane has so
far been stable for more than a year; and (c) the recently developed 0.2%of Gd in pure LAB and in 20so far
for approximately 6 months.

The value of the optical attenuation length,L, is extrapolated from the UV absorption data. It is defined
as the distance at which the light transmitted through the sample has its intensity reduced to1/e of the initial
value:L = 0.434 d/a, wherea is the absorbance of light (at a reference wavelength, usually 430 nm) measured
in an optical cell of length d. Note that for d = 10 cm, a value ofa = 0.004 translates into an attenuation length
L∼11 m. However, it is difficult to extract accurate optical attenuation lengths from these short pathlength
measurements because thea values are close to zero. Measurements over much longer pathlengths are
needed. BNL has constructed a system with a 1-meter-pathlength, horizontally aligned quartz tube. The
light source is a He-Cd, blue laser withλ = 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 arriving at a photodiode detector. The
remaining 20% of the light passes through an air-filled 10-cm cell and reaches another photodiode detector
to measure the fluctuations of the laser intensity, without any interactions in the liquid. Use of this dual-
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Fig. 5.12. The UV absorption values of BNL Gd-LS samples at 430 nm as a function
of time

beam laser system with 1-m pathlength confirmed the values of the attenuation length extrapolated from
the measurements with the 10-cm cell in the UV Spectrometer. For 0.2% Gd in a 20%PC + 80% dodecane
mixture without fluors, the 1-m measurement gave 99.54% transmission, corresponding to attenuation length
∼22 m. This agreed with the value∼21.7 m that was extrapolated from the measureda= 0.002 in the 10-cm
cell.

The long-term stability of the Gd-LS developed at IHEP has also been investigated with a UV-Vis
spectrophotometer using a 10-cm optical cell. IHEP also has developed anoptical system with variable
vertical pathlengths up to∼2 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 opticalabsorption at 430 nm.
In all of these IHEP samples, fluors were added, 5 g/L PPO and 10 mg/L bis-MSB. The concentrations

Fig. 5.13. Long-term Stability Test: 2 g/L IHEP Gd-LS as a Function of Time.
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of Gd, complexing ligand, and solvent in the four samples are: [A.] 2 g/L Gd,isonanoate as ligand, 4: 6
Mesitylene/dodecane; [B.] 2 g/L Gd, ethylhexanoate as ligand, 2: 8 Mesitylene/dodecane; [C.] 2 g/L Gd,
isonanoate as ligand, LAB; [D.] 2 g/L Gd, 2:8 ethylhexanoate as ligand, 2: 8Mesitylene/LAB; The IHEP
results show that the variations of the absorption values are very small during the four-month period for all
four samples. The attenuation lengths of samples C and D are longer than 10 m.The IHEP QC program of
long-term stability testing will continue for>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 BNL, ascintillation vial contain-
ing ten mL of Gd-LS plus the wavelength-shifting fluors, butyl-PBD (3 g/L) and bis-MSB (15 mg/L), is used
for measurement of the photon production. The value of the Gd-LS light yield, which is determined from
the Compton-scattering spectrum produced by an external137Csγ-ray source that irradiates the sample, is
quoted in terms of S%, relative to a value of 100% for pure PC with no Gd loading. Measured S% values
are respectively 95% for 95% LAB + 5% PC, and 55% for 0.1% Gd in 20% PC+ 80% dodecane.

Table 5.5 lists the light yield for several IHEP Gd-LS samples, relative to a value of 100% for an
anthracene crystal. It is seen that the concentration of Gd loading has very little effect on the light yield.

Gd(g/L) Scintillator Complex Solvent Light Yield

— PPO bis-MSB — PC:dodecane 0.459
— PPO bis-MSB — LAB 0.542
1.5 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 IHEP, measured relative
to an anthracene crystal.

5.3.5 Comparisons with Commercial Gd-LS

At BNL, a sample of commercially available Gd-LS, purchased from Bicron,BC-521, containing 1%
Gd in pure PC, has been compared with a BNL Gd-LS sample containing 1.2% Gdin PC. BC-521 is the
concentrated Gd-doped scintillator with organic complexing agent in PC that was used in the Palo Verde
reactor experiment after it was diluted to 40% PC + 60% mineral oil. The light yields of the respective
BNL and Bicron samples were found to be comparable, 82% vs. 85%, whenmeasured at BNL relative to
100% PC, and, as quoted by Bicron, 57% relative to anthracene. However, the attenuation length for the
BNL-prepared Gd-LS was∼2.5 times longer than the value for the Bicron BC-521 sample, 6.2 m vs. 2.6 m
as measured at BNL; Bicron quoted a value>4.0 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 being followed in our QC program.
No perceptible worsening of the optical properties of these samples has been observed over periods of 1.5
and∼1 years, respectively. Note that Bicron simply characterizes the stability ofits 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 months are as follows: (1) to continue the
QC program of long-term stability of different Gd-LS preparations; (2)to determine the quality, quantity,
and types of fluors required to add to the Gd-LS to optimize photon productionand light attenuation, in
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order to decide upon a final recipe for the Gd-LS synthesis; (3) to build aclosed synthesis system that
eliminates exposure of the Gd-LS to air; (4) to scale the chemical procedures for Gd-LS synthesis up from
the current lab-bench scale to volumes of several hundred liters, for prototype detector module studies, and
as a prelude to industrial-scale production on the level of 160 tons; (5) to automate many of these chemical
procedures, which are currently done by hand; (6) to use standardized ASTM-type tests to study the chemical
compatibility of the LS with the materials that will be used to construct the detector vessel, e.g., acrylic; (7)
to find methods to measure accurately, with high precision, the concentration ratios, C/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 we will select LAB as our LS
choice. If another scintillator is chosen, the procedures will be modified appropriately. The procedures de-
scribed below assume that we will dilute a 1% solution of Gd-LS; if another option is chosen these proce-
dures will be appropriately modified. We also assume:

1. Detector modules will be treated as matched pairs, so that they are known tobe as identical as can be
prepared. Comparison of any differences in the operating characteristics of these identical detectors
will provide crucial information about the control of systematic uncertainties. Thus, at a minimum,
40 tons of 0.1% Gd-LS, well mixed and equilibrated, will have to be preparedat one 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 of the costs of 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 surface, will be required to ensure
uniformity within that liquid. With that capability in hand, it becomes feasible to dissolve the 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 fillingthe inner detector mod-
ules.

The following points represent the preferred conceptual option for handling large amounts of organic liquids
at the Daya Bay site. The first three subsections deal with conditions on thesurface, during transport, and
underground, while the fourth section deals with general issues that arerelevant to all of the subsections.

5.3.7.1 Surface LS Handling

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

1. Minimum capacity is 140 tons, the total amount of undoped LAB needed to prepare 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 required to fill all of the
γ-catcher regions as well as the antineutrino detector modules. Maximum capacity needed is
400 tons.

3. This tank will not be for passive storage. It will have to contain some mixing apparatus (e.g.,
mechanical stirrer or gas bubbling) to ensure uniformity of the contained liquid (assuming 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 Al2O3) in its inlet line, since the LAB
will have to undergo final purification prior to addition of the fluors.

◦ 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 total volume of liquid.

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

5.3.7.2 Transportation of LS Underground

◦ As discussed in Section 5.3.7.4 below, transport of batches of liquids fromthe tanks of LAB and 1%
Gd in LAB on the surface to the underground hall will be done in dedicated ISO containers.

◦ Dilution of the 1% Gd LAB mixture with LAB will be done in the underground filling hall.

5.3.7.3 Underground LS Filling

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

◦ Each of these three tanks will serve as a filling station, by being outfitted with exit ports that will
connect to a centralized, instrumented system with plumbing designed to allow thefilling of the three
zones of each detector module simultaneously: the inner zone with 0.1% Gd in LAB, the intermediate
zone with undoped LAB, the outer zone with mineral oil.

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

◦ The third tank will serve as a chemical processing tank, to prepare the 0.1%Gd in LAB, by diluting
and mixing the 1% Gd-LAB with the undoped LAB. This tank will contain a mixing apparatus.

5.3.7.4 General Points Regarding LS Handling

◦ All tanks containing LAB-based liquids, on surface and underground,will need Teflon-like inner
liners. The tanks themselves may be stainless steel or other material. We want toavoid rusting as well
as contact of the metal with the organic liquids. The choice of materials may depend on the cost.

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

◦ ISO containers, with thermal insulation or possibly active temperature control, will either be leased or
purchased. These have capacities of 5000–9000 gallons. They will becarefully cleaned prior to use.
Individual ISO containers will be dedicated to use with particular liquids, one for LAB, one for 1%
Gd in LAB, and if needed, one for mineral oil. Their main use will be for transport of the liquids from
the surface to underground.

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

Optical photons produced by charged particles orγ rays in the antineutrino detector are detected with
224 PMTs submerged in the buffer oil inside the steel vessel. The PMTs are arranged in seven horizontal
rings, each with 32 PMTs. The rings are staggered in such a way that the PMTs on two adjacent rings are
offset by half the PMT spacing in a ring. Simulation studies indicate the adoptednumber of PMTs and
configuration can provide good energy resolution, about 16% at 1 MeV. From the experience of the other
experiments, the failure of PMT in the detector is about 1%. We thus have sufficient number of PMTs in
each detector module to ensure reliable performance.

We require the PMT to have a spectral response that matches the emission spectrum of the liquid
scintillator and good quantum efficiency for detecting single optical photon at a nominal gain of about107.
It is desirable to have good charge response, i.e. the peak-to-valley ratio, for identifying the single photo-
electron spectrum from the noise distribution. Since the energy of an event is directly related to the number
of optical photons collected, the PMTs operating at the nominal gain must have excellent linearity over a
reasonable broad dynamic range. In addition, the dark current, pre-pulse and after pulse should be low to
minimize the noise contribution to the energy measurement. Furthermore, the natural radioactivity of the
materials of the PMT must be kept low so that theγ-ray background in the detector module is as small as
possible. These specifications will be quantified with simulations and by detailedstudies of a small number
of PMTs purchased from the manufacturers prior to the production order.

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

5.4.1 PMT Selection Options

There are currently two candidate photomultiplier tubes for use in the antineutrino detector modules,
the Hamamatsu R5912 [10] and the Electron Tubes 9354KB [11]. Both are 2π PMTs with a 190 mm-wide
photocathode and peak wavelength sensitivity near 400 nm. They are similarin design and construction.
However, the R5912 has 10 dynodes while the 9354KB has 12. The Hamamatsu R5912 is an improved
version over the R1408, which was used by SNO [12]. The R5912 is used by MILAGRO and AMANDA.
Both PMTs will be extensively tested.

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

5.4.2 PMT Testing

Uniform performance, stable, reliable and lasting operation of the PMT system are essential to the
successful execution of the experiment. These requirements demand a comprehensive program of testing
and validation conducted prior to installation and commissioning of the PMTs.

We will ask the selected manufacturer to provide certificates of acceptancefor the PMTs. The certifi-
cates document measured results, compliant to our specifications, that typically include: cathode and anode
luminous sensitivity, cathode blue sensitivity, anode dark current and dark counting rate, operating voltage
for a gain of 107, charge response and transit time spread.

Testing and validation of the received PMTs will be conducted using a custom test-stand. An LED will
be pulsed to simulate scintillation light. The light will be collected within optical fibers and transported to
the PMT. This setup allows us to adjust the intensity and position (on the photocathode) of the light reaching
the phototube. The purpose of this exercise is to gather a set of physicalparameters for each PMT, such as
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gain vs. high-voltage, operating voltage at the nominal gain, quantum efficiency, dark rate, transition time
spread, and linearity. In addition, test of radio-purity will be made. A couple randomly selected tubes from
each batch will be radio-assayed non-destructively. If the K, Th, or Ucontent exceeds the specified level
of contaminations, additional randomly selected tubes from the same batch will be radio-assayed. If more
PMTs exceed the specified contamination level, the whole batch will be rejected. The collected 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 mounted ona frame attached to
the inner wall of the steel vessel. A tripod is stable and convenient for adjusting the orientation of the PMT.
Figure 5.14 shows the support structure. This structure is light and will bemade of radio-pure materials. The
orientation of the PMT can be adjusted by varying the lengths of the three legs. The circular grips provide
reliable support of the PMT in all possible positions relative to the direction ofthe buoyant 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 Analog Devices’ variant of the 8052
microcontroller. It functions for both HV control and monitoring. The system is capable of 0.5 V resolution
up to 2048 V. An EMCO DC-to-DC HV generator [13] will be mounted near thephototube and will act as
our voltage source. The EMCO chips have low ripple, good regulation, and are economical. The base will
be a simple tapered divider design mounted directly to the phototube, having a footprint smaller than the
standard socket provided by each manufacturer.

Control software is currently written using LabView. The design of this unitis a modified version of
the STAR EMC (4800 towers) code, which allowed for 4096 units to be controlled from a single serial port
(plus a RS485 converter) in a multi-drop, master-slave network using an RS485 bus. RS485 repeaters will
be used to connect various branches of the HV control network to the maincontrol 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 PMT output signals. The essential
functions are as follows:

◦ Determine the charge of each PMT signal to measure the energy deposit in the liquid scintillator. This
will enable us to select neutrino events, reject backgrounds and deduce the neutrino energy spectrum.

◦ Determine the event time by measuring arrival time of the signals to the PMTs in order to build the
time correlation between prompt and delayed sub-event. The timing information can also help us to
reconstruct the location of the antineutrino interaction in the detector, and to study and reject potential
background events.

◦ 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 converted intoultraviolet or visible
light, some of which will ultimately be transformed into photoelectrons (p.e.) at the photocathodes of the
PMTs. For a given PMT, the minimal number of p.e.’s is one and, based on Monte Carlo simulation, the
maximum number is 50 when an antineutrino interaction occurs in the vicinity of the interface between the
Gd-doped liquid scintillator and theγ-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 PMTs is required to be up to about
500 p.e.’s. The intrinsic energy resolution for a single p.e. is typically about 40% with some variation from
PMT to PMT, while the energy threshold of a PMT is constrained by the dark noise, typically at the level of
about 1/3–1/4 of a p.e. The peak-to-peak noise and the charge resolution of the PMT readout electronics is
thus required to be less than 1/10 of a p.e. in both cases. The total charge measurement determined by the
center-of-gravity method will produce the total energy deposited by an antineutrino signal or a background
event.

The arrival time of the signal from the PMT will be measured relative to a common stop signal, for
example, the trigger signal. The time jitter of a PMT for a single p.e. is about 1–2 ns, caused by the PMT
transit time jitter, the PMT rise time, and the time walk effect of the signal, etc. The design goal 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 delayed sub-event, their time interval
is a crucial parameter for physics analysis. The precision of this intervalis dominated by the trigger signal
which is synchronized to the 100 MHz system clock. Hence a 10 ns precision is expected, which is sufficient
given the fact that the coincidence window of sub-events is 200µs and the resultant uncertainty in efficiency
is less than 0.03%. If a TDC counter is employed at the trigger board to measure the actual 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 of the trigger latency and the
maximum time difference between the earliest and the latest arrival time of light toPMTs. The range is
chosen to be from 0 to 500 ns.

The time measurement of the individual PMT time can also be used to determine the event vertex.
Although such a method is particularly suitable for large detectors similar to KamLAND, it provides an
independent measurement which complements the charge-gravity method forsmall detectors with diameters
of several meters. Hence it offers a cross-check of systematic uncertainties and an additional handle for
studying backgrounds. The readout electronics specifications are summarized in Table 5.6.

5.5.2 Front End Boards

Each detector module is designed to have a readout system without any relationship to the other modules
except receiving a common clock signal and GPS information. The positronand neutron 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 VME64xp-340 mm

Table 5.6. Readout Electronics Specifications.

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

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

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

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

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

The timing pulse is sent to a TDC as the start signal, while the trigger signal is used as the common
stop. The TDC is realized by using internal resources of a high-performance FPGA with key components of
two ultra high speed Gray-code counters. The first counter changes at the rising edge of the 320 MHz clock,
while the second one changes at the falling edge. Thus, the time bin is 1.5625 ns and 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 amplifier(AD8066) is selected for
the charge integrator. A passive RC differentiator is used after the integrator to narrow the signal. Since the
signal rate of a typical PMT is about 5 kHz including noise, a 300 ns shaping time is chosen, corresponding to
an output signal width of less than 1µs. The analog signal is accurately digitized by a 14-bit Flash ADC with
40 MHz sampling rate after a baseline recovering. The digitized result goesdirectly into FPGA, in which
all data-processing like data pipelining, pedestal subtraction, nonlinearitycorrection, and data buffering are
implemented.

The readout module has a standard VME A24:D32 interface. Both ADC andTDC data of the triggered
event are sent to a buffer, which can store a maximum of 256 events. Thedata will 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 antineutrino detector.

5.6 Antineutrino Detector Prototype

Valuable data on the performance of the antineutrino detector has been obtained from a scaled down
prototype at at the Institute of High Energy Physics, Beijing, China. The goal of this R&D work is multifold:
1) to verify the detector design principles such as reflectors at the top andthe bottom, uniformity of the
response in a cylinder, energy and position resolution of the detector, etc.; 2) to study the structure of the
antineutrino detector; 3) to investigate the long term stability of the liquid scintillator;4) to 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 inner cylinder is a transparent acrylic
vessel 0.9 m in diameter and 1 m in height with 1 cm wall thickness. The outer cylinder is 2 m in diameter
and 2 m in height made of stainless steel. Currently, the acrylic vessel is filledwith 0.54 tons of normal
liquid scintillator, while Gd-loaded liquid scintillator is planned for the near future. The liquid scintillator
consists of 30% mesitylene, 70% mineral oil with 5 g/l PPO and 10 mg/l bis-MSB. The space between the
inner and outer vessel is filled with 4.8 tons of mineral oil. A total of 45 8” EMI 9350 and D642 PMTs,
arranged in three rings and mounted in a circular supporting structure, are immersed in the mineral oil. The
attenuation length of the LS is measured to be 10 m and that of the mineral oil is 13m.

An optical reflector of Al film is placed at the top and bottom of the cylinder to increase the effective
coverage area from 10% to 14%. The scintillator light yield is about 10000 photons/MeV, and the expected
detector energy response is about 200 p.e./MeV.

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

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

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

The readout electronics were designed as prototypes for the antineutrino detector, according to the re-
quirements discussed in Section 5.5. The trigger system, DAQ system and online software 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 including133Ba (0.356 MeV),137Cs (0.662 MeV),60Co (1.17+1.33 MeV)
and22Na (1.022+1.275 MeV) are placed at different locations through a central calibration tube inside the
liquid scintillator to study the energy response of the prototype. The gain of all PMTs are calibrated by using
LED light sources, and the trigger threshold is set at 30 p.e., corresponding to about 110 keV.

Figure 5.18 shows the energy spectrum after summing up all PMT responsefor the 137Cs and60Co
sources located at the center of the detector. A total of about 160 p.e. for 137Cs is observed, corresponding to
an energy response of 240 p.e./MeV, higher than naive expectations. The energy resolution can be obtained
from a fit to the spectra, resulting in a value of about 10%. A detailed Monte Carlo simulation is performed to
compare the experimental results with expectations, as shown in Fig. 5.18. Very good agreement is achieved,
showing that the detector behavior is well understood.
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Fig. 5.18. Energy response of the prototype to137Cs (left) and60Co (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 energyresponse is shown in Fig. 5.19
(left). Good linearity is observed, although at low energies non-linear effects are observed which are likely
due to light quenching and Cherenkov light emission. The energy resolution at different energies is also
shown in Fig. 5.19 (right), following a simple expression of∼ 9%/

√
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-axis is shown in Fig. 5.20. Very good

uniformity (better than 10%) over the entire volume of the liquid scintillator shows that the transparency of
the liquid is good, and the light reflector at the top and the bottom of the cylinderworks well as expected. The
fact that the data and Monte Carlo expectation are in good agreement, as shown in Fig. 5.20, demonstrates
that the prototype, including its light yield, light transport, liquid scintillator, PMTresponse, and the readout
electronics is largely understood.
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Fig. 5.19. Linearity of energy response of the prototype to various sources at the center
of the detector (left), and the energy resolution (right).
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Fig. 5.20. Energy response of the prototype to a137Cs source as a function of z posi-
tion, and a Monte Carlo simulation.
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6 Calibration and Monitoring Systems

The measurement ofsin2 2θ13 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 frequent monitoring of the detector perfor-
mance and condition. The physics measurement requires that the neutrino flux be measured withrelative
precision that is substantially better than 1%. This is accomplished by taking ratios of observed event rates in
the detectors at near and far sites to separate the oscillation effect. This willrequire that differences between
detector modules be studied and understood at the level of∼0.1% and that changes in a particular detector
module (over time or after relocation at another site) be studied and understood at∼0.1%. Achieving these
goals will be accomplished through a comprehensive program of detectorcalibration 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 generally be performed once during
initial commissioning of a detector module before taking physics data. Procedure #2 would be employed
after relocation of a detector module or after some other change that requires a careful investigation of the
detector properties and will involve a subset of the activities in procedure#1. If substantial changes are
detected during procedure #2, then we would likely opt for reverting to procedure #1. Finally, procedure
#3 will involve both continuous monitoring of some detector parameters as well as frequent (i.e., daily or
weekly) automated procedures to acquire data from LED light sources and radioactive sources deployed
into the detector volume. The requirements and proposed solutions for procedure #1. are listed in Table 6.1.
These will be manually operated procedures using equipment and systems tobe described below, and will

Requirement Description Proposed Solution(s)

Optical Integrity Spatial uniformity of response, light attenuation LED, γ 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 procedure #1 These will be also

be manually operated procedures using equipment and systems to be described below, and will likely entail
several days activity.

The requirements and proposed solutions for procedure #3 are listed in Table 6.2. Procedure #3 will
entail continuous in-situ monitoring (Sec. 6.3), monitoring of continuously produced spallation-induced
activity (Sec. 6.4), and regularly scheduled automated deployment of sources (Sec. 6.5).

6.1 Radioactive Sources

The main goal of the source calibration is to reach the maximum sensitivity to neutrino oscillations by
comparing the energy spectra measured by near and far detectors. Theresponse of the detectors at the far and
near sites may have small differences, these minute differences can lead toslight distortion in the measured
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Requirement Description Proposed Solution(s)

Mechanical/thermal Verify these properties are stable Load sensors, thermometers, etc.
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 ǫ 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 necessary to characterize the detector properties carefully
before data taking and monitor the stability of the detectors during the whole experiment. The calibration
sources must be deployed regularly throughout the active volume of the detectors to simulate and monitor
the detector response to positrons, neutron capture gammas and gammas from the environment.

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

Sources Calibrations

Neutron sources: Neutron response, relative and
Am-Be and252Cf absolute efficiency, capture time
Positron sources: Positron response, energy scale

22Na,68Ge trigger threshold
Gamma sources: Energy linearity, stability, resolution

spatial and temporal variations, quenching effect
137Cs 0.662 MeV
54Mn 0.835 MeV
65Zn 1.351 MeV
40K 1.461 MeV

H neutron capture 2.223 MeV
22Na annih + 1.275 MeV
60Co 1.173 + 1.333 MeV
208Tl 2.615 MeV

Am-Be 4.43 MeV
238Pu-13C 6.13 MeV

Gd neutron capture ∼ 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 energy calibration.
The Am-Be source can be used to calibrate the neutron capture detection efficiency by detecting the

4.43 MeV gamma in coincidence with the neutron. The absolute neutron detectionefficiency can be de-
termined with a252Cf source, because the neutron multiplicity is known with an accuracy of about 0.3%.
In order to absolutely determine the neutron detection efficiency, a small fission chamber will be used to
tag neutron events by detecting the fission products. In addition, neutron sources allow us to determine the
appropriate thresholds of neutron detection and to measure the neutron capture time for the detectors.

The positron detection can be simulated by a22Na source. When a22Na source emits a 1.275 MeV
gamma, a low energy positron will be emitted along with the gamma and then annihilate. The primary
gamma and the following annihilation gammas mimic the antineutrino event inside the detector.



6 CALIBRATION AND MONITORING SYSTEMS 102

The sources must be encapsulated in a small containers to prevent any possible contamination of the
ultra-pure liquid scintillator. They can be regularly deployed to the whole active volume of the detectors and
theγ-catcher.

6.2 LED Calibration System

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

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

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

• The pulse heights of each of the double pulses and their separation are fully programmable to simulate
the scintillation light produced in an inverse beta-decay interaction. The first pulse will simulate the
annihilation photons and direct energy deposition from the positron and thesecond pulse will simulate
the gamma burst resulting from neutron capture on Gd.

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

• The gamma burst can be simulated by simultaneously flashing a number of diffuser balls at various
locations inside the detector.
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• The controller can be triggered by the muon system to test the detector response following muon
events.

The performance of the LEDs will be checked regularly against scintillationproduced by a gamma source
in a solid scintillator viewed by a PMT. This could be done by coupling the controller box to an optical fiber
bundle that is viewed by the same PMT. The number of diffuser balls and theirlocations inside the central
acrylic vessel and theγ-catcher will be determined through computer simulation. Most of the diffuserballs
will be fixed while a few can be moved in the vertical direction by using the same deployment system for
radioactive source calibration. The diffuser balls and optical fibers willhave 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 someof the critical
detector properties during all phases of the experiment. The in-situ monitoring includes load and liquid
sensors for the detector mass, attenuation length measurements of the Gd-loaded LS target and the LSγ-
catcher, a laser-based monitoring system for the position of the acrylic vessel, accelerometers, temperature
sensors, and pressure sensors for the cover gas system. A sampler for routine 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 experiment during three 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 on theacrylic vessels and the
detector support structure are carefully monitored with load and level sensors to ensure that this dynamic
process does not exceed any of the specifications for the acrylic vessels.

Most of the time during the duration of the experiment the detectors will be stationary and taking data.
Experience from past experiments has shown that the optical propertiesof detectors will change over time
due to changes in the attenuation lengths of the liquid scintillator or changes in theoptical properties of the
acrylic vessel. It is important to track these characteristics to be able to explain any possibly changes in the
overall detector response as determined in the regular, automated calibration. In-situ monitoring of the LS
attenuation length and regular extractions of LS samples from the detector modules will help monitor some
of the basic detector properties.

The transport of the filled detectors to their location and the swapping of detectors over a distance of
up to∼1.5 km is a complex and risky task that will require close monitoring of the structural health of the
detectors modules during the move. The proposed swapping scheme of the detectors is a novel method with-
out proof-of-principle yet. While conceptually very powerful, extreme care has to be taken in the calibration
and characterization of the detectors before and after the move to be able tocorrect for all changes in the
detector response or efficiencies. The accelerometers, pressure sensors, and the monitoring of the acrylic
vessel positions will provide critical real-time information during this procedure to ensure that the detectors
– and in particular the acrylic vessels and PMTs – are not put at risk. Recording any changes in the detector
modules will also help us understand possible differences in the detector response before and after the move.
The acrylic vessel position monitoring system will use a laser beam and reflective target on the acrylic vessel
surfaces. By measuring the angular deflection of the laser beam over thelength 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 useful short-lived radioactive iso-
topes and spallation neutrons. These events will follow the muon signal (detected in the muon system as
well as the detector) and will be uniformly distributed throughout the detectorvolume. Therefore, these
provide very useful information on the full detector volume which is complementary to the information
obtained by deploying point sources (Sec. 6.5 and 6.6). For example, such events are used by KamLAND
to study the energy and position reconstruction as well as to determine the fiducial volume. As with Kam-
LAND, the Daya Bay experiment will use primarily spallation neutron capture and 12B decay (τ = 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
12B 300/day 28/day

Table 6.4. Estimated production rates (per 20 T detector module) for spallationneutron
and12B events in the Daya Bay experiment.

Regular monitoring of the full-volume response for these events, comparedwith the regular automated
source deployments, will provide precise information on the stability (particularly of optical properties of
the detector, but also general spatial uniformity of response) of the detector modules. With the addition of
Monte Carlo simulations, this comparison can be used to accurately assess therelative 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 on a routine (perhaps
daily) basis. Each detector module will be instrumented with three (or possibly four) identical automated
deployment systems. Each system will be located above a single port on the top of the detector module,
and will be capable of deploying four different sources into the detectorvolume (see Fig. 6.3). This will be

Fig. 6.3. Schematic diagram of the automated deployment system concept.

facilitated by four independent stepping-motor driven source deployment units all mounted on a common
turntable. The turntable and deployment units will all be enclosed in a sealed stainless steel vessel to maintain
the isolated detector module environment from the outside. All internal components must be certified to be
compatible with liquid scintillator. The deployment systems will be operated under computer-automated
control in coordination with the data acquisition system (to facilitate separation of source monitoring data
from physics data). Each source can be withdrawn into a shielded enclosure on the turntable for storage.
The deployed source position will be known to about 2 mm.

At present, we anticipate including three radioactive sources on each deployment system:

• 68Ge source providing two coincident 0.511 MeVγ’s to simulate the threshold positron signal,

• 60Co source providing aγ signal at 2.506 MeV

• 252Cf fission source to provide neutrons that simulate the neutron capture signal.

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

• A radial location in the central Gd-loaded volume near (just inside) the innercylindrical acrylic vessel
wall

• A radial location in theγ-catcher region.

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

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

• average gain of the detector (photoelectron yield per MeV)

• number of PMTs operational

• 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 of the scintillator,

Figure 6.4 shows simulations of neutron captures and60Co source deployments. Both methods can clearly be
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Fig. 6.4. The left panel shows how the scintillator attenuation length can be determined
from the ratio of the neutron capture peak from spallation neutrons (uniform distribu-
tion) to that from a source at the center of the detector. The right panel shows a similar
measurement using the ratio of the60Co peak for a source at the center to one at the
corner (r = 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. Thus these methods will provide
frequent monitoring of the condition of the scintillator, and will allow us to track changes and differences
between detector modules.

6.6 Manual deployment system

A mechanical system will be designed to deploy sources throughout the active volume of the detectors.
The source inside the detector can be well controlled and the position can berepeated at a level less than
5 cm. The whole deployment system must be treated carefully to prevent anycontamination to the liquid
scintillator. The system must be easy to setup and operate, tolerate frequent use and must have a reliable
method to put sources into the detectors and to take the sources out as well. The space for operation should
not be too large. Figure 6.5 shows a schematic view of the manual source deployment 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 support pipe is separated into several
segments. They can be connected one by one to make a long support pipe.This design would reduce the
requirement for large space for operations.

The operation procedure will be the following: first, the support pipe andthe source arm will be installed
in line (vertical). Then, it will be put into the desired position inside the detector, by adjusting the number of
segments. When it reach the measurement position, the source arm is turnedto the horizontal. After this, the
source position can be adjusted by the rope system. The rope system must be designed to insert and remove
the sources easily and the position of the source must be accurately controlled. The whole system can be
rotated around the axis of the pipe on the platform, thus it can deploy the sources to any position inside the
detector.
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7 Muon System

The main backgrounds to the Daya Bay Experiment are induced by cosmic-ray muons. These back-
grounds are minimized by locating the detectors underground with maximum possible overburden. Back-
ground due to muon spallation products at the depths of the experimental hallsas well as ambient gamma
background due to the radioactivity of the rock surrounding the experimental halls is minimized by shielding
the antineutrino detectors with 2.5 meters of water. Gammas in the range of 1–2 MeV are attenuated by a
factor∼10 in 50 cm of water [1]. Thus the 2.5 meters of water provides a reduction inthe rock gamma flux
of approximately five orders of magnitude. This “water buffer” also attenuates the flux of neutrons produced
outside the water pool.

Events associated with fast neutrons produced in the water itself remain a major potential background.
A system of tracking detectors will be deployed to tag muons that traverse thewater buffer. Events with
a muon that passes through the water less than 200µs before the prompt signal, which have a small but
finite probability of creating a fake signal event, can be removed from the data sample without incurring
excessive deadtime. By measuring the energy spectrum of tagged background events and having precise
knowledge of the tagging efficiency of the tracking system, the background from untagged events (due to
tagging inefficiency) can be estimated and subtracted statistically with small uncertainty. 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 produceother cosmogenic back-
grounds,9Li being the most important one. While tagging muon showering events may help tosuppress the
9Li background, the working assumption is that no extra requirements are imposed on the tracker in order
to reduce the9Li background.

The current baseline configuration for meeting these challenges is shownschematically in Fig. 7.1.
The antineutrino detectors are separated by 1 m from each other and immersed in a large pool of highly-
purified water. The pool is rectangular in the case of the near halls and square in the case of the far hall. The
minimum distance between the detectors and the walls of the pool is 2.5 m. The watershield constitutes
the inner section of the pool and is instrumented with phototubes to detect Cherenkov photons from muons
impinging on the water. The sides and bottom of the pool are lined with 1 m× 1 m cross-section Water
Cherenkov Modules (WCMs) read out by phototubes at either end. Themuon tracker is completed by layers
of Resistive Plate Chambers (RPCs) above the pool. The top layers extend1 m beyond the edge of the pool
in all directions, both to minimize the gaps in coverage and to allow studies of background caused by muon
interactions in the rocks surrounding the pool.

Expected rates of cosmic ray muons in the components of the muon system can be found in Table 8.1.

7.1 Muon System Specifications

Note that it is not envisioned that this system will act as an online veto. This willallow 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 following subsections.

7.1.1 Muon Detection Efficiency

The combined efficiency of the muon tracker and the water shield has to exceed 99.5%, with an un-
certainty<0.25%. This is driven by the need to reject the fast neutron backgroundfrom muon interactions
in the water and to measure its residual level. As can be seen in Table 3.5, without suppression, this back-
ground would otherwise be>30 times that of the fast neutron background from muon interactions in the
surrounding rock,i.e. at a level roughly 2% of that of the signal. A factor 200 reduction in this ratebrings
the fast neutron background from the water safely below that from the rock, and the total residual fast neu-
tron background down to the 0.1% level. The requirement on the uncertaintyin the efficiency brings the
systematic due to the uncertainty on the fast neutron background from the water to 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 system.Moreover it is necessary
to have a method of measuring the residual level of background after the imposition of the muon rejection
cuts. Therefore it is desirable to have two complementary tracking systems to cross check the efficiency of
each system.

As discussed below, the current baseline design is to instrument the water shield as a Cherenkov tracker
by deploying 8” PMTs in the water with 1.6% coverage. Such systems are expected to have>95% efficiency.
A second tracking system, in our baseline a combination of RPCs [2] [3] above and Water Cherenkov
Modules [4] at the sides and bottom of the water shield, can give an independent efficiency of>90%. The
two systems compliment each other, with the probability of a muon being missed by both systems below
0.5%.

7.1.3 Spatial Resolution

The fast neutron background due to muons interacting in the water shield falls rapidly with distance
from the muon track. The spatial resolution of the muon tracker should be sufficient to measure this falloff.
Measurements from previous experiments show that the falloff is about 1 meter [5]. A spatial resolution of
50–100 cm in the projected position in the region of the antineutrino detectors isnecessary in order to study
this radial dependence. All the technologies we are considering are capable of 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 restrictive is on the time registration
of the muon signal with respect to that of the candidate event. To avoid compromising the veto rejection to
a significant extent, this resolution need only be in the range of fractions ofa microsecond. More stringent
requirements are imposed by other, technology-dependent, considerations. The water shield PMTs need
∼2 ns resolution to minimize the effect of accidentals and assure event integrity. The Water Cherenkov
Modules require∼3 ns resolution to match the position resolution given in the transverse directionby the
1 m granularity of the system (see Sect. 7.3.6). If scintillator strips are used, 1ns time resolution will allow
the random veto deadtime from false coincidences in that system to be held to the order of 1%. RPCs will
need∼ 25 ns resolution to limit random veto deadtime from false coincidences in that system to a similar
level.

7.1.5 Water Shield Thickness

As mentioned above the shield must attenuateγ’s and neutrons from the rock walls of the cavern by
large factors to reduce the accidental background in the antineutrino detectors. A 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 theµ tracker & water shield for cosmic rays should be≤0.5%.
The uncertainty on this quantity should be no greater than±0.25%.
The uncertainty on the random veto deadtime should be no greater than±0.05%
The position of the muon in the region of the antineutrino detectors should be determinable 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 thickness of at least 2.5 meters in
all directions. Several important purposes are served by the water. First, fast-neutron background originating
from the cosmic muons interacting with the surrounding rocks will be significantly reduced by the water.
Simulation shows that the fast-neutron background rate is reduced by a factor of ∼2 for every 50-cm of
water. Second, the water will insulate the neutrino detectors from the air, reducing background from the
radon in the air as well as gamma rays from surrounding rocks and dust inthe air. With the low-energy
gamma ray flux reduced by a factor of>10 per 50-cm of water, the water can very effectively reduce the
accidental background rate associated with the gamma rays. Third, the inner portion of the water buffer, the
“water shield” can be instrumented with PMTs for observing the passage ofcosmic muons via the detection
of the Cherenkov light.

The active water shield, together with the RPC and the Water Cherenkov Module detectors, form an
efficient muon tagging system with an expected overall efficiency greaterthan 99.5%. The ability to tag
muons with high efficiency is crucial for vetoing the bulk of the fast-neutronbackground. Finally, the large
mass of water can readily provide a constant operating temperature for theantineutrino 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 pool configuration. The cylin-
drical neutrino detector modules are placed inside a rectangular cavity filledwith purified water,i.e. a water
pool configuration. The dimensions of the water pool are 16 m×16 m×10 m (high) for the far site, and
16 m×10 m×10 m (high) for the near sites. The four detector modules in the far site will beimmersed in
the water pool forming a 2 by 2 array. As shown in Fig. 7.1, the adjacent detector modules are separated by
1 meter and each module is shielded by at least 2.5 meters of water in all directions. For the near sites, the
two neutrino detector modules are separated by 1 meter. Again, any neutrons or gamma rays from the rock
must penetrate at least 2.5 m of water in order to reach the neutrino detectormodules. The weight of water
is 2170 tons and 1400 tons, respectively, for the far site and for each of the two near sites.

As discussed in Sect. 7.3.6, Cherenkov water module detectors of 1 m×1 m cross sectional area and
lengths of up to 16 m will be laid against the four sides and the bottom of the water pool, shown in Fig.
7.1. Therefore, the water buffer is effectively divided into two independent 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” PMT as shown in Fig. 7.1.
Inward-viewing PMT arrays will be mounted on frames placed at the sides and on the bottom of the pool,
abutting the inner surfaces of the Water Cherenkov Modules (which will becovered with Tyvek). The PMTs
will be evenly distributed forming a rectangular grid with a density of 1 PMT per2 m2. This corresponds to
a 1.6% areal coverage. The total number of PMTs for the far site and the two near sites is 844, as detailed in
Table 7.2.

A total of 800 8” PMTs (EMI D-642) from the MACRO experiment were madeavailable for the Daya
Bay experiment. Additional 8” PMTs will be acquired for the balance of the water shield detectors. The HV
system will be very similar to that described in Sect. 5.4.4 for the antineutrino detector PMTs.

Optimized efficiency, position resolution, energy resolution, timing resolution,etc. are to be determined
from Monte-Carlo simulations now in progress. The baseline and a number of other 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 the water shield of
the Daya Bay Near Hall. The mean distance traveled through the water is about 5 m. For full geometric
coverage with a typical bialkali photo-cathode, one would expect about15,000 photoelectrons from a track
of this length. Taking into account the 1.6% PMT geometric coverage, these muons would produce∼240
photoelectrons in the PMTs from photons collected directly. As can be seenin Fig. 7.3, the average is actu-
ally >1000 for the baseline configuration. Our simulation verifies that this is due to reflected photons. These
photoelectrons are spread over an average of∼130 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 the average is about 8 photoelectrons,
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although there is a long tail exponential tail with a slope of∼26.
Initial results on efficiency of the water shield as a function of the number ofPMTs demanded are shown

in Fig. 7.6. In each case a threshold number of PMTs is determined by the requirement that the deadtime due
to random coincidences be<1%. Conservatively an effective singles rate (dark current plus radioactivity)
of 50 kHz/PMT was assumed for this calculation. For the baseline configuration described above, this level
was reached at a threshold of 12 PMTs, yielding an efficiency of>99.3% as can be seen from the black
curve, labeled “K” in Fig. 7.6.

Results from three other configurations are also shown. The green curve, labeled “I” corresponds to a
configuration similar to that of the baseline, but with a higher density of PMTs (1.1 m spacing instead of
1.4 m). A threshold of 17 PMTs is needed to reduce the random trigger deadtime to below 1%. At this point
the efficiency is a little above 99.2%,i.e. statistically identical to that of the baseline. However it’s clear
that if a higher threshold should be needed, the efficiency of this configuration holds up better than that of
the baseline. The red curve, labeled “C”, corresponds to a case whenPMTs are deployed on many other
surfaces of the pool (at the same 1.4 m spacing). In addition to the sides and bottom of the pool, for this
configuration, there is a plane of PMTs at the top of the pool looking down into it, a plane parallel to this
one just above the antineutrino detectors looking up, and vertical planes abutting the antineutrino detectors
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(forming a “box” around the detectors) with the PMTs looking out into the pool. For this configuration, the
random coincidence rate reaches 30Hz, which results in a deadtime of 0.6%, at a threshold of 17 PMTs. At
this point the efficiency is about 99.6%. This configuration has clearly better performance than that of the
baseline, although at the cost of twice as many PMTs and much added complication in the PMT mounting
scheme. A configuration more efficient in the number of PMTs than the baseline is shown in blue, labeled
“M”. This configuration has no inward-looking PMTs except near the corners of bottom of the pool. There
are upward-facing PMTs above the antineutrino detectors and outward-facing PMTs on the sides of the
“box” surrounding those detectors. The PMTs are spaced at 1.4 m. The“M” configuration has very similar
efficiency performance to that of the baseline, but requires 25% fewerPMTs (albeit at the cost of a more
complicated mounting system).

An initial attempt was made to develop a position-determining algorithm. The positionsof the five
PMTs with earliest light are averaged to obtain an estimator of the muon position.This was tested in the
same GEANT runs used to calculate efficiency. In Fig. 7.7 the difference between the calculated position
and actual trajectory of the muon is plotted for the four configurations discussed above. For the baseline, the
resolution averages∼0.9 m. Doubling the numbers of PMTs in the same configuration doesn’t help much
here. However the “M” configuration performs a little better than the baseline, and the “C” configuration
with both more PMTs and more surfaces has substantially better performance.

These results on efficiency and position determination, although preliminary are extremely encouraging.

7.2.4 Water Buffer Front-End Electronics

Extrapolation of the curve in Fig. 7.5 indicates that although the number of photoelectrons per PMT
has a long tail, only about 0.01% of the PMTs see more than 100 photoelectrons. Thus the performance
of the antineutrino detector electronics should certainly be adequate for thewater buffer readout. However
the reduced dynamic range requirement may indicate that less expensive options should be considered for
the pulse height measurement. In addition to the pulse height information, timing information will also be
provided by the readout electronics. With 0.5 ns/bin TDCs, a timing resolution of 2 ns is readily achievable
for a single PMT channel. The energy sum of the PMTs as well as the multiplicityof the 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 identical to that 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 to prevent microbial growth.
We must also recirculate the water to maintain a constant relatively low temperature (15◦C) to inhibit

microbial growth and maintain the antineutrino detectors at constant temperature. Also, we must remove
impurities that have leached into the water from the detector materials and wall during recirculation.

The level of purity needed to prevent growth will reduce radioactive backgrounds to well below the
level where they would make detectable background in the antineutrino detectors.

7.3 Muon Tracker

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

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

7.3.1 Resistive Plate Chambers (RPC)

The RPC is an attractive candidate tracking detector since it is economical for instrumenting large areas.
Furthermore, RPCs are simple to fabricate. The manufacturing technique for both Bakelite (developed by
IHEP for the BES-III detector [2]) and glass RPCs (developed for Belle [3]) are well established.

An RPC is composed of two resistive plates with gas flowing between them. High voltage is applied on
the plates to produce a strong electric field in the gas. When a charged particle passes through the gas, an
avalanche or a streamer is produced. The electrical signal is then registered by a 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 new type of phenolic paper laminate
developed at IHEP. The surface quality of these plates is markedly improved compared to the Bakelite plates
previously used to construct RPCs. IHEP has developed a technique to control the resistivity of the laminates
to any value within a range of109−1013 Ω·m. About 1000 bare chambers (∼1500 m2) without linseed oil
coating have been produced for BES-III. Tests show that the performance of this type of RPC is comparable
in performance to RPCs made with linseed oil-treated Bakelite and to glass RPCs operated in streamer
mode. Applying linseed oil to Bakelite is a time-consuming step in the productions, and presents a major
risk factor in the long-term operation of the chambers.

The efficiency and noise rate of the BES-III RPCs have been measured. In Fig. 7.8, the efficiencies
versus high voltage are shown for threshold settings between 50 and 250mV. The efficiency as plotted does
not include the dead area along the edge of the detector, but does includethe dead region caused by the
insulation gasket. This kind of dead area covers 1.25% of the total detectionarea. The efficiency of the RPC
reaches plateau at 7.6 KV and rises slightly to 98% at 8.0 KV for a threshold of 150 mV. There is no obvious
difference in efficiency above 8.0 KV for thresholds below 200 mV. The singles rate of the RPC shortly after
production is shown in Fig. 7.9.

The typical singles rate at thresholds above 150 mV is<0.1 Hz/cm2 after training. The noise rate
increases significantly when the high voltage is higher than 8 kV.
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Fig. 7.8. Efficiency of the BES-III RPC
versus high voltage for different thresh-
olds.

Fig. 7.9. Noise rate of the BES-III RPC
versus high voltage for different thresh-
olds.

a) b)

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 efficiency was 97%, and only 2 had
efficiency less than 92%. Figure 7.10a shows the efficiency distribution. This efficiency was obtained with
no corresponding excessive chamber noise. Figure 7.10b shows the RPCs singles rate. The most probable
value was∼0.08 Hz/cm2 and the average was 0.13 Hz, with only 1.5% higher than 0.3 Hz/cm2.

7.3.2 RPC Design

The above measurements were made with one dimensional readout RPCs. For the Daya Bay experi-
ment, we are planning to use RPCs with readout in two dimensions in order to getboth x and y-coordinates
of the cosmic muons (similar in design to the BELLE RPCs [3]). Three double gap layers would be combined
to form a module. The layers are electrically shielded from one another to avoid cross 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 width. These spacers are po-
tentially a source of dead space. Therefore, within each module, spacers in different layers will be offset,
resulting in no aligned dead space. Also, modules will overlap at the edges,so there will be no inter-module
dead space. The double-gap design improves robustness and efficiency, at the cost of doubling the noise
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Fig. 7.11. Structure for a double-gap RPC module. Three such layers are envisioned.

rate∗.
Bakelite modules as large as 1 m×2 m are straightforward to manufacture. Two of these will be bonded

together to make a single 2 m×2 m unit. The chambers will be read out by strips of∼14 cm dimension.
Thus each unit will have 28 readout channels. With adequate module overlap and the peaked roof shown in
Fig. 7.1 extending an extra 1m on all sides of the pool, it will be necessary tocover an area of 20 m×18 m at
the Far Hall and 20 m×12 m at each of the near halls. This will require a total of 630 units for threelayers,
and a total of 17,640 readout strips.

Alternatively glass modules as large as 1.5 m×1.5 m are easy to make and convenient to handle. They
would have∼19 cm-wide readout strips. These would require a total of 1092 units and 17,472 readout strips.

7.3.3 RPC Mounting

Figure 7.12 shows a candidate scheme for mounting the RPCs on a peaked roof over the water pool.
The roof will be divided into two sections of different heights and the RPCsmounted 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 expect the overall efficiency of a single layer
to be at leastε ∼96%. If we adopt the definition of a track as hits in at least two out of three layers then the
coincidence efficiency isε3 + C2

3ε2(1 − ε) = 0.963 + 3 × 0.962 × (1 − 0.96) = 99.5%, whereC2
3 = 3 is

the binomial coefficient. Assuming a bare chamber noise rate,r, of 1.6 kHz/m2 is achieved (consistent with
twice the BES chamber measurements), a signal overlap widthτ , of 20 ns, and a coincidence area,A, of
0.25 m2, the noise rate would beC2

3A2r2τ(1 m2/A2) = 3×16002×0.2 ·10−7 = 0.154 Hz/m2. For the Far
Hall, this gives a total accidental rate of 55 Hz and a corresponding contribution to the deadtime of 1.1% in
the case that a muon signal is defined by a hit in the RPCs alone. A test of the 3layer scenario with prototypes
of the Daya Bay chambers, using a track definition of two out of three hits, found a coincidence efficiency of
99.5±0.25%, which is consistent with the calculated efficiency. The efficiency curves are shown in Fig. 7.13.

Initial simulation results based on measurements of radioactivity in the Aberdeen Tunnel predict singles
rates from radioactivity of∼650 Hz/m2 and coincidence rate of 1 Hz/m2, mainly from double Comptons.
This corresponds to a trigger of∼300 Hz in the Far Hall and a contribution to the veto deadtime of∼6%.

∗Note that this is the case only for the true noise rate. Cosmic rays provide∼0.018 Hz/cm2 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 threshold control subsystem, and a test subsys-
tem. The readout system, shown in Fig. 7.14, contains a 9U VME crate locatedabove the detector, which
holds a system control module, a readout module, an I/O module, and a JTAGcontrol module. The system
clock will operate at 100 MHz.
1) Control Module

The control module receives the trigger signals (L1, Clock, Check, andReset) from the trigger system
and transmits them to the Front End Card (FECs) through the I/O modules. It also receives commands (such
as setting thresholds, testing, etc.) and transmits them to the FECs. The controlmodule is also a transceiver
which transfers the FULL signal between the readout module and FECs.
2) I/O Modules

The VME crate contains several I/O modules, each of which consists of 12I/O sockets connected by
a data chain. The I/O module drives and transmits the signals of the clock and trigger to 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 data readout. It not only reads and
sparsifies the data from all the data chains (it can read 40 of them in parallel), constructs the sub-event data
to save into the buffer, and requests the interrupt to the DAQ system to process the sub-event data, but also
communicates the Full signals to the FEC’s to control the data transmission. The readout module checks
and resets control signals to the trigger system. It also controls the readingand sparcifying of the FEC data,
the requesting of a DAQ interrupt, and the counting and resetting of the trigger number.
4) Front-End Cards

The FECs are located on the RPC detector. Their task is to transform signalsfrom the strips into a bit
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Fig. 7.13. Efficiency as a function of gap voltage for the individual modules of the Daya
Bay prototype RPCs (blue) and for the system when two out of three hit modules are
required (red).

map, store the data in a buffer and wait for a trigger signal. Events with a trigger will be transmitted in a chain
event buffer in the VME readout modules. Events without a trigger are cleared. Analog signals from groups
of 16 strips are discriminated and the output read and stored in parallel into a16-bit shift register, which is
connected to a 16-shift daisy chain. A total of 16 FECs compose one FEC Daisy-Chain, which covers 256
strips. The data from each chain, as position information, are transferred bit-by-bit to the readout module in
the VME crate through the I/O modules using differential LVDS signals. Eachdatum of the chain will be
stored temporarily in the relative data chain buffer of the readout module. After the data sparsification, the
whole data chain will be stored into the sub-event data buffer awaiting DAQ processing.

In each FEC there is also a DAC chip, which is used to generate test signals.When a test command
goes to the test signal generator which resides in the system control modulein the VME crate, the generator
sends timing pulses to the FEC’s DAC chip through an I/O module. This chip then delivers a test signal to
each channel’s comparator.

The principle of the threshold setting circuit is the same as the test circuit. The timing pulses are gener-
ated by the threshold controller in the system control module, and sent to the DAC to generate 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, transforms the command into
the JTAG control timing, and sends it to the FECs. Each of the JTAG modules has 12 slots 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 modulein the VME crate, and a test
function generator in the FEC.
7) Threshold-Setting System

The threshold-setting system for the readout system consists of the threshold-setting 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 experiment, the novel idea of
a water Cherenkov calorimeter made of water tanks was investigated [4]. A water tank prototype made of
PVC with dimensions 1×1×13 m3 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 collect parallel light at its focal point,
where an 8-in photomultiplier is situated. The Winston cone is again made of PVC,covered by aluminum
film with a protective coating. Cherenkov light produced by through-going charged 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 the point of incidence of the
muon to the phototube. Such a position dependent response of the tank is critical to its energy resolution
and pattern recognition capability. Typically it is characterized by an exponential behavior ofe−x/λ, where
x is the distance of the muon event to the phototube andλ is the characteristic parameter, often called
the “effective attenuation length”. The characteristic parameterλ depends on the water transparency, the
reflectivity of the Tyvek film, and the geometry of the tank. Using trigger scintillation counters to define
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the muon incident location, keeping they coordinate constant, the total light collected as a function ofx at
several locations was obtained as shown in Fig. 7.15. It can also be seenfrom Fig. 7.15 that, for a through-
going muon entering the center of the tank,∼20 photoelectrons are collected by each PMT, corresponding
to a statistical determination of about 7%/

√

E(GeV ).

Fig. 7.15. Position dependent response of the water
tank to cosmic-muons.X 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 (5.74±0.29) m.

As discussed in Section 7.2 the Daya Bay antineutrino detector modules are to be shielded from external
radiation (such as gamma-ray and cosmic-ray induced neutrons) by a∼2.5-m thick water buffer. One could
use modules similar to the above-mentioned Cherenkov units as the muon tracker(Fig. 7.1). Such modules
have many advantages: (1) very good cosmic-ray detection efficiency (theoretically, the efficiency is close
to 100%); (2) insensitivity to the natural radioactivity of Daya Bay’s rock; (3) very modest requirements on
the support system because the whole detector is immersed in the water; (4) low cost because water is used
as the medium.

The geometry of the water Cherenkov units located at the four sides of water pool is shown in Fig 7.16.
We use four PMTs at each end to decrease the risk of failure of a unit if one PMT dies. The unique geometry
of two ends reduces the optically dead region. Similar modules would be placedat the bottom of the pool.

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

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

To cover the Daya Bay and Ling Ao Near Sites and the Far Site will require 108 16 m-long units and
36 10 m-long units, with a total of 1152 8” PMTs. The WCMs will not be water-tight and 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 describedabove was adapted to
the longer modules proposed for Daya Bay. The optical parameters come from our previous MC simulation
program of the prototype. Preliminary MC results are shown in Table 7.3. These show that adequate signal
can be obtained from both ends of these modules for muons at any point along them.

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.

-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 be given by its size:σx =
100cm/

√
12 = 29 cm. In the other dimension, 2 ns resolution on the end-to-end timing will contribute

∼32 cm to the position uncertainty. We can also use the comparison of pulse height from the two ends
for determining the position. Including both methods we expect a resolution comparable or better than that
in the coordinate determined by the module cross-section. For muons that traverse the water pool and hit
modules on either side, these resolutions yield uncertainties of∼21 cm on the position at the center of the
trajectory.

Accidental rates in this system, which is essentially blind to rock radioactivity, are expected to be
negligibly small.

From Table 7.3, we see it is desirable to measure signals that are∼1 photoelectron to those that are
several hundred photoelectrons. Thus the same electronics discussedin Sect. 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-watertracking systems. For
both purposes we propose to use the extruded plastic scintillator strip technology developed by MINOS,
OPERA and other previous experiments. The parameters of this system areshown 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 be setback from the walls and
floor of the pool by 50 cm to allow attenuation of the gammas from rock radioactivity. For a similar reason
they will be mounted 50 cm below the top of the pool. There will be two orthogonal layers on each wall, the
floor and the top. In the case where only the top is to be covered by scintillatorstrips, they would be arrayed
in the manner described above for the RPCs,i.e. there would be three layers mounted on the sliding roof. In
this case a triple coincidence could be demanded if made necessary by the random rates.

7.3.7.1 Scintillator Strip Design

Almost all the scintillators will be of the same type: 5.25 m×0.2 m×0.01 m extruded polystyrene,
co-extruded with a coating of TiO2-doped PVC. Five 1 mm Kuraray Y-11(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 unit. Figure 7.17 shows the
cross section of one scintillator.

7.3.7.2 Scintillator Strip Photoreadout

A 11
8 -inch photomultiplier tube such as a Hamamatsu R6095 or Electron Tubes 9128Bwill be used to

read out 30 fibers on each end of the six-scintillator module. The PMTs will be run at positive HV, via a
system similar to that discussed in Sect. 5.4.4. Calibration will be via thin-film241Am sources placed near
the ends of the scintillators. The sources provide∼400 Hz of∼0.5 MeV signals.
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Fig. 7.18. Extruded container for six-
scintillator module

.

Fig. 7.19. Exploded view of the end of
the scintillator housing module show-
ing routing of fibers, PMT containment,
and other details.

Fig. 7.20. H-clip to hold the scintillator
housing.

Fig. 7.21. Side walls of the scintillator
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 strongbacks supported by the
sliding roof. In the water, the requirements for deployment are much more demanding. The six scintillator
strips will be housed in an RPVC extruded box, shown in Fig. 7.18. The boxends are closed by custom
manifolds that contain the fiber ends which are dressed to have an equal length of∼90 cm. The fibers will
be routed through a molded cookie, gathered into single bundle and conducted in a PVC pipe through the
water into a separate small enclosure containing the PMT/base assembly. Figure 7.19 shows the module end,
routing cookie and PMT containment.

The scintillator housings will be supported by a steel frame in a manner similar to the H-clip technique
used by MINOS [7], although our version, shown in Fig. 7.20, will be madeof RPVC. It will be glued onto
the module housing and fixed to the frame with two hole-drilling screws or blind rivets. 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 OPERA target tracker scintillators [8].
Figure 7.22 shows the yield of photoelectrons versus distance to the photomultiplier tubes. Note that our

Fig. 7.22. Number of photoelectrons detected on each side of several AMCRYS-H
plastic scintillator strips versus the distance to the photomultipliers (from Dracoset
al.).

counters are only a little longer than 5 m, a point at which the OPERA strips yield about 6 p.e.
The OPERA strips are 26 mm wide by 10.6 mm thick. Our strips are 200 mm wide by 10 mm thick. The

MINOS GEANT3 Monte Carlo was adapted to compare the two cases. For collection into the wavelength-
shifting fibers, the fraction of OPERA performance for 4, 5, and 6 fibers per 20 cm is 0.74, 0.89, and 1.02
respectively. OPERA uses Hamamatsu H7546-M64 PMTs, which have a photocathode efficiency about 80%
as high as either of the single-anode tube we are planning to use. Thus anyof the 4–6 fiber cases should
achieve performance similar to that of OPERA. For estimation purposes we choose 5 fibers, which nom-
inally should give 1.15 times OPERA performance in our system. The single photoelectron pulse height
distribution will reduce the effective number of photoelectrons by a factorof (1 + the variance of the dis-
tribution). With PMTs of the type discussed, this will result in an inefficiency of ∼0.6% in the worst case
(hit at one end of the counter). An upper limit on the position resolution is given by the granularity of the
counters:σx = 120cm/

√
12 ≈ 35 cm. For a muon that hits two sides of the pool, the resolution on the

position at the center of its trajectory through the pool will be∼ 25 cm. End-to-end timing and pulse height
are expected to improve this. A timing resolution of 1 ns will contribute∼15 cm to the resolution along the
counter and∼11 cm to the resolution at the center of the trajectory for through-going muons.

Plastic scintillators are sensitive to the ambient radioactivity from rock. Testsof these rates were carried
out with a scintillator telescope in the Aberdeen Tunnel in Hong Kong [9], which has similar granite to that
of Daya Bay. These indicate that the true coincidence rate of two 1cm layers at a threshold of 0.5 MeV would
be∼7 Hz/m2. For the relevant active area of the top of the Far Hall water pool, this gives an overall rate
of ∼1800 Hz. If the top scintillator array alone were used as a 200µs veto, it would give an unacceptable
random veto deadtime. However, for through-going muons that could be required to register as well on the
side or bottom of the pool, the random veto rate would be reduced to a negligiblelevel (with the shielding
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from 50 cm of water, the coincidence rate in scintillators in the pool would be expected to be only 0.7 Hz/m2,
so 180 Hz on the bottom which is the worst case). Since the background from stopping 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 would beadequate for this system.
However since it is not necessary to measure energies above a few MeV, a smaller dynamic range would be
acceptable. Whether it is worth it to develop separate electronics for this case is under 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 with thetiming synchronization
between all of the electronics elements. The processing of the trigger data from the 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 decisions forthe antineutrino and muon
detectors to select neutrino-like events, muon-related events, periodic trigger events and calibration trigger
events. The following sections will describe the requirements and technicalbaseline for the trigger system.

8.1.1 Requirements

The signature of a neutrino interaction in the Daya Bay antineutrino detectorsis a prompt positron
with a minimum energy of 1.022 MeV plus a delayed neutron. About 90% of the neutrons are captured on
Gadolinium, giving rise to an 8 MeV gamma cascade with a capture time of 28µs. The main backgrounds
to the signal in the antineutrino detectors are fast neutrons produced by cosmic muon interactions in the
rock, 8He/9Li, which are also produced by cosmic muons and accidental coincidencesbetween natural
radioactivity and neutrons produced by cosmic muons. All three major backgrounds are related to cosmic
muons. The following are the main trigger requirements imposed by the physics goals of the Daya Bay
experiment:

1. Energy threshold: The trigger is required to independently trigger on both the prompt positron signal
of 1.022 MeV and the delayed neutron capture event with a photon cascade of≈8 MeV with very high
efficiency. The threshold level of the trigger is set at 0.7 MeV. This levelcorresponds to the minimum
visible positron energy adjusted for a3σ energy resolution effect. This low threshold requirement
fulfils two trigger goals. For the neutrino signal, it allows the DAQ to record all prompt positron signals
produced from the neutrino interactions, enabling a complete energy spectrum analysis that increases
the sensitivity toθ13. For background, it allows the DAQ to register enough uncorrelated background
events due to either PMT dark noise or low energy natural radioactivity to enable a detailed analysis
of backgrounds offline.

2. Trigger efficiency: In the early stages of the experiment, the trigger efficiency is required to beas
high as possible for signal and background, provided that the event rate is still acceptable and will
not introduce any dead time. After an accurate characterization of all the backgrounds present has
been achieved, the trigger system can then be modified to have more powerful background rejection
without any efficiency loss for the signal. To measure the efficiency variation, the system should
provide a random periodic trigger with no requirement on the energy threshold at trigger level. A
precise spectrum analysis also requires an energy-independent trigger efficiency for the whole signal
energy region.

3. Time stamp: Since neutrino events are constructed offline from the time correlation between the
prompt positron signal and the neutron capture signal, each front-end (FEE), DAQ and trigger unit
must be able to independently time-stamp events with an accuracy better than 1µs. The trigger boards
should provide an independent local system clock and a global time-stamp toall the DAQ and FEE
readout boards in the same crate. The trigger boards in each DAQ crate will receive timing signals
from a global GPS based master clock system as described in Section 8.2. Events recorded by the
antineutrino detectors and muon systems can thus be accurately associated intime offline using the
time-stamp.
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4. Flexibility: The system must be able to easily implement various trigger algorithms using the same
basic trigger board design for different purposes such as

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

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

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

(d) Using an OR of the trigger decision of different trigger algorithms to provide a cross-check and
cross-calibration of the different algorithms as well as a redundancy to achieve a high trigger
efficiency.

5. Independence:Separate trigger system modules should be used for each of the antineutrino detectors,
and the muon systems. This is to reduce the possibility of introducing correlations between 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 signature that is converted to optical
photons which are then detected by a number of the PMTs mounted on the insideof the detector 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 trigger system needs 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 PMTgains and timing.

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

(c) Specialty energy and multiplicity triggers used to test detector response using radioactive sources

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

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

A VME module with on-board Field Programmable Gate Arrays (FPGA)s is usedto implement the
antineutrino detector trigger scheme outlined in Fig. 8.1 based on experiences gained at the Palo Verde [1]
and KamLAND experiments. We use an OR of both an energy sum and a multiplicity trigger to signal the
presence of neutrino interactions in the antineutrino detector. These two triggers provide 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 pattern recognition
in a very short time. FPGAs are flexible and can be easily reprogrammed should trigger conditions change. In
addition, different pattern recognition software can be downloaded remotely during special calibration runs,
such as might be needed for detector calibration with sources. The signalfrom different PMTs is compared
with the threshold on on-board discriminators in the front-end readout cards as described in Section 5.5. The
output of the PMT discriminators are input into the trigger module FPGA which performs clustering and
pattern recognition and generates the multiplicity trigger decision. The dark current rate of the low activity
antineutrino detector PMTs is typically around 5 kHz at 15◦ C. For a detector withN total PMTs, a dark
current rate off Hz, and an integration time ofτ ns, the trigger rateR given a multiplicity thresholdm is

R =
1

τ

N
∑

i=m

iCi
N (fτ)i(1 − fτ)N−i, fτ << 1 (30)

whereCi
N are the binomial coefficients.

To be conservative, we assume a PMT dark current rate of 50 kHz when estimating the dark current
event rate from the multiplicity trigger. For the multiplicity trigger, an integration window of 100 ns will be
used for the central detector PMTs. The dark current rate calculated using Eq. 30 as a function of the number
of PMT coincidences is shown in Fig. 8.2. At a multiplicity of 10 PMTs, the total trigger rate 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 from the front-end readout
boards with a 100 ns integrator and discriminator. The threshold of the discriminator is generated with
a programmable DAC which can be set via the VME backplane bus. The energy sum is digitized using a
200 MHz flash ADC (FADC) on the trigger module. We plan to have an energytrigger threshold of 0.7 MeV
or less to be compatible with the positron energy of 1.022 MeV within 3σ of the energy resolution. At such
low energy thresholds, the trigger will be dominated by two types of background: One is natural radioactivity
originating in the surrounding environment which is less than 50 Hz as shownin a Monte Carlo simulation
in Section 3.4.4, and the other is from cosmic muons (negligible at the far site). At this threshold, the energy
sum trigger rate from the PMT dark current with a 100 ns integration windowis negligible.

Tagging antineutrino interactions in the detector requires measuring the time-correlation between dif-
ferent trigger events. The time-correlation will be performed offline, therefore each triggered event needs to
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Fig. 8.2. Calculated trigger rates caused by PMT dark current as a function of 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 microseconds or better. It may become necessary
to have a correlated event trigger in the case the background rate is too high.

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

8.1.3 The Muon Trigger System

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

The presence of a muon which goes through the water Cherenkov detector can be tagged with energy
sum and multiplicity triggers using a similar scheme and hardware modules as usedfor the antineutrino
detector. In addition, a more complicated pattern recognition scheme using localized energy and multiplicity
information may be used. The trigger rate in the water Cherenkov detector is dominated by the cosmic muon
rate which is<15 Hz in the far hall and<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 of RPCs and either water tracker modules
or double layers of scintillator strips.

The FPGA logic used for the RPC and scintillator strip detectors forms muon “stubs” from coincident
hits in two overlapping layers of scintillator or two out of three layers of RPC.Although the readout elec-
tronics of RPC is very different from that of the PMT, the trigger board can still be similar to the other
trigger boards. As we discussed before, each FEC of RPC readout electronics can provide a fast OR signal
of 16 channels for the trigger. All the fast OR signals will be fed into the trigger board for further decision
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by FPGA chips. The principal logic is to choose those events with hits in two outof three layers within a
time window of 20 ns in a localized region of typically 0.25 m2. Since the noise rate of a double gap RPC
is estimated to be about 1.6 kHz/m2 (consistent 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 such a scheme. The coincidence rate
in the RPC system due to radioactivity is estimated to be 1 Hz/m2 obtained from simulation results based
on measurements in the Aberdeen tunnel (see Section 7.3.4). This corresponds to 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 of∼ 20 p.e.

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

An alternative to the water tracker modules discussed above, two layers ofscintillator strips in the
water pool can be used as described in Section 7. The 0.5 m of water between the water pool walls and the
scintillator strips provides some shielding from radioactivity in the rock which generates a rate of 180 Hz of
background in the largest plane (bottom of the far detector). The scintillator PMTs noise rate is<2 kHz at
15◦ C. Requiring a coincidence of two hits in overlapping layers with a 100 ns integration window reduces
the fake trigger rate from the scintillator strip PMT noise to a negligible level. In principal, the same trigger
module design can be used for both RPCs and scintillator strips with differentFPGA software to handle the
stub formation in the different geometries.

The global muon trigger decision is an OR of the three muon detector trigger systems: RPC, water
Cherenkov and muon tracker. The muon trigger decision may be used to launch a higher level delay trigger
looking for activity inside the antineutrino detector at lower thresholds and/or multiplicities for background
studies.

8.2 The Timing System

The design of the trigger and DAQ system is such that each antineutrino detector and muon detector
system has independent DAQ and trigger modules. In this design it is necessary to synchronize the data from
the individual DAQ and trigger systems offline. This is particularly important for tagging and understanding
the backgrounds from cosmic muons. A single cosmic muon candidate will be reconstructed offline from
data originating in three independent systems: the water Cherenkov pool, muon tracker and RPC tracker.
Cosmic muon candidates reconstructed in the muon detector systems have to thenbe time correlated with
activity in the antineutrino detector to study muon induced backgrounds. To this end, the Daya Bay timing
system is required to provide a global time reference to the entire experiment,including the trigger, DAQ,
and front-end boards for each module (LS, water Cherenkov, and tracker) at each site. By providing accurate
time-stamps to all components various systematic problems can easily be diagnosed. For instance, common
trigger bias, firmware failure, and dead time can all be tracked by looking for time-stamp disagreements in
the data output from each component. Furthermore, by having multiple sites synchronized to the same time
reference, it will be possible to identify physical phenomena such as supernova bursts or large cosmic-ray
air showers.

The timing system can be conceptually divided into four subsystems: the (central) master 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 Positioning System) receiver to
provide a UTC (Universal Coordinated Time) reference. Commercially-available 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 (most conveniently the mid hall) or
in a surface control building. A master clock generator will broadcast thetime information to all detector
sites. If the master clock is located underground, the GPS antenna may require an optical fiber connection
to the surface, which again is commercially available. One such possibility is illustrated in Fig. 8.3

Fig. 8.3. Schematic layout of the global clock.

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

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

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

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

8.2.2 Timing Control Board

The timing control board will act to control the local clock operations (i.e. to slave it to the master
clock or let it run freely) and to generate any timing signals required by the trigger, DAQ, or front end that
need to be synchronously delivered. Typical examples include bufferswap 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 used to generate pulses used by optical
calibration sources. This board would be interfaced to the detector control computers.

8.2.3 Timing Signal Fanout

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

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

Individual components of the trigger, DAQ, and front end can employ counters and latches to count
seconds since start of run and clock ticks since start of second. These will provide 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 for online monitoring 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 discussion ofthe system 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 Ch size (kB/s)

ν̄ module cosmic-µ 36 × 2 22 × 2 1.2 × 4 100% 228 × 64 bits 217
Rad. 50.0 × 2 50.0 × 2 50.0 × 4 730

RPC Rad. & Noise 260 260 415 10% 5040/7560 × 1 bit 72
cosmic-µ 186 117 10.5 20

Pool cosmic-µ 250 160 13.6 50% 252/340 ×64 bits 437

µ-tracker cosmic-µ 1390 819 57.8 100% 8 × 64 bits 145

site totals (kB/s) 683 500 436 1620

Table 8.1. Summary of data rate estimations. kB/s = 1000 bytes per second. The total
data throughput rate for all 3 sites is estimated to be 1620 kB/s. The trigger rate for
the central detector has substantial components from natural radioactivity and from
muons. The trigger rate in the RPCs has, in addition, some trigger rate from noise. The
trigger rate in the water pool andµ-tracker 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 VME readout crate that contains
the trigger and DAQ modules. In addition, the water Cherenkov detector andmuon tracking detectors
will also have their own VME readout crates. The trigger and DAQ for the antineutrino and muon
detector modules are kept separate to minimize correlations between them. The DAQ run-control is
designed to be operated both locally in the detector hall during commissioning and remotely in the
control room. In addition, run-control will enable independent operation of individual antineutrino
and muon detector modules.

2. Event ratesThe trigger event rates at the Daya Bay, Ling Ao and Far site from various sources are
summarized in Table 8.1. The rate of cosmic muons coming through the top of a detector are calculated
using Table 3.4. To turn this into a volumetric rate, we use a MC simulation to calculate the ratio of
muon rates entering the top to all muons entering the detector’s volume. The totalrates from cosmic
muons in the different different systems are shown in Table 8.1. At the farsite, the trigger rates in the
central detectors are dominated by natural radioactivity (<50 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 muon rate, the singles rate
from PMT noise, gammas and fast neutron backgrounds are negligible.

The RPC noise rates are taken from the BES chamber measurements in Section7.3.4. We scale the
BES noise rates by a factor of 2 to account for the different geometry ofthe Daya Bay RPC modules
(3 double gap layers). This increases the coincidence rate due to RPC noise by a factor of 4. The
singles rates shown in Table 8.1 are the sum of the noise and natural radioactivity rates in the RPC
systems at the various sites.
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For the purposes of calculating the overall data throughput for the muon tracker modules, each module
is treated as an independent detector and the muon rate through each moduleis assumed to be its
“trigger rate”. The occupancy is 100% but only 8 channels are read out. In reality of course muons
will tend to hit multiple modules in one full-detector trigger but the entire detector willnot be read
out. In the end the two methods simply trade trigger rate for # of hit channels and the results should
be the same.

While the trigger rate in the antineutrino detectors at each site is of order a few100 Hz, an OR of the
three muon trigger systems could produce a maximum trigger rate of<1 kHz. The Daya Bay trigger
and DAQ system will be designed to handle a maximum event rate of 1 kHz. In addition, to trigger on
the correlated neutrino and fast neutron signals in the antineutrino detector, the DAQ needs to be able
to acquire events that occur 1µs or more apart.

3. Bandwidth

The maximum number of electronics channels for the antineutrino detectors, water Cherenkov pool,
and muon tracker PMTs at the far site is estimated to be at most 2000 channels as shown in Table 8.2.
We assume that the largest data block needed for each PMT channel is 64bits or less, provided wave-

Detector Option Geometry Approximate number of channels

PMT channels

Scint tracker 2 layers
strip module side/bottom
1.2 m× 5.25 m water pool ∼ 530
OR
Water tracker 8 PMTs ∼ 450
modules per module
1 m× 16 m module side/bottom

Water Cherenkov 1 PMT/2 m2

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× 2 m module modules 7560

Table 8.2. Estimated number of readout channels from various detector systems at the
far site.

form digitization is not used, the breakdown of the channel data block could be as 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-stamp (64bits) = 1 kBytes maxi-
mum.

Assuming zero suppression, and maximum occupancy numbers of 10% forthe RPC system, 100% for
1 out of the 4 antineutrino detectors, 10% for the water tracker and 50% for the water Cherenkov (with
reflecting surfaces), we estimate the maximum event size at the far will not exceed 10 kBytes/event
including DAQ/Trigger header words and global time-stamps. The event sizes at the near sites are
smaller than the far site due to a smaller number of channels. The expected datathroughput from each
site is estimated by combining the number of readout channels with the trigger rates and occupancies
as shown in Table 8.1. The site totals in Table 8.1 do not include global headerwords, trigger words
and time-stamps which add a small overhead. Therefore, we estimate that the expected data throughput
rate is<1 MBytes/second/site. If waveform digitization is used for the PMTs, this could increase the
maximum desired data throughput by an order of magnitude to<10 MBytes/second/site.

4. Dead-time: The DAQ is required to have a negligible readout dead-time (<0.5%). This requires fast
online memory buffers that can hold multiple detector readout snapshots whilethe highest level DAQ
CPUs perform online processing and final trigger decisions and transfer to permanent 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 events observed in the antineu-
trino detectors. In order to understand the background, other types ofevents are also recorded, such as
cosmic muon events, low energy radiative backgrounds... etc. Therefore, the DAQ must record data from
the antineutrino and muon detectors (RPCs, water Cherenkov and Tracker), with precise timing information.
Offline analysis will use timing information between continuous events in the antineutrino detector and in
both the muon and antineutrino detectors to select antineutrino events from correlated signals or study the
muon related background in the antineutrino detectors.

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

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 VME crate is
responsible for one detector or muon system. Each module of the antineutrinodetector will have its
own independent VME crate. Therefore, The lowest level VME readout system of the far detector
hall will consist of the trigger boards for each system, the front-end readout boards from three muon
systems, and the four antineutrino detector readout boards. All readout boards are expected to be 9U
VME boards.

The Far and Near detector halls, will have the same DAQ architecture but withdifferent number of
VME readout crates to accommodate the different number of readout channels in the Far/Near halls.
Each VME crate holds a VME system controller, some front-end readout (FEE) modules and at least
one trigger module which supplies the clock signals via the VME backplane to theFEE modules. The
VME processor, an embedded single board computer, is used to collect, preprocess, and transfer data.
The processor can read data from a FEE board via D8/D16/D32/MBLT 64transfer mode, allowing a
transfer rate up to 80 MB/s per crate which is sufficient to meet the bandwidthrequirement. All readout
crates of the entire DAQ system at a single site are connected via a fast asynchronous 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 concatenatesthe FEE readout to form single
antineutrino or muon events. The data stream flow can work in two ways, depending on the require-
ments of offline analysis. One scheme is to send muon events and antineutrino events out into one data
stream on the readout computer. Another scheme is that each type of sub-event, muon events, or an-
tineutrino events, have a different data stream and will be recorded as separate data files in permanent
storage. The second scheme is simpler from a DAQ design viewpoint and complies with the DAQ
system design principal of keeping each detector system completely independent for both hardware
and software. The Event Builder computer at each site also allows for local operation and testing of
the DAQ system.

3. Data Storage and Logging:

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

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

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

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

Since the DAQ system is required to be dead time free, each DAQ level shouldhave a data buffer
capability to handle the random data rate. In addition, both the VME bus and network switches should have
enough margin of data bandwidth to deal with the data throughput of the experiment.

The DAQ control and monitoring systems should be able to run both remotely from the surface control
room computers and locally on the Event Builder computer in each detector hall. The run control design
should be configurable allowing it to run remotely for data taking from all systems and locally. Run control
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should allow both global operation of all detector systems simultaneously, andlocal operation 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 type, trigger counter) and the
snapshot of the FADC values should be written into a buffer that will be read out via the VME bus for
crosscheck.

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

The event buffers are envisioned to be VME modules that are in the same crates as the FEE boards. Data
from the trigger and FEE boards is transfered via the VME bus to the VME buffers. An alternative design is
to have the VME buffer modules in separate crates and have data transfered from the FEE modules via fast
optical GHz links (GLinks) to the VME buffer modules. We envision VME buffers 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 the experiment (e.g., high voltage
systems, calibration system, etc.), and monitors the environmental parameters and detector conditions (e.g.,
power supply voltages, temperature/humidity, gas mixtures, radiation, etc.). Some 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 the supervisory, control, and
data acquisition (SCADA) standard in order to minimize development costs, andto maximize its main-
tainability. LabVIEW with Data logging and Supervisory control module is a cost effective choice for the
DCS.

The endpoint sensors and read modules should be intelligent, have digitalized output, and conform to
industrial communication standard. We will select the minimum number of necessary field bus technologies
to be used for communication among the SCADA system and the readout modules.

1. G. Grattaet al., Nucl. Instr. and Meth.A400, 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 the civil construction of the
underground halls, the assembly and testing of the antineutrino detectors, and the transport and deployment
of the detectors in their appropriate locations. Well-coordinated activities underground and on surface are
essential for the timely start of the experiment. While the civil construction of the underground tunnels and
halls is being completed the Collaboration will start the assembly and testing of the first detector modules
above-ground so that they can be filled and deployed as early as possible.

The Collaboration has a wide range of experience in the installation and operation of large detector
systems including underground installations at SNO and KamLAND, the IceCube experiment at the South
Pole, and the STAR detector. Members of the Daya Bay Collaboration have also been involved in the en-
gineering and installation activities at MINOS, and Chris Laughton is directly involved 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 the filling will be performed
above-ground in a Surface Assembly Building (SAB). This will provide a facility for the assembly and test-
ing of two antineutrino detector modules at a time. The SAB will also include storage and testing facilities
for other subsystems such as the muon system as well as some storage and mixing facilities for the antineu-
trino detector liquids (see Chapter 5.3.) A separate Storage Building (SB) willalso be available for storage
of arriving equipment. Some elements, such as the mineral oil storage tanks,will arrive ready for installa-
tion on the surface or in the tunnel. Other elements, such as the muon tracker will require brief retesting to
ensure that no damage occurred during transport. However, elements such as the antineutrino detector tanks
will require assembly under cleanroom conditions and system testing prior tothe transport underground and
filling with liquid scintillator.

Careful logistical coordination will be essential for the receiving, assembly, installation, and testing
of all detector components and subsystems. This chapter discusses some of the basic considerations in the
installation process and outlines a plan for the assembly, filling, and deployment of the 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 under cleanroom conditions in
the surface assembly building.

2. Only empty detector modules will be moved down the ramp of the access tunnelto the underground
laboratory. During transport down the access tunnel the antineutrino detectors 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 liquid containers 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 to ensure “identical” target
mass and composition for each pair.

5. Once a pair of detector modules has been filled, the detectors are readyfor deployment in one of the
experimental halls.

6. Once a module is filled with liquid it will only be moved in the horizontal tunnels (<0.5% grade)
between the experimental halls.

7. The filling hall is designed to allow for the draining of all detector modules at the end of the experi-
ment.
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9.1 Receiving and Storage of Detector Components

The logistics of receiving, storing, assembling, and testing components forthe Daya Bay experiment
requires the construction of suitable surface facilities including the SAB andSB. As detector subsystem
elements arrive at the Daya Bay site, they will be delivered to one of these buildings. Special arrangements
will be made for the handling of the detector liquids: the unloaded liquid scintillator, Gd-loaded liquid
scintillator, and mineral oil. The major elements of the detector (antineutrino detector tanks, acrylic vessels,
calibration systems, muon detectors, PMTs, liquid storage tanks) will arriveon a well coordinated timeline
to avoid space problems and to allow the assembly of two detector modules at a time inthe SAB. The space
required for the storage of components would otherwise quickly overrunthe available storage space. The
storage building will be of sufficient size to hold the large elements of the antineutrino detector and muon
systems, but only for a few of these elements and for short periods of time before they are moved into the
surface assembly building. Space for two steel outer vessels plus two setsof nested acrylic vessels as well
as several large muon detector panels and boxes of PMTs will be sufficient. This requires a building of
roughly 200 m2 area and a crane with two hooks (20 T and 5 T). A possible layout of the on-site storage and
assembly facilities is shown in Fig. 9.1.
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Fig. 9.1. Layout of the surface assembly building and storage facilities along the road
to the tunnel portal.

The logistics underground also requires special consideration: the storage tanks for Gd-loaded liquid
scintillator, pure liquid scintillator and mineral oil will need to be in place prior to thearrival of antineutrino
detector elements or completed antineutrino detectors will stack up down in the tunnel waiting to be filled.

9.2 Surface Assembly Building

A surface assembly building of the scale of 25 m×50 m (1250 m2) is required to assemble, survey, and
test two antineutrino detectors at once. This building will be large enough to house two detector tanks and
their associated inner acrylic vessels. The rest will be stored in the storage building. It will also have a crane
of sufficient capacity to assemble the nested vessels and to lift the completed (but dry) antineutrino detectors
onto their transporter. The surface assembly building will require clean assembly space for working on the
open vessels to maintain the appropriate surface cleanliness. Once the detector modules are assembled and
tested as required, they will be moved underground for filling and subsequent installation in the experimental
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halls.
In parallel with the assembly of the antineutrino detectors, the muon detectors will be inspected and

tested. A building of this size will allow us to set up several inspection and testing stations and have a station
for survey and alignment. It is sized to handle the assembly of two antineutrinodetectors in parallel plus a
short incoming RPC panel test station. If the building is arranged in a long (50 m), orientation, a single 30 T
bridge crane with rails along the building and a smaller 5–10 T crane utilizing the same rails are sufficient.
This allows for the manipulation of partially or fully completed (dry) antineutrino detectors while moving
muon detector panels or staging other structures in parallel.

To accomplish these multiple testing, assembly, and QA tasks, appropriate test stations will be assem-
bled. We may need to provide appropriate gas mixes and high and low voltage power as well as a low-noise
test environment.

The surface assembly building will be designed to ensure several levels of cleanliness control. Detector
components arriving on site will be stored under sealed conditions in the surface assembly building. During
the assembly of the detector modules more stringent cleanliness requirements apply. Both the level of par-
ticulates and the environmental air will have to be monitored. Cleanrooms of class 1000–10000 inside the
surface assembly building or movable clean tents with HEPA filters to cover the detector 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 at different places worldwide and
shipped to the Daya Bay site for assembly and testing. The tasks involved in theassembly of the detector
modules include:

1. Cleaning and inspection of stainless steel tank

2. Installation of the PMTs and cabling inside the detector tank

3. Installation of monitoring equipment in tank

4. Lifting the acrylic vessels into the detector tank

5. Connecting all fill lines, calibration, and instrumentation ports

6. Precision survey of tank and acrylic vessel geometry

7. Final cleaning throughout the entire assembly process.

8. Pressure/leak testing of acrylic vessels and detector tank after assembly

9. Test installation of automated calibration systems (to be removed before transport underground)

The entire assembly of the detector modules will be performed in class 1000–10000 cleanroom condi-
tions. This complex assembly and integration task will require close coordination of several working groups
(detector design, engineering, calibration, monitoring) and the on-site presence of key scientific and techni-
cal personnel.

9.4 Precision Survey of Detector Modules

Before transporting the detector modules underground the geometry of thedetector modules is surveyed
to high precision using modern laser surveying techniques. The precisioncommonly achieved in modern
equipment over the scale of the antineutrino detector (∼ 5 m) is of the order of<25 µm in both the radial
and the longitudinal direction. This will serve as a baseline reference forthe as-built detector geometry.
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In-situ monitoring equipment inside the detector modules will then be used to trackany changes during the
transport or filling of the modules.

Similarly, the muon chambers, PMT support structure and other detector subsystems will be surveyed
in the surface assembly building prior to the transport underground. Relating internal system geometries to
external fiducial points in the experimental halls will ultimately allow a precise relative understanding of
detector geometry to the experimental hall and the outside world.

9.5 Subsystem Testing

Following the assembly of detector modules and subsystems, testing becomes a critical task to ensure a
smooth turn on and commissioning the detectors underground. The collaboration’s QA and QC experience,
such as from IceCube, will be invaluable in preparing subsystems, gettingthem ready, and finally installing
them underground with a high success rate.

All incoming equipment will be inspected for obvious damage. System elements that are completely
assembled and tested to meet specifications at far away sites (the US and Beijing for example) will require a
limited retest to ensure no internal damage occurred during shipment. Testingfor broken channels or shorts
in RPC chambers, PMT function, calibration system function, etc., will all be required. To accomplish these
tasks, appropriate test stations will be assembled and utilized in the surface assembly building. The test
stations will be manned by technicians, grad students, post-docs and physicists and will utilize a small set of
simple electrical tests performed to a written test specification. It is not likely wewill repeat all the original
performance tests performed at the originating institutions. However, we mayneed the capability to provide
appropriate gas mixes and high and low voltage power as well as a low-noisetest environment.

Once the antineutrino detectors have been assembled in the surface assembly building 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 transport underground. It will be moved down the
access tunnel into the underground filling hall on transporters at very low speed.

9.6 Filling the Detector Modules

The underground filling station is designed to accommodate two detector modulesduring the filling
process. The three components: Gd-loaded liquid scintillator, liquid scintillatorfor theγ-catcher, and min-
eral oil will be filled simultaneously into each detector module. The goal is to fill two detector modules from
the same batch of liquids to ensure the same target mass and composition in pairs of detectors. They can
then be deployed either both at the same near site for a check of the relativedetection efficiency, or one at
the near and the other one at the far site for a relative measurement of the antineutrino flux. An alternate
plan under consideration would be to fill the two detectors in their respectiveexperimental halls. This would
require very different logistics and transport arrangements.

The underground filling hall houses a 40-t storage/mixing tank for the 0.1%Gd-liquid scintillator and
two more storage tanks for theγ-catcher scintillator and the mineral oil for the buffer region. All three
regions of the detector modules will be filled simultaneously while maintaining equalliquid levels in each
vessel to minimize stress and loads on the acrylic vessels. The underground storage tanks are sufficiently
large to hold the full liquid volumes for two detector modules.

Dedicated fill lines for the Gd-liquid scintillator, theγ-catcher liquid scintillator, and the mineral oil
connect the storage tank to the detector module during the filling process. The filling station will be equipped
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with a variety of instrumentation on the storage tanks and the fill lines for a precise and redundant measure-
ment of the target mass and composition. Each fill line may use multiple flowmeters in series for additional
systematic control. The instrumentation we envision using during the filling procedure includes (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 liquid handling systems. The
filling of the different detectors will be performed sequentially. This ensures that the same set of instrumen-
tation and flowmeters is used in determining the target mass in each detector. In this scenario the systematic
uncertainty on the relative target mass between detector modules comes fromthe repeatability of the mass
flow measurements of one set of instrumentation while the uncertainty on the relative masses between dif-
ferent detector zones (which is less critical) comes from the absolute difference between different sets of
instrumentation. After filling, the two detector modules will be deployed in the appropriate experimental
halls.

9.7 Transport to Experimental Halls

Detector modules and related systems will be transported to the filling hall and experimental halls from
the surface assembly building using flat-bed trailers or self-propelled transporters. There are several issues
associated with this task that make it somewhat more difficult than simply using conventional transportation
equipment:

1. Due to cost and civil construction constraints the tunnel itself is not very large.

2. Entrance to the underground laboratory is through an access tunnelwith an incline of up to 10%.

3. Transport systems have to be compliant with ventilation and undergroundsafety requirements.

Because of this, the transport mechanism should:
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1. have a low bed height (≤0.5 m).

2. be powered by an electric drive or by some very clean burning fuel such as propane gas.

3. be capable of accurate tracking along an electric or mechanical guide.

4. utilize an active horizontal level mechanism while transporting the antineutrino detector down the
10% entrance tunnel into underground laboratory. This will maintain the detector in 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 and they will only be
transported in the horizontal tunnels between experimental halls after they have been filled. During the
transport to the experimental halls the antineutrino detectors are filled and have a total mass of∼100 T. We
are currently investigating several transportation systems. Custom-made (short and wide) flatbed, ‘lowboy’
trailers pulled by an electric airport pushback tugs are one option. A second option is self-propelled, remote-
controlled, small wheel diameter transporters which often have hydraulic lifting capability. A third option is
an electric power train-like transporter which runs on rails. All of these systems have the benefit of having
a bed height of around 0.5 m. All of these can be powered by electric motorsfor clean, safe operation in
confined spaces.

9.8 Final Integration in the Experimental Halls

After the antineutrino detectors have been filled they will be slowly transported through the tunnels to
the appropriate experimental halls. They will be deployed by crane into the drained water pool and onto
their stands. All cabling and electronics will be connected and their calibration systems installed so they can
be calibrated and checked.

The muon-detector elements (RPC chambers, structures and PMTs) will be delivered to the experimen-
tal halls after test and checkout on the surface. These elements will be installed in 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 experimental halls and tunnels will
take about 24 months. The time scale is set by the excavation of the tunnels between the experimental
halls. The near and mid sites will be completed first before the tunnel to the farsite is finished. Completion
of experimental halls at the Daya Bay near site and the mid site suggests the implementation of an early
experiment utilizing the halls at these two sites. Early occupancy of these siteswould provide the opportunity
to commission the detector modules at the near site and to make a first, “fast” measurement with a sensitivity
of sin22θ13 <0.035 (see Chapter 3).

The use of these experimental halls during the ongoing excavation and construction of the tunnel to
the far site poses significant but not insurmountable logistical challenges for the work underground. While
shared underground occupancy is largely to be avoided because of issues of safety (traffic, blasting, explo-
sives, fumes etc..) and interference with mining work other experimental facilities such as KamLAND in
the Kamioka mine have demonstrated that data taking with a sensitive neutrino experiment is possible while
a new underground hall is excavated some few hundred feet away. Inthe case of KamLAND, a new under-
ground hall for a liquid scintillator purification system was built in 2006. The experiment continued data
taking and access to the experimental facilities for scientists was arranged on a specific schedule together
with the mining and construction crews. A similar situation can be found at SNOLab in the Creighton mine
in Canada which is being constructed during the active phase of the Sudbury Neutrino Observatory.

The possibility of commissioning the detector modules at the near site and making anearly measure-
ment of sin22θ13 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 the installation of the first detector mod-
ules. In this case, the experiment may start commissioning detector modules 18 months after beginning of
civil construction and taking first neutrino data at two different experimental halls 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 modules(power, air, etc) can be installed
at the near and mid sites while the construction of the tunnel to the far site is ongoing.

2. a plan for the installation of the detector modules will be developed that doesnot impact the day-to-
day mining operation

3. safety issues with respect to escape routes and personnel underground are addressed

This possibility requires further discussion and negotiations with the contractors for 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 to the reactor cores is important for
the accurate determination of the distances between the reactor cores and each neutrino detector. Permanent
survey markers in each experiment hall will serve as reference marks for the positioning of the detectors.
These survey markers will be placed and known to a precision of better than tens of centimeters, with respect
to the outside world, even though the halls are hundreds of meters inside underground 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 quite precisely. The an-
tineutrino detectors will be surveyed into approximate but precisely known location on their stands at the
bottom of each water pool. The knowledge of the location of each antineutrinodetector, with respect to the
fiducial markers in the halls, will be at the sub-mm level. The location of the muonsystem elements also can
be surveyed and understood at the same sub-mm level. This is both with respect to the antineutrino detectors
and the experimental hall.

With this information the distance between the detector modules and the reactor cores will be 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 µm

Table 9.1. Positioning accuracy of the principal elements of the Daya Bay experiment.
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10 Operations of the Daya Bay Experiment

Operation of the Daya Bay Experiment requires a variety of tasks including:

1. Underground transport of detector modules and deployment into the experimental halls.

2. Data taking with the detector modules in the experimental halls.

3. Frequent automated calibration of each detector module.

4. Full-volume calibration of the detector modules as needed.

5. Monitoring of the state of the detector modules and the underground lab conditions.

6. Monitoring and maintenance of the muon system.

7. Maintenance and repair of the calibration system.

8. Monitoring, maintenance, and repair of electronics and data acquisition system.

9. Monitoring the target liquid and and performing regular chemical assayson the liquid scintillator
samples.

The routine monitoring of the experiment will be performed by members of the collaboration and spe-
cial technical personnel trained in emergency procedures of the underground lab facility. A surface control
room will be set up in the vicinity of the access portal for monitoring and data taking. Daily walk-around
checks in the underground facility will ensure the safe operation of all underground systems.

The operations of the detector will consist of monitoring the detector performance and data quality,
routine calibration, and online data analysis. The calibration procedure willinclude automated calibration
runs to be performed by shift members operating the detector. Special manual calibration runs are to be
performed by expert personnel.

All shift duties related to data taking and monitoring will be shared between the members of the Day
Bay Collaboration. On-site shifts as well as remote, off-site shifts will be part of running the Daya Bay
experiment. Groups responsible for specific subsystems will make arrangements for the maintenance of
detector subsystems.

The scientific and technical team of the Daya Bay experiment will have support from the China Guang-
dong Nuclear Power Group (CGNPG) which operates the Daya Bay reactor complex, and which is a collab-
orator on the experiment.

Operation of the Daya Bay experiment includes data taking with the detector modules in different con-
figurations. The default configuration, as well as other optional configurations, are outlined in the following
section. A variety of alternative operations plans are currently being evaluated with varying frequency of
detector swaps.

10.1 Configurations of Detector Modules

This section describes the different possible detector configurations ofthe Day Bay experiment and their
possible use during different phases of the experiment. The differentdeployment options and run scenarios
are currently being evaluated from the point of view of logistics, cost andphysics 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 are as identical as 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 near sitefor a commissioning 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 mid or far site to 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 opportunity totest the operation
of each detector module before one of them is deployed at the mid or far site.The intrinsic detector
background, the cosmogenic background at the near site, and the relative detection efficiency of the
detector modules can be checked during this commissioning phase. This step istrivial for the first
detector pair, as the default plan for the Daya Bay near site allows for the installation of two detector
modules. Commissioning of the other detector pairs at the near site requires deploying the detectors
to the other experimental halls immediately after the commissioning run. A drawing ofthe detector
configuration is shown in Fig. 10.1.

Fig. 10.1. Optional commissioning runs of pairs of detectors at the Daya Baynear
site. With sufficient runtime of a few months for systematic checks of the detectors a
relative comparison of the detector response is possible.

Including the time for detector installation and start-up, the total time for such a commissioning 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 (or mid)sites to expedite the
overall experiment. In this second scenario two detectors are assembled and filled at the same time
and then one of them is deployed at a near site and the other one is immediately moved to the far
site. Data taking and a relative measurement of the neutrino flux between these two detectors can then
commence immediately.

2. Using the Mid Site: The default plan for the construction of the underground laboratory atDaya Bay
includes a mid-site at a distance of about 1156 m from the Daya Bay cores and 873 m from the center
of the Ling-Ao cores (as discussed in Section 2.1). Civil construction ofthis site will finish earlier
than the excavation of the tunnel to the far site. By deploying two or four 20-ton detector modules
at the mid-site along with two 20-ton detectors at the Daya Bay near it may be possible to make a
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first, “fast” measurement of sin22θ13 at this intermediate distance. See chapter 9 for a discussion of
the logistical and construction issues relating to early occupancy of the near and mid sites. A drawing
of this detector configuration is shown in Fig. 10.2.

Fig. 10.2. Optional near-mid configuration of the Daya Bay experiment foran early
physics run. With two 20-ton detectors at the near and mid site a sensitivity of
sin22θ13 ∼0.035 can be achieved in∼1 year of data taking.

One can also envision using the mid-site for a systematic cross check. By running the experiment in
the mid-far configuration it is possible to probe theθ13 oscillation with a different combination of
distances. The ultimate sensitivity of the experiment is somewhat reduced butthe ratio of the energy
spectra from the mid and far site provide a different oscillation signature asa function 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 Daya Bayand Ling-Ao near sites
along with four 20-ton detector modules at the far site. The total active target mass at the far site is
80 tons. In the default scenario, the mid-site is unused. It is possible to operate in this configuration
either with or without the swapping of pairs of detectors. A drawing of this detector 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 of sin22θ13 < 0.01 at 90% C.L. can be
achieved without swapping detectors. The design of the Daya Bay experiment provides the option of
swapping detectors for systematic checks and to ultimately increase the sensitivity of the experiment
to about sin22θ13 < 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 optimal cancellation 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 reaches the design goal of
sin22θ13 < 0.01
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Fig. 10.3. Default configuration of the Daya Bay experiment, optimized for best sensi-
tivity in sin22θ13. Data taking can occur in a static configuration or with swapping of
detectors.

The collaboration has not decided yet which approach to choose. It willdepend on the outcome of the
design studies of the antineutrino detectors, their transportation system, andR&D on the calibration
and monitoring of the detector response. In addition, the timeliness and potential impact of a first
measurement ofθ13 at Daya Bay will drive the detector deployment and run plan.

10.2 Detector Swapping

The purpose of swapping detectors has been described in Sections 2 and 3. An overview of the steps
involved in the swapping procedure is given below. Detector swapping willutilize the standard transportation
methods developed for the underground movement of the detectors. As such, detector swapping uses all of
the same techniques and procedures that are developed for the initial deployment of the detector modules
and the installation of the experiment. Even the initial deployment of the detector modules at the far site
requires filled modules to be transported from the filling station to the far experimental hall. Swapping is
different from the initial deployment of the detector modules in that it is criticalto characterize any change
in the detector response during the swap. Without a complete characterization of the detector response the
performance of a module cannot be compared before and after the swap. This poses a unique challenge and
sets the criteria for the development of a comprehensive calibration and monitoring program.

10.3 Logistics of Detector Swapping

The total estimated time for detector swapping in the baseline water pool configuration is several days.
We anticipate that the transport of each detector module in the tunnel can be performed in less than a day.
With a transportation speed of∼5 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 immediately prior to the move.

2. Shut down HV and DAQ.
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3. Disconnect large area RPC roof system as necessary to ready this portion of muon system for sliding
back and out of the way for antineutrino detector lift operation.

4. Drain water pool to a level below the antineutrino detector module (∼1000–1500 m3). (Replace with
fresh, filtered water when refilling.)

5. Install a personnel man bridge over the open pit to allow safe access tothe top of antineutrino detector.

6. Disconnect PMT HV and signal cables, LS overflow plumbing, etc. as required to prepare for move.

7. Remove calibration system & piping as required from top of antineutrino detector.

8. Attach the lifting device to the antineutrino detector.

9. Using a 150 T crane, lift the antineutrino detector vertically out of pool and translate it horizontally
onto a transporter.

10. Transport the antineutrino detector to the new location.

11. Reverse the operation at the previously prepared new location.

12. Calibrate the detector in the new location to establish the detector responseimmediately after the
move.
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11 Schedule and Scope

In this chapter, the overall project plan will be described. This will includean overview of the project
schedule, and the concept for the international division of scope. Later, the planned 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 experiment schedule begins with the
initiation of civil construction on the tunnels in the spring of 2007. The Project’s goal is to complete the civil
construction of the tunnels, experimental halls and utility infrastructure before the middle of 2009.

There is an additional goal to complete the Daya Bay Near Hall (and Filling Hall)as early as possible —
approximately 12 months earlier than the final (far) hall. The schedule for the detector elements is therefore
driven by the completion of the first two antineutrino detectors and one third of the muon system hardware
by the fall of 2008 in order to deploy these in this first experimental hall. ThisDaya Bay Near Hall will be
used as an early opportunity to install, test and begin partial experiment operations — a chance to debug
and gain insight into detector operations. This would occur in the early summerof 2009. The next hall to
follow will be the Mid Hall. This hall and its detectors will most likely be available forinstallation tasks 3–4
months after the Daya Bay Near Hall (early in calendar 2009). This would then allow us an opportunity to
install and begin measurements ofθ13 by late summer of 2009.

The remainder of the detectors will be installed and commissioned in the Ling Ao Near and Far Halls by
early summer of calendar 2010 so that the full complement of near and far detectors 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 previouschapters. The total Daya Bay
project includes the civil construction of the experimental facility at the Daya Bay nuclear reactor complex
as well as the construction of the detector elements (antineutrino detectors, muon system, calibration sys-
tem, DAQ/Trigger/Online and offline). Crucial to all of these activities are theproject 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 is developed and signed
between the U.S., China and other countries. Therefore, the scope shown in Table 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 antineutrino detector: Gadolinium
loaded Liquid Scintillator, PMTs (w/bases and control boards), PMT support structure and the transporter
system for moving the assembled and filled antineutrino detectors. The U.S. scope also includes the majority
of the Muon System: the PMT based water Cherenkov system and the roof tracking system (possibly RPCs).
A significant portion of the Calibration system will also be a U.S. deliverable:the automated deployment
system and the full monitoring system. Additionally, many elements will be cooperatively developed: the
front-end and trigger electronics design for both the antineutrino and muonsystems and many of the infras-
tructure items (e.g., online and offline software). System design integration,installation and test and project
management will be jointly planned, managed and executed by the U.S. and China.
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WBS Description China U.S.
lead lead

1 Antineutrino Detector X
System design, steel vessels, LS, mineral oil *
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 *

2 Muon System X
System design, muon tracker, water Cherenkov *
PMTs and support, assem. and test *
FEE, safety systems *

3 Calibration and Monitoring X
automated system, glove box *
monitoring system and system test *
manual system, LED, radioactive sources *
low background counting system *

4 Trigger/DAQ/Online X
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 *

5 Offline ◦ ◦
offline architecture and data archiving in U.S. *
offline hardware and software and simulations ◦ ◦

6 Conventional Construction X
tunnels, halls, underground utilities *
safety systems, surface facilities *

7 Installation and Test ◦ ◦
Onsite installation and system testing ◦ ◦
planning, execution ◦ ◦

8 System Integration ◦ ◦
System level mechanical engineering ◦ ◦
System level electronics engineering ◦ ◦
Common Fund

9 Project Management ◦ ◦
Planning, communication, coordination ◦ ◦
reporting, reviews ◦ ◦

Table 11.1. Daya Bay project scope. TheX’s refer to which country has the lead on a
given task. The* ’s refer to responsibility for scope deliverables. The◦’s refer to shared
responsibility.
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Fig. 11.1. Daya Bay Project Summary Schedule.
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B Acronyms

AC alternating current
Access database program from Microsoft Corporation
ADC analog to digital converter
BES Beijing Spectrometer at the Beijing Electron Positron Collider
BINE Beijing Institute of Nuclear Energy
BNL Brookhaven National Laboratory
CAS Chinese Academy of Sciences
CC charged-current neutrino interactions
CCG central clock generator
CD-1 Critical Decision #1 — Site Selection (CDR)
CD-2 Critical Decision #2 — Cost/Schedule/Scope well defined (TDR)
CERN European Organization for Nuclear Research
CGNPC China Guandong Nuclear Power Group (Daya Bay owner)
CL confidence level
CP charge, parity symmetry
CPT charge, parity, time reversal symmetry
CVS code versioning system
DAC digital to analog converter
DAQ data acquisition
DC direct current
DCS detector control system
DOE U.S. Department of Energy
ES elastic neutrino scattering
ES&H environment, safety & health
FADC flash ADC
FEC front-end card
FEE front-end electronics
FET field effect transistor
FPGA field programmable gate array
FY fiscal year
FWHM full width at half maximum
Gallex Gallium Experiment
Gd-LS Gd loaded liquid scintillator
GEANT detector description and simulation tool
GNO Gallium Neutrino Observatory
GOC global operation clock
GPS Global Positioning System
H/C ratio of hydrogen to carbon
H/Gd ratio of hydrogen to gadolinium
HOTLink bus for clock distribution
HV high voltage
HVPS high voltage power supplies
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IFC International Finance Committee
IGG Institute of Geology and Geophysics
IHEP Institute for High Energy Physics
ILL Institut Laue-Langevin
ISO International Standards Organization
JINR Joint Institutes for Nuclear Research
JTAG electronic standard for testing & downloading FPGA’s
KamLAND Kamioka Liquid Scintillator Antineutrino Detector
K2K KEK to Kamiokanda neutrino oscillation experiment
KARMEN Karlsruhe Rutherford Medium Energy Neutrino experiment
KEK High Energy Accelerator Research Organization in Japan
Kr2Det Two Detector Reactor Neutrino Oscillation experiment at Krasnoyarsk
L/E distance divided by energy
L3C L3 cosmic ray experiment
LAB Linear Alkyl Benzene
LabVIEW Laboratory Virtual Instrument Engineering Workbench
LBNL Lawrence Berkeley National Laboratory
LED light emitting diode
LENS Low Energy Solar Neutrino Spectrometer
LIGO Laser Interferometric Gravity Observatory
LMA Large Mixing Angle solution
Ln lanthanides
LS liquid scintillator
LSND Liquid Scintillator Neutrino Detector
LVDS low voltage differential
MBLT Multiplexed Block Transfer
m.w.e. meters of water equivalent
MC Monte Carlo
MINOS Main Injector Neutrino Oscillation experiment
MoST Ministry of Science and Technology of China
MOU Memorandum of Understanding
MSB 1,4-bis[2-methylstyrl]benzene
MSPS mega-sample per second
NC neutral current neutrino interactions
NSFC Natural Science Foundation of China
NPP nuclear power plant
NTP Network Time Protocol
ODH oxygen deficiency hazard
OPERA Oscillation Project with Emulsion-tRacking Apparatus
p.e. photo-electrons
PC pseudocumene
PC personal computer
PMT photomultiplier tube
PPS Pulse Per Second
PRD Pearl River Delta (elevation above sea level)
PVC Poly Vinyl Chloride
PWR pressurized water reactors
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QA quality 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 scintillator inthe existing 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.


