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Executive Summary

This document describes the design of the Daya Bay reactor neutriadregnt to be constructed at the
Daya Bay nuclear power complex in Shenzhen, China. This is an internigpianect with collaborating
institutions from China, the United States, Russia, and Czech Republic. Apesirment will precisely
determine the last unknown neutrino mixing anéjle with a sensitivity of 0.01 or better isin® 26,5 at the
90% confidence level through a measurement of the relative rates argy epectra of reactor antineutrinos
at different baselines.

Experimental Site

The Day Bay nuclear power complex is one of the most prolific sourcestfeautrinos in the world.
Currently the two pairs of reactor cores (Daya Bay and Ling Ao, sépériay about 1.1 km) generate
11.6 GW, of thermal power; this will increase to 17.4 GMby early 2011 when a third pair of reactor cores
(Ling Ao 1l) is put into operation and Daya Bay will be among the five mostgdw reactor complexes in
the world.

The site is located adjacent to mountainous terrain, ideal for siting undergjicetectors that are well
shielded from cosmogenic backgrounds. The basic experimental laf/@aya Bay consists of three un-
derground experimental halls, one far and two neatr, linked by horiziumiaels as shown in Fig. 0.1.

Fig. 0.1. Default configuration of the Daya Bay experiment, optimized fet sensi-
tivity in sin®26,3. Four detector modules are deployed at the far site and two each at
each of the near sites.

Experimental Setup
Figure 0.1 shows the detector deployment in the underground halls. Egghical cylindrical detectors,



each consisting of three nested cylindrical zones contained within a stagted tank, will be deployed
to detect antineutrinos via the inverse beta-decay reaction. To maximizeghamsgntal sensitivity four
detectors are deployed in the far hall at the first oscillation maximum. The mdtersergy distribution of
antineutrinos from the reactors are monitored with two detectors in eachalkatrelatively short baselines
from their respective reactor cores, reducing the systematic unceri@isity’ 26,5 due to uncertainties in
the reactor power levels to about 0.1%. This configuration significantly inegréve statistical precision
over previous experiments (0.2% in three years of running) and enaloles-calibration to verify that the
detectors are identical. Each detector will have 20 metric tons of 0.1% Geddmpid scintillator in the
inner-most, antineutrino target zone. A second zone, separated feotartfet and outer buffer zones by
transparent acrylic vessels, will be filled with undoped liquid scintillator ftaring~ rays that escape
from the target thereby improving the antineutrino detection efficiency. AdbtE92 photomultiplier tubes
are arranged along the circumference of the stainless steel tank in thiermsiezone, which contains
mineral oil to attenuate rays from trace radioactivity in the photomultiplier tube glass and nearby ialater
including the outer tank. The detector dimensions are summarized in Table 0.1.

| Dimensions | Inner Acrylic | Outer Acrylic | Stainless Stee]
Diameter (mm) 3100 3970 4976
Height (mm) 3100 3970 4976
Wall thickness (mm) 10 15 12
Vessel Weight (ton) 0.6 1.4 20
Liquid Weight (ton) ~20 ~20 ~40

Table 0.1. Summary of antineutrino detector properties. The dimensionsratigef
inner diameters. The liquid weights are for the mass of liquid contained only within
that zone.

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

The mountainous terrain provides sufficient overburden to supposssic muon induced backgrounds
to less than 1% of the antineutrino signal. The detectors in each experimattaténshielded by 2.5 m
of water against radioactivity and spallation neutrons from the suringmdck. The detector halls include
a muon detector system, consisting of an instrumented water shield and tfackegging the residual
cosmic muons. The signal and background rate in the underground teaflsramarized in Table 0.2.

Careful construction, filling, calibration and monitoring of the detectors witluce detector-related
systematic uncertainties to a level comparable to or below the statistical unggerfaile 0.3 summarizes
the systematic uncertainties for the experiment. The horizontal tunnelsatmmnéhe detector halls will
facilitate cross-calibration and offer the possibility of swapping the detedtofurther reduce systematic
uncertainties.

Schedule

Civil construction is scheduled to begin in the spring of 2007. Deploymétie first pair of the
detectors in the Daya Bay near hall will start in February 2009. Data talsimgy the baseline configuration
of the two near halls and far hall will begin in June 2010. After three yefmsnning the sensitivity of Daya
Bay forsin? 26,3 will be 0.008, relatively independent of the valuefn?, within its allowed range.



| Daya Bay Near

Ling Ao Near

\ Far Hall \

Baseline (m) 363 481 from Ling Ao | 1985 from Daya Bay
526 from Ling Ao Il | 1615 from Ling Ao

Overburden (m) 98 112 350
Radioactivity (Hz) <50 <50 <50

Muon rate (Hz) 36 22 1.2
Antineutrino Signal (events/day) 930 760 90
Accidental Background/Signal (%) <0.2 <0.2 <0.1

Fast neutron Background/Signal (%) 0.1 0.1 0.1

8He+’Li Background/Signal (%) 0.3 0.2 0.2

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

Source

H

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 threagénp
experimental methods, whereas the goal value should be attainable with ralditio
research and development.
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1 PHYSICS 1

1 Physics

The goal of the Daya Bay reactor antineutrino experiment is to determin@kim@wn neutrino mixing
angled; s with a sensitivity of 0.01 or better in sid¢, 3, an order of magnitude better than the current limit.
This section provides an overview of neutrino oscillation phenomenologytenscientific requirements of
the experiment.

1.1 Neutrino Oscillation Phenomenology

Compelling evidence for transformation of one neutrino flavor to anothewt(imo oscillations) has
been observed in solar [1-4], atmospheric [5], reactor [6] andlereter [7,8] experiments, using a wide
variety of detector technologies. The only consistent explanation foe tlessilts is that neutrinos have mass
and that the mass eigenstates are not the same as the flavor eigenstate® (méing).

1.1.1 Neutrino Mixing

For three neutrino flavors, the mixing matrix, usually called the Maki-Nakag@akata-Pontecorvo [9]
mixing matrix, is defined to transform the mass eigenstatgs/, v3) to the flavor eigenstatesy, v, v-)
and can be parameterized as

1 0 0 013 0 gikg 012 312 0 6i¢1
Unmnsp = 0 Co3 So 0 1 0 —S12 Ci2 0 ei®2
0 —S2 Cag ~S13 0 Ci3 0 0 1 1
Ci12Ci3 C13512 St el '
= —512C23 — C12513523  Cr2Caz — 512513523 C13523 €2 1)
S12523 — C12513C23  —C12523 — 512513C23 C13C03 1

whereCj, = cos b, Sjk = sin by, S35 = e%cP gin 05. The neutrino oscillation phenomenology is inde-
pendent of the Majorana phasgsandq,.

Neutrino oscillations of three flavors are completely described by six paeasnéhree mixing angles
012, 013, O3, two independent mass-squared differendes3; = m3 — m?, Am3, = m3 — m3, and one
C P-violating phas&cp (note thatAm3, = m3 — m? = Am2, + Ami)).
1.1.2 Current Knowledge of Mixing Parameters

Results from solar, atmospheric, reactor, and accelerator neutriecients have been used to deter-
mine the mixing parameters separately and in global fits. The sixth parametéiPthelating phaseé«p,

is inaccessible to the present and near future oscillation experiments. M¢ée fgere the result of a recent
global fit with 20 (95% C.L.) ranges [10]:

Am3, = T7.92(1.0040.09) x 107°eV?  sin?615 = 0.314(1.00751%) 2)
|Am3,| = 2.4(1.00703) x 1072 eV? sin? o3 = 0.44(1.007933) (3)
sin03 = (0.9723) x 1072 (4)

Due to the absence of a signal, the global fits9enresult in upper bounds which vary significantly from
one fit to another.

Another very recent global fit [11] with different inputs finds alloweages for the oscillation param-
eters that overlap significantly with the above results evelvai68% C.L.). The latest MINOS neutrino
oscillation results [8] significantly overlap those in the global fit [10]. Allsbesignify the convergence to a
set of accepted values of neutrino oscillation parameXerg, , | Am3,|, sin? 612, andsin? fa3.

The central value of13 extracted from Eq. 4 is abouf 5This corresponds to a value of 0.036 for
sin? 2613, which should be compared to the best upper limit of 0.17 at 90% C.lAfef, = 2.5 x 1073
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eV? obtained by Chooz (see Fig. 1.1). We can conclude that, usilikand 6,3, the mixing angle);3 is
relatively small. The three parameters that are not determined by prestanar@y; s, the sign ofAms3,

1 g
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Fig. 1.1. Exclusion contours determined by Chooz, Palo Verde along withlltveed
region obtained by Kamiokande. [12]

(which fixes the hierarchy of neutrino masses), and the Oif&eviolating phasé p.
1.1.3 Significance of the Mixing Angled,3

As one of the six neutrino mass parameters measurable in neutrino oscill&tiprssimportant in its
own right and for further studies of neutrino oscillations. We need to khewalue of,3 to sufficient pre-
cision to design experiments to meastirg. The matter effect, which can be used to determine the mass
hierarchy, also depends on the siz&dgf. If 613 > 0.01, then the design of future experiments searching
for C'P violation is relatively straightforward [13]. However, for smaltgg new experimental techniques
and accelerator technologies are likely required to carry out the measot® In additiond, 3 is important
in theoretical model building of the neutrino mass matrix, which can serve asda tp the theoretical
understanding of physics beyond the standard model. Based on thegeanaitderations it is highly desir-
able to significantly improve our knowledge @&f; in the near future. The February 28, 2006 report of the
Neutrino Scientific Assessment Group (NUSAG) [14], which advises D& Dffices of Nuclear Physics
and High Energy Physics and the National Science Foundation, and ®iendRi-divisional study’s report
on neutrino physicsthe Neutrino Matrix[15], both recommend with high priority a reactor antineutrino
experiment to measure $it;; at the level of 0.01.

1.2 Determining#;3 with Nuclear Reactors

Reactor-based antineutrino experiments have the potential of uniquefyndetey 6,5 at low cost and
in a timely fashion. In this section we summarize the important features of nuekszaiors which are crucial
to reactor-based antineutrino experiments.
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1.2.1 Energy Spectrum and Flux of Reactor Antineutrinos

Many reactor antineutrino experiments to date have been carried ouésgupzed water reactors
(PWRs). Such a nuclear power plant derives its power from the figdiamanium and plutonium iso-
topes (mosthy??°U and?3°Pu) which are embedded in the fuel rods in the reactor core. The fissidoges
daughters, many of which beta decay because they are neutronaahfi§sion on average releases approx-
imately 200 MeV of energy and six antineutrinos. A typical reactor with 3 GWhefmal power (3 GW,)
emits6 x 10%° antineutrinos per second with antineutrino energies up to 8 MeV. The majdribhe @an-
tineutrinos have very low energies; about 75% are below 1.8 MeV, thshtble: of the inverse beta-decay
reaction (IBD) that will be discussed in Section 1.2.2.

The antineutrino flux and energy spectrum of a PWR depend on séxet@is: the total thermal power
of the reactor, the fraction of each fissile isotopes in the fuel, the fissierof@ach fissile isotope, and the
energy spectrum of antineutrinos of the individual fissile isotopes.

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

Fissile materials in a reactor are continuously consumed while new fissile isdop@roduced from
other fissionable isotopes in the fuel (maidkU) by fast neutrons. Since the antineutrino energy spectra
are slightly different for the four main isotopes?U, 238U, 239Pu, and**!Pu, the knowledge on the fission
composition and its evolution over time are therefore critical to the determinatitre antineutrino flux
and energy spectrum. From the average thermal power and the effecgwgy released per fission [16], the
average number of fissions per second of each isotope can be cal@dadefunction of time. Figure 1.2
shows the results of a computer simulation of the Palo Verde reactor cdies [1

Fissions/Sec
]
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Fig. 1.2. Fission rate of reactor isotopes as a function of time from a Monte Ca
simulation [17].

It is common for a nuclear power plant to replace some of the fuel rods icatteeperiodically as the
fuel is used up. Typically, a core will have 1/3 of its fuel changed et&rmnonths. At the beginning of each
refueling cycle, 69% of the fissions are frafftU, 21% from?3?Pu, 7% from?38U, and 3% from**!Pu.
During operation the fissile isotopé¥Pu and?*'Pu are produced continuously frofU. Toward the
end of the fuel cycle, the fission rates frafiU and?3°Pu are about equal. The average (“standard”) fuel
composition is 58% ot3°U, 30% of239Pu, 7% of?38U, and 5%**'Pu [18].

In general, the composite antineutrino energy spectrum is a function of thelépendent contributions
of the various fissile isotopes to the fission process. The Bugey 3 expedorapared three different models
of the antineutrino spectrum with its measurement [19]. Good agreememtbsass/ed with the model that
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made use of the, spectra derived from thg spectra [20] measured at the Institute Laue-Langevin (ILL).
However, there is no data fét3U; only the theoretical prediction is used. The possible discrepancy betwe
the predicted and the real spectra should not lead to significant emeestie contribution fron¥**U is
never higher than 8%. The overall normalization uncertainty of the ILL omealsspectra is 1.9%. A global
shape uncertainty is also introduced by the conversion procedure.

A widely used three-parameter parameterization of the antineutrino spéfctrtime four main isotopes,
as shown in Fig. 1.3, can be found in [21]. Per fissiofilJ produces the highest number of antineutrinos
whereag3’Pu generates the least. In addition, the spectra associatedWitand?4'Pu are almost iden-
tical.
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Fig. 1.3. Antineutrino energy spectrum for four isotopes following thepeateriza-
tion of Vogel and Engel [21].

1.2.2 Inverse Beta-Decay Reaction

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

o) = ao(f? + 3¢°)(ELp©) /1MeV?) (5)

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

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

o'% = 0.0952 x 107 2em?(E@p® /1MeV?) (6)

Vogel and Beacom [22] have recently extended the calculation of thecrotsd section and angular distri-
bution to orderl /M for the inverse beta-decay reaction. Figure 1.4 shows the comparisioa toital cross
sections obtained in the leading order and the next-to-leading order d¢alnaldNoticeable differences are
present for high antineutrino energies. We adopt the ordéf formulae for describing the inverse beta-
decay reaction. The calculated cross section can be related to the rigetioe, whose uncertainty is only
0.2%.

The expected recoil neutron energy spectrum, weighted by the antireatrérgy spectrum and the
V. +p — e +n cross section, is shown in Fig. 1.5. Due to the low antineutrino energy eetatihe mass
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7F e Leading order A

6 —— Next—to—leading order 7]

Total Cross Section (107%cm?)
w
T

0 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

Neutrino Energy (MeV)

Fig. 1.4. Total cross section for inverse beta-decay calculated in leaditegy and
next-to-leading order.
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Fig. 1.5. Recoil neutron energy spec- Fig. 1.6. Angular distributions of
trum from inverse beta-decay weighted positrons and recoil neutrons from
by the antineutrino energy spectrum. inverse beta-decay in the laboratory
frame.

of the nucleon, the recoil neutron has low kinetic energy. While the positngular distribution is slightly
backward peaked in the laboratory frame, the angular distribution of titeoms is strongly forward peaked,
as shown in Fig. 1.6.

1.2.3 Observed Antineutrino Rate and Spectrum at Short Distance

The observed antineutrino spectrum in a liquid scintillator (LS) detector,hwikidch in hydrogen, is
a product of the reactor antineutrino spectrum and the cross sectiorecdérbeta-decay. Figure 1.7 shows
the differential antineutrino energy spectrum, the total cross section aftbese beta-decay reaction, and
the expected count rate as a function of the antineutrino energy. Tleeedliffal energy distribution is the
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Fig. 1.7. Antineutrino energy spectrum (red dotted curve), total invieeta-decay
cross section (blue dotted-dash curve), and count rate (black solie)@s a function
of antineutrino energy.

sum of the antineutrino spectra of all the radio-isotopes in the fuel. It isdbnsitive to the variation of
thermal power and composition of the nuclear fuel.

By integrating over the energy of the antineutrino, the number of eventsecdetermined. With one-
ton* of LS, a typical rate is about 100 antineutrinos per day perGat/100 m from the reactor.

A small amount of Gd can be dissolved in the LS. After a moderation time of abous, the neutron
is captured by a Gd nucledigmitting several-ray photons with a total energy of about 8 MeV. This signal
is called the delayed energlyy. The temporal correlation between the prompt energy (the positron signal)
and the delayed energy constitutes a powerful tool for identifyingrttend for suppressing backgrounds.

1.2.4 Reactor Antineutrino Disappearance Experiments

In a reactor-based antineutrino experiment the measured quantity ishabprobability forz, — 7,
at a baseline of the order of hundreds of meters to about a coupleduukitibmeters with the’, energy
from about 1.8 MeV to 8 MeV. The matter effect is totally negligible and so tleeiwan formula for the
survival probability is valid. In the notation of Eq. 1, this probability has a seneppression

Psur = 1- 0%3 sin2 2912 sin2 A21 — 0122 sin2 2013 sin2 Agl - 5%2 sin2 2913 sin2 Agg (7)
where
L(km)
— 2 2 3
A = 1.267Am3(eV?) x 10 FOY) (8)
Amjzk = mJ2 —mi

*Throughout this document we will use the term ton to refer to a metric tof@® kg.
TThe cross section of neutron capture by a proton is 0.3 b and 50,000
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L is the baseline in kmiZ the antineutrino energy in MeV, and; the j-th antineutrino mass in eV. The
Ve — Ve SUrvival probability is given by Eq. 7 which is independent of th& phase anglé-p and the
mixing angleds.
To obtain the value o3, the depletion of,, has to be extracted from the experimemadisappearance
probability,
Pdis = 1- Psur
= Cfysin® 2015 sin? Agy + CFy sin? 2013 sin? Agz; + S3, sin” 20,3 sin? Ay (9)

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

Pi3 = Pgs— P2
= +C%,sin® 2013 5in? Az + Sy sin? 20,3 sin? Ay (11)

The above discussion shows that in order to obfgirwe have to subtract th s-insensitive contribu-
tion ;5 from the experimental measurementiof,. To see their individual effect, we pld? s in Fig. 1.8
together withPy, and P> as a function of the baseline from 100 m to 250 km. The antineutrino energy is

08

—P 12

—P_13
—P_dis \/-

Probability

N //
//\//

02 i i
0.1 1 10 100

Baseline (km)

Fig. 1.8. Reactor antineutrino disappearance probability as a functiastahde from
the source. The values of the mixing parameters are given in E¢,12s the slowly
rising blue curve.P;3 is the green curve that has a maximum near 2 km. The total

disappearance probabilifyy;s is the red curve.

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

0120 = 34°, Am3, =7.9x107°eV?, Am3; =2.5 x 10 3eV? (12)

The behavior of the curves in Fig. 1.8 are quite clear from their definitiggs, (9), (10), and (11).
Below a couple kilometer$’, is very small, andP;3 and Py, track each other well. This suggests that
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the measurement can be best performed at the first oscillation maximipg(afax) ~ sin? 26;3. Beyond
the first minimumP; 3 and Py; deviate from each other more and morelamcreases wheir;5; becomes
dominant inPg;s.

When we determiné;3(max) from the differencéy;, — Pio, the uncertainties oéy» and Am?2; will
propagate td 3. It is easy to check that, given the best fit values in Eq. 2, whe6; 5 varies from 0.01 to
0.10 the relative size dP;; compared taP; 3 is about 25% to 2.6% at the first oscillation maximum. Yet the
contribution of the uncertainty @P;, to the uncertainty in determiningn? 26,5 is always less than 0.005.

In Fig. 1.9, Py;s integrated ove from 1.8 to 8 MeV is shown as a function of the baselinfor three
values ofAmj3, that cover the allowed range &fm%, at 95% C.L. as given in Eq. 3. The curves show the

0.1

0.08

0.06

dis

0.04 |-

0.02 i === Am2=18x103cV?
Am? =24 x103 eV?

iofr
i
gr e Am? =2.9 x103 eV?
4

0 L I L L

0 1 2 3 4 5

Baseline (km)

Fig. 1.9. Reactor antineutrino disappearance probability due to the mixitg&an@as
a function of the baseling over the allowed 2 range inAm3,.

location of the oscillation maximum is sensitive fon3,. For Am3, = (1.8, 2.4, 2.9) x 1073 eV?, the
oscillation maximum occurs at a baseline of 2.5 km, 1.9 km, and 1.5 km, respgcivem this simple
study, placing the detector between 1.5 km and 2.5 km from the reactorttmblksa good choice.

We conclude from this phenomenological investigation that the choiédbefmade so that it can cover
as large a range afm?, as possible. A baseline near 2 km is particularly attractive since it is lazsitige
to the value ofAm?;.

1.2.5 Precision Measurement of3

The value ofsin? 26,3 can be determined by comparing the observed antineutrino rate and energy
spectrum with predictions assuming no oscillations. The number of detedirdw@rnnosNy.; is given by

Naet = 452 5 / €0 Py SdAE (13)
whereN, is the number of free protons in the targetis the distance of the detector from the reactas,
the efficiency of detecting an antineutrinois the total cross section of the inverse beta-decay proggss,
is the survival probability given in Eq. 7, arftlis the differential energy distribution of the antineutrino at
the reactor shown in Fig. 1.7.

With only one detector at a fixed baseline from a reactor, according t@Eqve must determine the
absolute antineutrino flux from the reactor, the absolute cross sectioa ioi/érse beta-decay reaction, and
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the efficiencies of the detector and event-selection requirements in onesaisurein? 26,3. The prospect
for determiningsin® 26,3 precisely with a single detector is not promising. It is a challenge to reduce the
systematic uncertainties of such an absolute measurement to sub-perekssigecially for reactor-related
uncertainties.

Mikaelyan and Sinev pointed out that the systematic uncertainties can lity grggpressed or totally
eliminated when two detectors positioned at two different baselines are ufidgd he near detector close
to the reactor core is used to establish the flux and energy spectrum aftiheudrinos. This relaxes the
requirement of knowing the details of the fission process and operationdltions of the reactor. In this
approach, the value efn? 26,5 can be measured by comparing the antineutrino flux and energy distribution
observed with the far detector to those of the near detector after scalingligtiimce squared. According
to Eqg. 13, the ratio of the number of antineutrino events with energy betwesmd £/ + dF detected at
distanceL (far detector) to that at a baselihig (near detector) is given by

- ()@ e
Ny N Np,n Ly¢ €n Psur(E7 Ln)
By placing the near detector close to the core such that there is no sighdgmlhating effect and the
contribution off;, is negligible sin? 26,3 is approximately given by

e = b e () ()
sin® 26013 =~ AE. LD 1—e ~ )\, (15)

whereA(E, L¢) =sin? A3y with Az defined in Eq. 8 is the analyzing power ands the relative efficiency

of the near and far detectors. The relative detector efficiency captbentined more precisely than the ab-
solute efficiency. Indeed, from this simplified picture, it is clear that thedet@ctor scheme is an excellent
approach for precisely determining the valueiof 26,3. In practice, we need to extend this idea to handle
more complicated arrangements involving multiple reactors and multiple detectoithasase of the Daya
Bay experiment.

1.2.6 Requirements for a Precision Measurement df;3 with Reactors

As discussed in Section 1.2.4, probisig? 26,3 with a sensitivity of 0.01 will be a significant advance
in neutrino physics. In order to meet this goal, it is important to reduce thetstaltisnd systematic uncer-
tainties as well as to suppress backgrounds. A sensitivity of 0.01 (90%i@lies the standard deviation
of the measurement is about 0.0037 for a one-parameter fit (nasnels; 3).

o High Statistics The statistical uncertainty of this measurement is dominated by the total number of
antineutrino events detected with the far detector that depends on the thpenveal of the nuclear
power plant, the target mass, and the amount of running time.

o Optimization of baselinesIn the generic design with two detectors, the near detector should be posi-
tioned as close to the reactor as possible so that the flux and the enecgjyispef the antineutrinos
are not significantly affected by oscillations. The far detector shoulddmeg near the first oscilla-
tion maximum, between 1.5 km and 2 km, so as to maximize the disappearanceilfiyofthis also
minimizes the dependence dnm3, as discussed in Section 1.2.4).

o Reduction of systematic uncertaintiesThe two major sources of systematic uncertainties arise from
variation of thermal power of the reactors and from slight variations in #réopnance and char-
acteristics of the detectors. Since the uncertainty of this measurement &eskpe be 0.0037, the
total systematic uncertainty of the measurement must be controlled to better ithésvéh A sig-
nificant fraction of the reactor-related systematic uncertainty can be eshinvadopting a near-far
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arrangement of detectors as discussed in Section 1.2.5. In additionttsin@due okin? 26,3 will be
extracted by comparing the detected events in the near and far detedimfs jsvarelative measure-
ment, the detector-related systematic uncertainty in this approach is greattydedurthermore, by
ensuring the detectors are built to the same specifications, along with a ¢dwmgire program of
monitoring and calibration, it is expected that the total detector-related sygtemeertainty can be
kept below the statistical uncertainty.

o Background suppressionSince the signal rate is low, it is desirable to conduct the experiment un-
derground to reduce cosmic-ray induced backgrounds from neugrhthe radioactive isotopei.
Gamma rays originating from natural radioactivity in construction materialstensiurrounding rock
can contribute to accidentals as the random coincidence~ofay interaction in the detector and
a neutron capture can mimic the signal. Since Chooz [12] had an overnbafde300 m.w.e. and
achieved a background-to-signal ratio of approximately 0.09, the nearggon of reactor-based
013 experiments should have additional overburden and shielding enclogrdgtactors to further
suppress backgrounds.

1.2.7 Some Proposals for Precision Measurement 6fs with Reactors

As of 2006, there are about 440 nuclear reactors producing electrichg world. Approximately half
of them are PWRs, the kind of reactor that all past reactor-basedneeettperiment have utilized. The
majority of these PWRs being in France, Japan, and the United States. étpiievmajority of the most
powerful PWR nuclear power plants reside in Japan [24], South K@®aand France [26] with local
physicists interested in mounting reacties experiments with sensitivities between 0.02 and 0.03.

Palo Verde, in the United States, is the twelfth most powerful reactor in thiel widre plant operator
has shown no interest in supporting another experiment. Furthermoresjtthis flat within a radius of
several km, which would necessitate construction of large, deep vestiatts for deploying detectors.

A proposal to use the Diablo Canyon plant in California to perform the mmeasent [13] is now
defunct. This is an attractive site, with a mountain range several hundredsnasvay from twin reactors
with a total thermal power of 6.7 GMY. The near site would be similar to Double Chooz requiring a slanted
(or vertical) shaft to access the detector. However, environmentakoaos and potential interference of
the experiment’s civil construction of the experiment with the plant’s onsitevstorage terminated the
project.

1.3 The Daya Bay Reactor Antineutrino Experiment

The objective of the Daya Bay experiment is to deternsimé 26,5 with sensitivity of 0.01 or better.
This experiment will be located at the Daya Bay nuclear power complex ithaouChina. Its location is
shown in Fig. 1.10. The experimental site is about 55 km north-east frictoria Harbor in Hong Kong.
Figure 1.11 is a photograph of the complex. The complex consists of theezanpower plants (NPPs): the
Daya Bay NPP, the Ling Ao NPP, and the Ling Ao Il NPP. The Ling Ao Il NBRnder construction and
will be operational by 2010-2011. Each plant has two identical reactescEach core generates 2.9 GW
during normal operation. The Ling Ao cores are about 1.1 km east ddlya Bay cores, and about 400 m
west of the Ling Ao Il cores. There are mountain ranges to the north wirim¥ide sufficient overburden
to suppress cosmogenic backgrounds in the underground experirhalgalWithin 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 Bagchfswo cores and the Ling
Ao cluster of four cores. We plan to deploy two identical sets of near theteat distances between 300 m
and 500 m from their respective cluster of cores to monitor the antineuturesil Another set of identical
detectors, the far detectors, will be located approximately 1.5 km north ofvtheear detector sets. Since
the overburden of the experimental site increases with distance fromrbg toe cosmogenic background
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Fig. 1.10. Daya Bay and vicinity: The nuclear power complex is located 5&d&m
central Hong Kong on the bay “Daya Wan” at the upper right of the map.

F|g 1.11. The Daya Bay nuclear power complex. The Daya Bay nuctnmrmlant
is in the foreground. The Ling Ao nuclear power plant is in the backgitolihe ex-
perimental halls will be underneath the hills to the left.

decreases as the signal decreases, hence keeping the backgrsigrdal ratio roughly constant. This is
beneficial to controlling systematic uncertainties.

Detailed design of the experiment, including baseline optimization (accountirgdiistical and sys-
tematic uncertainty, backgrounds and topographical information), wilisidsed in the following chap-
ters. We will determinein? 26,3 by comparing the antineutrino fluxes and energy spectra between the near
and far detectors. From the baseline optimization, we also conclude wemeeitect 170,000 events with
the far detector to reach the designed sensitivity. Since the standardvértoe 0.0061, Daya Bay would
determine the central value ein? 26,3 derived from Eq. 4 with approximately a six-sigma significance.
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Table 1.1 is a summary of the scientific requirements for determisiirfg26, 3 with a sensitivity of 0.01 at
the 90% confidence level.

Table 1.1. Summary of scientific requirements

] Item | Requirement
Sensitivity insin? 263 (90% C.L.) <0.01
Standard error ofin? 265 0.0061
Baseline of the far detector < 2km
Number of events at the far sitej] 170,000
Background/signal <0.09

It is possible to instrument a mid detector site between the near and far sieemidldetectors along

with the near and far detectors can be used to carry out additional reezesus for systematic studies and
for internal consistency checks or to confirm an observed signaloimbmation with the near detectors
close to the Daya Bay NPP, they could also be utilized to provide a quick detgiomimfsin? 26,3, albeit
with sensitivity only as good as Double Chooz, in the early stage of the iexget.
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2 Experimental Overview

To establish the presence of neutrino oscillation du@ tpand to determine st6;3 to a sensitivity
of 0.01 or better at 90% confidence level, at least 170,000 detectets eatethe far site are needed, and
systematic uncertainties in the ratios of near-to-far detector acceptanticeudrino flux and background
have to be controlled to a level almost an order of magnitude better than theysrexperiments. Based on
recent single-detector reactor experiments such as Chooz, PaloaratdeamLAND, there are three main
sources of systematic uncertainty: reactor-related uncertainty of%@-+#ckground-related uncertainty of
(1-3)%, and detector-related uncertainty of (1-3)%. Each sourcecadrtainty can be further classified
into correlated and uncorrelated uncertainties. Hence a carefully eéelsegperiment, including the detec-
tor mass, efficiency and background control, is required. The prin@rgiderations driving the improved
performance are listed below:

o

identical near and far detectorsUse of identical antineutrino detectors at the near and far sites to
cancel reactor-related systematic uncertainties, a technique firstsgpy Mikaelyan et al. for the
Kr2Det experiment in 1999 [1]. The event rate of the near detector willded to predict the yield at
the far detector. Even in the case of several reactors, reactorerelatertainties can be controlled to
negligible level by careful choice of the near and far site locations.

multiple modules Employ multiple, identical modules at the near and far sites to cross checkdretwe
modules at each location and reduce detector-related uncorrelatathirites. The use of multiple
modules in each site enables internal consistency checks (to the limit of statigtidsple modules
implies smaller detectors which are easier to move. In addition, small modules pitienwer cosmic-
ray muons, resulting in less dead time, less cosmogenic background acel $realler systematic
uncertainty. Taking calibration and monitoring of detectors, redundandycast into account, we
have selected a design with two modules at each near site and four module&atsike.

three-zone detector moduleéEach module is partitioned into three concentric zones. The innermost
zone, filled with Gd-loaded liquid scintillator (Gd-LS), is the antineutrino tavgdth is surrounded

by a zone filled with unloaded LS called thecatcher. This middle zone is used to captyreys,

from IBD events, that escape from the target. This arrangement batastially reduce the systematic
uncertainties related to the target volume and mass, positron energy thresttbposition cut. The
outermost zone, filled with transparent mineral oil that does not scintillaields against external

rays entering the active LS volume.

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

multiple muon detectors By tagging incident muons, the associated cosmogenic background can
be suppressed to a negligible level. This requires the muon detectorsralirmg the antineutrino
detectors to have a high efficiency that is known with high precision. Moat®Gtudy shows that the
efficiency of the muon detector should b©9.5% (witho. <0.25%). The muon system is designed

to have at least two detector systems in each direction. One system utilizestifreshield as a
Cherenkov detector, and another employs muon tracking detectors wihtdeasition resolution.
Each muon detector can easily be constructed with an efficiency of (P-9&ch that the overall
efficiency of the muon system will be better than 99.5%. In addition, the two rdatsttors can be
used to measure the efficiency of each other to a uncertainty of better.2%%6.0
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o movable detectorsThe detector modules are movable, such that swapping of modules between th
near and far sites can be used to provide an even higher level ofletiooeof detector-related uncer-
tainties (to the extent that they remain unchanged before and after sgapiie residual uncertain-
ties, being secondary, are caused by energy scale uncertaintiesnmaietely taken out by calibra-
tion, as well as other site-dependent uncertainties. The goal is to rdtisgstematic uncertainties
as much as possible by careful design and construction of detector realdie that swapping of
detectors is not necessary. Further discussion of detector swapitibg given in Chapters 3 and 14.

With these improvements, the total detector-related systematic uncertainty eteskpebe~0.2% in
the near-to-far ratio per detector site.

2.1 Experimental layout

Taking the current value oAm3, = 2.5 x 1072 eV? (see equation 12), the first maximum of the
oscillation associated with; s occurs at~1800 m. Considerations based on statistics alone will result in
a somewhat shorter baseline, especially when the statistical uncertaintyeistlaan or comparable to the
systematic uncertainty. For the Daya Bay experiment, the overburdennioélsiehe optimization since it
varies along the baseline. In addition, a shorter tunnel will decreasévtheonstruction cost.

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

| 2 =
Baycores -

EIHW sa

Fig. 2.1. Layout of the Daya Bay experiment.

distance between the two cores in each NPP is about 88 m. Daya Bay is 1ft6thrhing Ao, and the
maximum distance between cores will be 1600 m when Ling Ao Il starts operdtfte experiment will
locate detectors close to each reactor cluster to monitor the antineutrinos ermittegtiir cores as precisely
as possible. At least two near sites are needed, one is primarily for mogitbgrDaya Bay cores and the
other primarily for monitoring the Ling Ao—Ling Ao Il cores. The reactolated systematic uncertainties
can not be cancelled exactly, but can be reduced to a negligible revelyas 0.04% if the overburden
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is not taken into account. A global optimization taking all factors into accowpeaally balancing the
overburden and reactor-related uncertainties, results in a resiccgbrencertainty 0£0.1%

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

After careful study of many different experimental designs, the badiguration of the experiment is
shown in Fig. 2.1 together with the tunnel layout. Based on this configuratigiopal x? fit (see Eq. 29)
for the best sensitivity and baseline optimization was performed, taking intmatbackgrounds, mountain
profile, detector systematics and residual reactor related uncertairtesedult is shown in Fig. 2.2.
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Fig. 2.2. Site optimization using the globat analysis. The optimal sites are labelled
with red triangles. The stars show the reactors. The black contoursteb@ensitivity
when one site’s location is varied and the other two are fixed at optimal sites. T
red lines with tick marks are the perpendicular bisectors of various comhisaio
reactors. The mountain contours are also shown on the plot (blue lines).

Ideally each near detector site should be positioned equidistant from e tbat it monitors so that
the uncorrelated reactor uncertainties are cancelled. However, takénigunden and statistics into account
while optimizing the experimental sensitivity, the Daya Bay near detector sitesiddzated 363 m from
the center of the Daya Bay cores. The overburden at this location is 28%m¢.w.e.): The Ling Ao near

*The Daya Bay near detector site is about 40 m east of the perpendidséatds of the Daya Bay two cores to gain more
overburden.
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detector hall is optimized to be 481 m from the center of the Ling Ao coresba6dn from the center of
the Ling Ao Il core$ where the overburden is 112 m (291 m.w.e).

The far detector site is about 1.5 km north of the two near sites. Ideallyitk@gdahould be equidistant
between the Daya Bay and Ling Ao—Ling Ao Il cores; however, the lmweten at that location would be
only 200 m (520 m.w.e). At the optimized locations, the distances from the factde to the midpoint
of the Daya Bay cores and to the mid point of the Ling Ao—Ling Ao Il cores H85 m and 1615 m,
respectively. The overburden is about 350 m (910 m.w.e). A summaryedlithances to each detector is
provided in Table 2.1.

] H DYB \ LA \ Far\
DYB cores 363 | 1347| 1985
LA cores 857 | 481 1618
LA Il cores || 1307| 526| 1613

Table 2.1. Distances (in meters) from each detector site to the centroidropaamof
reactor cores.

Itis possible to install a mid detector hall between the near and far sites ti&asifrom the midpoint
of the Daya Bay cores and 873 m from the midpoint of the Ling Ao and LindlAores. The overburden
at the mid hall is 208 m (540 m.w.e.). This mid hall could be used for a quick measumt ofsin? 26,3,
studies of systematics and internal consistency checks.

There are three branches for the main tunnel extending from a junctartime mid hall to the near
and far underground detector halls. There are also access ariductine tunnels. The length of the access
tunnel, from the portal to the Daya Bay near site, is 292 m. It has a grag8é%f [2], which allows the
underground facilities to be located deeper with more overburden.

2.2 Detector Design

As discussed above, the antineutrino detector employed at the neasit@ganps two (four) modules
while the muon detector consists of a cosmic-ray tracking device and aciies ghield. There are several
possible configurations for the water shield and the muon tracking detextlis@issed in Section 8. The
baseline design is shown in Fig. 2.3.

The water shield in this case is a water pool, instrumented with photomultiplier tBMES] to serve
as a Cherenkov detector. The outer region of the water pool is sepp@te the inner region by an optical
barrier to provide two independent devices for detecting muons. Ab@vpdbl the muon tracking detec-
tor is made of light-weight resistive-plate chambers (RPCs). RPCs dffent gerformance and excellent
position resolution for low cost.

The antineutrino detector modules are submerged in the water pool, shieldmdrtim ambient radi-
ation and spallation neutrons. Alternate water shielding configurationssaesded in Section 13.1.

2.2.1 Antineutrino detector

Antineutrinos are detected by an organic LS with high hydrogen conterthgi@nverse beta-decay
reaction:
Uet+tp— et +n
The prompt positron signal and delayed neutron-capture signal angiiced to define a neutrino event with
timing and energy requirements on both signals. Neutrons are capturegingbn in the LS, emitting

TThe Ling Ao near detector site is about 50 m west of the perpendiculactbisef the Ling Ao-Ling Ao Il clusters to avoid
installing it in a valley which is likely to be geologically weak, and to gain more loweten.
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Fig. 2.3. Layout of the baseline design of the Daya Bay detector. Féimeartrino de-
tector modules are shielded by a 1.5 m-thick active water Cherenkov shietdugd-
ing this shield and optically isolated from it is another 1-meter of water Chexenk
shield. The muon system is completed with RPCs at the top.

2.2 MeV ~-rays with a capture time of 180s. On the other hand, when Gadolinium (Gd), with its large
neutron-capture cross section and subsequent 8 MeV releaseagfenergy, is loaded into LS the much
higher~ energy cleanly separates the signal from natural radioactivity, whitlosly below 2.6 MeV, and
the shorter capture time-@0 us) reduces the background from accidental coincidences. BothzGBpo
and Palo Verde [4] used 0.1% Gd-loaded LS that yielded a capture time jof,2800ut a factor of seven
shorter than in undoped LS. Backgrounds from random coincidemeesthus reduced by a factor of seven
as compared to unloaded LS.

The specifications for the design of the Daya Bay antineutrino detectorlewodte given as follows:
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o Employ three-zone detector modules partitioned with acrylic tanks as showg.i@.&. The target

S
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Fig. 2.4. Cross sectional slice of a 3-zone antineutrino detector modulérghthe
acrylic vessels holding the Gd-LS at the center (20 ton), LS betweenitylcaessels
(20 ton) and mineral oil (40 ton) in the outer region. The PMTs are moumeitie
inside walls of the stainless steel tank.

volume is defined by the physical dimensions of the central region of GA&FhiS target volume is
surrounded by an intermediate region filled with normal LS to catcdys escaping from the central
region. The LS regions are embedded in a volume of mineral oil to sepaeaMfi's from the LS
and suppress natural radioactivity from the PMT glass and other exsarces.

Four of these modules, each with 20 ton fiducial volume, will be deployedeafathsite to obtain
sufficient statistics and two modules will be deployed at each near sitejranalnss calibrations.
Deploying an equal number of near and far detectors allows for flexibilignialyzing the data to
minimize the systematic uncertainties, such as analyzing with matched neairgar pa

In this design, the homogeneous target volume is well determined without a pasitisince neu-
trinos captured in the unloaded LS will not in general satisfy the neutrerggnmequirement. Each
vessel will be carefully measured to determine its volume and each vessieeéwilled with the same
set of mass-flow and (volume) flow meters to minimize any variation in relativeeteolume and
mass. The effect of neutron spill-in and spill-out across the boundsatwyeen the two LS regions
will be cancelled when pairs of identical detector modules are used atdnene far sites. With the
shielding of mineral oil, the singles rate will be reduced substantially. Theeiritgeshold can thus
be lowered to below 1.0 MeV, providing100% detection efficiency for the prompt positron signal.

o The Gd-LS, which is the antineutrino target, should have the same compositidinaation of hy-
drogen for each pair of detectors (one at a near site and the otherfat ffite). The detectors will be
filled in pairs (one near and one far detector) from a common storagel ¥esssure that the compo-
sition is the same. Other detector components such as unloaded LS and HMy¥scharacterized
and distributed evenly to a pair of detector modules during assembly to edtiipeoperties of the
modules.
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o The energy resolution should be better than 15% at 1 MeV. Good enesgjution is desirable for
reducing the energy-related systematic uncertainty on the neutron engr@ood energy resolution
is also important for studying spectral distortion as a signature of neutsicibations. The primary
driver for the energy resolution is to achieve sufficient energy caldsrgorecision for neutron cap-
tures throughout the detector volume in a reasonable time.

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

Detector modules of different shapes, including cubical, cylindrical,spierical, have been consid-
ered. From the point of view of ease of construction cubical and cytiatshapes are particularly attractive.
Monte Carlo simulation shows that modules of cylindrical shape can proeitiertenergy and position res-
olutions for the same number of PMTs. Figure 2.4 shows the structure dihdroygal module. The PMTs
are arranged along the circumference of the outer cylinder. Thecegrtt the top and the bottom of the
outer-most cylinder are coated with diffuse reflective materials. Suclrangement is feasible since 1) the
event vertex is determined only with the center of gravity of the chargeretying on the time-of-flight
information} 2) the fiducial volume is well defined with a three-zone structure, thus ooraie vertex
information is required. Details of the antineutrino detector will be discussEthapter 6.

2.2.2 Muon detector

Since most backgrounds originate from cosmic-ray muon interactions wattbyenaterials, it is de-
sirable to have a very efficient muon detector with some tracking capability. éftables the study and
rejection of cosmogenic backgrounds. The two detector technologiesatee Cherenkov counters and
RPCs. The combined water Cherenkov detector and RPC can achievedeteation efficiencies close to
100%. Furthermore, these two independent detectors can crosseadmedtiother. Their inefficiencies and
the associated uncertainties can be well determined by cross calibrating data taking. We expect the
inefficiency will be lower than 0.5% and the uncertainty of the inefficiency bélbetter than 0.25%.

Besides being a shield against ambient radiation, the water shield can algdizezl as a water
Cherenkov counter by installing PMTs in the water. The water Cherenktectbr is based on proven
technology, and known to be very reliable. With sufficient PMT covelauet reflective surfaces, the effi-
ciency of detecting muons should exceed 95%. The current baseliign ddéshe water shield is a water
pool, similar to a swimming pool with a dimensions of 16 m (lengthl6 m (width) x 10 m (height) for
the far hall containing four detector modules, as shown in Fig. 2.5. ThesRi¥ithe water Cherenkov coun-
ters are mounted facing the inside of each water volume. This is a simple arhgexzhnology with very
limited safety concerns. The water will effectively shield the antineutrinoctiete from radioactivity in the
surrounding rocks and from radon, with the attractive features ofgb&mple, cost-effective and rapidly
deployable.

RPCs are very economical for instrumenting large areas, and simple tcatabThe Bakelite based
RPC developed by IHEP for the BES-III detector has a typical effigie®5% and noise rate of 0.1 Hz/ém
per layer [5]. A possible configuration is to build four layers of RPC, aagplire three out of four layers hit
within a time window of 20 ns to define a muon event. Such a scheme has ameffieied low noise rate.
Although RPCs are an ideal large area muon detector due to their light wgiglit performance, excellent
position resolution and low cost, it is hard to put them inside water to fully saddhe water pool. The
best choice seems to use them only at the top of the water pool.

iAIthough time information may not be used in reconstructing the eventwettwill be used in background studies. A time
resolution of 0.5 ns can be easily realized in the readout electronics.
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Fig. 2.5. The water pool with four antineutrino detector modules inside.
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3 Sensitivity & Systematic Uncertainties

The control of systematic uncertainties is critical to achievingsiié 263 sensitivity goal of this
experiment. The most relevant previous experience is the Chooz expéfitherhich obtainedin? 26,3 <
0.17 for Am2, = 2.5 x 10~3eV? at 90% C.L., the best limit to date, with a systematic uncertainty of
2.7% and statistical uncertainty of 2.8% in the ratio of observed to expectedseat the ‘far’ detector. In
order to achieve ain? 20,3 sensitivity below 0.01, both the statistical and systematic uncertainties need to
be an order of magnitude smaller than Chooz. The requirements on the statistiegainties, systematic
uncertainties, and background measurements for the Daya Bay expetinreach the design sensitivity
are listed in Table 3.1. In this chapter we discuss our strategy for achigwinipvels of uncertainty in

] Requirement | Near Site | Far Site |
Statistical uncertainty 0.05% | 0.16%
Detector systematic uncertainfy  0.38%/module
Reactor power systematic 0.13%
Background uncertainty 03% | 0.2%

Table 3.1. Requirements on uncertainties necessary for achieving sigvityrgoal
of sin? 26,3 < 0.01 at 90% C.L..

Table 3.1. Achieving these goals will require special care and substafitietl and can only be realized by
incorporating rigid constraints in the design of the experiment.

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

3.1 Reactor Related Uncertainties

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

3.1.1 Power Fluctuations

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

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

(16)

pP= O‘Z LDB LLA ]

where, is the antineutrino flux at unit distance from cetd./ is the distance from reactotto the far site,

LPB (LE4) is the distance from reactorto the near Daya Bay (Ling Ao) site, ands a constant chosen to
provide the proper weighting of the near site data and minimize the sensitiyitiodhe uncertainties in the
relative reactor power levels. (In Eg. 16 we have neglected neutrizibations. In the absence of oscilla-
tions and given a value of, the quantityp is completely determined by the geometry. Thus a measurement
of p that differs from this value could then be used to determine the oscillatiombpildi that depends upon
sin? 26,3 with minimal systematic uncertainty due to the uncorrelated reactor powertaimties.)

To illustrate the utility of the ratigp in Eq. 16, we can consider a slightly simplified geometry where
there are only two cores and two near detectors. Each near detectoatisd@t the same close distance
from one reactor core. Assuming the cross-talk in a near detector frwothler core can be neglected then
the value ofa = (L1 ,/LY,5)? will correct the ratiop for the fact that the two reactors are not sampled
equally by the far detector. (Helie{) B andL{ 4 are the distances of the far detector from the two reactor
cores.) Then the ratip would be independent of the reactor power uncertainties.

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

Using the detector configuration shown in Fig. 2.1, with two near sitesb@0 m baselines to sample
the reactor power and a far site at an average baselirel800 m, an uncorrelated uncertainty of 2% for
each core and optimal choice @fieads to the estimated reactor power contributiomt@.e., the fractional
uncertainty in the rati@) shown in Table 3.2 for the case of four (six) reactor cores. In Se8tibi below,

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

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

Table 3.2. Reactor-related systematic uncertainties for different reamibgurations.
The uncorrelated uncertainty of the power of a single core is assume®éb be

we study the sensitivity of the Daya Bay experiment to neutrino oscillationssiai@6,; using a more
generaly? analysis that includes all the significant sources of systematic uncerfBetyptimal weighting
of near sites in that analysis is implemented by allowing all the reactor corerpdweary in they?
minimization associated with the measured rates in the different detectors.
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3.1.2 Location Uncertainties

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

3.1.3 Spent Fuel Uncertainties

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

YOR(Ty o =372d) — '"Rh(T}/5 =205, Emax = 3.54MeV)
YCe(Tyjp = 285d) — '"MPr(Ty )2 = 17m, Emax = 3.00MeV)
P0Sr(Ty g =28.6y) — OY(Ty/3 = 64 h, Enay = 2.28MeV) (17)

These isotopes will accumulate in the core during operations. Normally eoiielill produce power in the
core for 2—3 years. The inverse beta decay rate arising from thesmfigoducts will increase to 0.4-0.6%
of the total event rate. In the 1.8-3.5 MeV range, the yield will increase @aatad?. 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 aaljptine cores. A manipulator
moves the burnt-out fuel rods from the core to the water pool duringeliefy. The long lived isotopes
mentioned in the previous paragraph will continue to contribute to the antinefitriin The spent fuel data,
as well as the realtime running data, will be provided to the Daya Bay Collabotay the power plant.

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

3.2 Detector Performance

The measurement afn? 26,3 to a precision of 0.01 in the Daya Bay experiment will require special
care in detector building, characterization of the detector propertie$temeent monitoring of the detector
performance and condition. We begin this section by discussing our $¢stagd methods for addressing
the fabrication and deployment issues that will result in well-understotattbe modules. The properties of
the detector affecting the performance goals must be then calibrated aitdnagdrand we will implement
a comprehensive program for calibrating and monitoring the detector nsdhitally we then estimate the
resulting expected detector-related systematic uncertainties.

3.2.1 Fabrication, Assembly, and Filling

The most stringent requirement for the detector construction is the caftddtector geometry, the
target mass, and the chemical composition of the scintillator liquid. Beforepwetitgy the detector modules
underground, the geometry of the detector modules will be surveyefiithargith laser devices, which can
achieve<25 pym precision in measuring detector dimensions. (Note tatl mm precision is required to
achieve a 0.01% precision in target volume measurement.) In-situ monitoriigeznt inside the detector
modules will then be used to track any changes during the transport or &fiithg modules.

The filling of the detectors will be performed underground. Liquids froendaame batch be used to fill a
pair of detectors to ensure the same chemical composition. During the fillingpwheate will be monitored
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constantly with high precision flowmeters to ensure the same target mass hétegmir. In each detector
module, we will have load sensors, liquid level sensors in each zonelbssCCD cameras to monitor the
detector conditions continuously.

3.2.2 Calibration/Monitoring Program

As discussed in Section 11.2.4, the filled detector modules will then be traedpgorthe designated
experimental halls where they will be located for data acquisition. At this paititat differences between
detector modules will be studied and understood at the level of normalizatéantainty of~0.1%. Subse-
guent changes in a particular detector module (over time or after relocagmother site) be monitored to
insure that the normalization uncertainty remains beldwl%. Achieving these goals will be accomplished
through a comprehensive program of detector calibration and monitoring.

We have designed a program with three different classes of praasdur

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

We envision that the complete characterization (procedure #1) will gbnbeaperformed once during
initial commissioning of a detector module before taking physics data. Pracé@uwould be employed
after relocation of a detector module or after some other change thategguiareful investigation of the
detector properties and will involve a subset of the activities in procedlrdf substantial changes are
detected during procedure #2, then we would likely opt for reverting dogaure #1. Finally, procedure
#3 will involve both continuous monitoring of some detector parameters as svébquent (i.e., daily or
weekly) automated procedures to acquire data from LED light sourcksdiactive sources deployed into
the detector volume.

The requirements and proposed solutions for procedure #1 are listatlim 3.3. These will be manu-
ally operated procedures using equipment and systems to be descilibedama will likely entail several
weeks activity.

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

Table 3.3. Requirements for the full manual calibration procedure #1.

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

The requirements and proposed solutions for procedure #3 are listexdblie 3.4. Procedure #3 will
entail continuous in-situ monitoring (Section 7.3), monitoring of continuousdgpeed spallation-induced
activity (Section 3.2.2.3), and regularly scheduled automated deploymsatiafes (Section 3.2.2.2).
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] Requirement | Description \ Proposed Solution(s) \
Mechanical/thermal Verify these properties are stablel Load sensors, thermometers, etg.
Optical stability Track variations in light yield Gamma sources, spallation products
Uniformity, light attenuation|| Monitor spatial distribution of light| Gamma sources, spallation products
Detection efficiency Monitor e for neutrons and positrons Gamma sources, neutron sources
PMT gains Monitor 1 p.e. peaks LED source

Table 3.4. Requirements for automated calibration procedure #3.

3.2.2.1 Commissioning

In the commissioning phase, a manual calibration system will be employed tactdidgze the entire
(inner) detector response. During this procedure, the water poolbadigt or mostly full in order to reduce
the singles rate and maintain thermal stability of the detector. In each deteetenwsion to deploy a few
radioactive sources, and make point-to-point sampling of the inner detegtone every 40 cm, leading
to about 200 measurements per source per detector. We also envisigrcoisimon sources in different
detectors to measure absolute rates and detection efficiency.

3.2.2.2 Automated Monitoring

Automated deployment systems will be used to monitor all detector modules ortier¢perhaps
daily) basis. Each detector module will be instrumented with a few identical atedrdaeployment systems,
each will allow the fullz access inside the detector. At present, we envision three such p@&slomg the
central z axis, one in the gamma catcher, and the other one along amtef-zeaxis. The configuration
three axes are illustrated in Fig. 3.1.
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Fig. 3.1. lllustration of the source deployment axes.

Each deployment system will be capable of deploying four differentcestinto the detector. Currently,
we plan to includé€’®Ge 1), °°Co (v), and neutron??Cf, Am-Be, or?**Pu-3C) sources, plus a LED
diffuser ball.

The automated deployment of sources will be scheduled simultaneouslydatd detector modules,
and is expected to require about 2-3 hours. Data acquisition for animeoteasurements will be suspended
during this period, and these data runs will be designated as calibratisnTha automated calibration
source system control computer will need to communicate and coordinate wittath acquisition system
during these calibration runs so all the data are properly recorded lagld da
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Simulation studies have indicated that with the source data along these thseplage few additional
diagnostic measurements, one can monitor the detector conditions and apleetitative measurement
of detector parameters to give~éD.2% detector-related systematic uncertainty. See more details in Sec-
tion 3.2.2.5.

3.2.2.3 Cosmogenic Events

Cosmic muons passing through the detector modules will produce useftilisbd radioactive iso-
topes and spallation neutrons. These events will follow the muon signat{eétem the muon system as
well as the detector) and will be uniformly distributed throughout the detectiime. Therefore, these
provide very useful information on the full detector volume which is compleargrto the information
obtained by deploying point sources. Such events are used by KamliaN@dy the energy and position
reconstruction as well as to determine the fiducial volume. As with KamLANDD#wya Bay experiment
will use primarily spallation neutron capture alt® decay ¢ = 29.1 ms andQ = 13.4 MeV).

The rates of these events for Daya Bay are given in Table 3.5. Thiesear sufficient to determine
the energy stability relevant to the neutron capture efficieneyt6E~0.5% for 100 pixels (200 kg each)
in each detector on time scales of 1(10) days for the near(far) detecthri@sorespectively.

| Event type | Near Site Rate | Far Site Rate |
Neutrons 13500/day 1100/day
2 300/day 28/day

Table 3.5. Estimated production rates (per 20 ton detector module) for spali&tin
tron and!'?B events in the Daya Bay experiment.

As an example, the simulated detector response (total charge) for the 8nM&Y/ capture signals
throughout the detector target volume is shown in Fig. 3.2. Regular monitoirihg full-volume response
for these events, compared with the regular automated source deploywidmigvide precise information
on the stability (particularly of optical properties of the detector, but alseeige spatial uniformity of
response) of the detector modules. With the addition of Monte Carlo simulatleassomparison can be
used to accurately assess the relative efficiency of different detectdules as well as the stability of the
efficiency of each module.

3.2.2.4 PMT Calibration and Monitoring

The timing, gain, and quantum efficiencies of the PMTs are crucial input terieegy measurement
and position reconstruction. An LED system (470 nm) with a control triggerle used to calibrate the
PMT timing. Due to the cylindrical symmetry of the detector, we can deploy the dif@ser ball along the
central z axis and calibrate the PMT timing ring by ring so that we obtain 1 e$spya in the relative timing
of all PMTs in a module. At the same time, the absolute gain of the PMTs can beataditby the ADC
peaks of the single photoelectrons, after which individual discriminatesstioids can be set. Assuming
azimuthal symmetry, the relative quantum efficiencies for different tub#seisame ring can be calibrated
based on the measured rate during the LEBcan. A tight timing cut may be necessary to remove the
background counts as well as photons reflected from the wall. In piéna@ply a global factor in QE will
be left undetermined after this step for all the tubes in a detector module.FA€can be tracked on a
weekly (or even daily, if necessary) basis using automated deploymére bED ball.
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Fig. 3.2. The Gd capture p.e. yield for the spallation neutrons (normalizee toelu
at the detector center) as a function of the neutron vériex).

3.2.2.5 Determination of Detector Optical Parameters

The generation, transmission, and reflection of optical photons in etettalemust be well-understood.
The associated detector optical parameters will be employed in the evenstremtion, so that recon-
structed positron and neutron energies for all the detectors are “idéiitze required precision (generally
<0.5%).

In general, the relevant optical properties of an AD can be charagtiig the following set of param-
eters: the light yields in the target regiadri{;) and the gamma catchery(.:), the attenuation lengths of the
target (ig), gamma catchetl(y..;), and mineral oil {,,,), the reflectivity of the top and bottom reflectors
(Riop and Ryott0m)- (The reflectivity of the side walls will be small so this should not be a signiti¢éactor
in the optical properties.) Simulation studies have indicated that usirf§@eesource, one can calibrate the
positron efficiency readily t6-0.05% precision. The 6 MeV visible energy cut for the neutrons, on thex oth
hand, is in the middle of a rather long tail in the delayed energy spectrum, vghinbre difficult to cali-
brate. In the following Table 3.6, we summarize the required precision ovidlodil parameters, determined
from simulation, to achieve &0.2% precision on the neutron efficiency. These specs should be etetpr
as the precision to which one needs to calibrate a given parameter, rathentlabsolute tolerance from a
nominal value. That is, we need only know the measured values among détdtors with this precision
in order to meet the requirement on the detector systematic uncertainty angdtsoef the measurement
of sin? 26;5. In what follows, we shall outline a comprehensive program, which ederthine all of the
parameters listed in Table 3.6.
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Parameter Tolerance
Yigt + 1.0%
Yecat + 1.6%
Ligt +5.4%
Lygcat +11.2%
Lo + 15.0%
Riop +7.3%

Ryottom +7.3%

Table 3.6. The nominal values of detector parameters considered in thysasttitheir
specs. See text for explanations.

Attenuation Lengths
Fixed LEDs can be deployed at three different positions in the oil hudfeshown in Fig. 3.3. Two
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Fig. 3.3. A diagram for measuring the attenuation lengths in all three zohescal-
ibration PMTs are shown as blue blocks with yellow faces. The red ballsatedlibe
LED diffuser ball positions for measurements of the buffer oil transparerhe ma-
genta thick lines on the top and bottom represent the reflectors. The veegized
lines indicate regions of deployment for the LED ball for measurement offrémes-

parencies of the central region and gamma catcher, as well as determiofatia
reflectivity of the top/bottom reflectors.

opposing phototubes (PMTs #5 and #6) are located at the top and bottobenaifbuffer as shown. The ratio
of the rates measured for the three LED locations, corrected for theialffacceptance and reflections from
the wall (see below), leads directly to the attenuation length of the mineral oil. tWittsuch phototubes,
the attenuation of the oil is determined with redundancy. Since the undédrgjaridhe acceptance is crucial
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for this application, it is desirable to use smaller phototubes.

A similar scheme can be used to determine the attenuation length of the gamma. Caidiere a
longer lever arm, the LED ball should be placed at different verticaltiogs in the gamma catcher, as
illustrated in Fig. 3.3. Light that is vertically transmitted through the gamma categenr will be detected
by phototubes located at the top and bottom of the tank (PMTs #3 and #4akByy the ratio of rates
for the diffuser ball at different, the (constant) attenuation from the oil buffer will cancel. This leads to
a clean determination of the attenuation in the gamma catcher. Preliminary simulatios mfocedure is
illustrated Fig. 3.4, where 2" phototubes are implemented in the Monte Carlo. \Afi#iut study of the
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Fig. 3.4. Determination of the gamma catcher attenuation length by deploying the LE
at differentz locations.

phototube acceptance, we anticipate a very precise determination of theatitinaength.

Similarly, if one deploys the light source along the center or edge of theatdatget region, the
attenuation length of the target region can be determined using PMTs deéalblfes top and bottom of the
detector (PMTs #1 and #2 in Fig. 3.3).

Top/Bottom Reflectivity

The top/bottom reflectivity can also be determined using the scheme in Figepa.afion of the direct
and reflected light is facilitated by using the time of arrival of the light. In Fi§, 81e hits timing of PMTs
#1 (Fig. 3.3) is illustrated with an LED deployed at the center of the detedbters€paration of direct and

PMT 1 timing for LED located at center

direct
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Fig. 3.5. The hits timing of PMT #1 for direct and reflected lights from a pul&iBD
at the detector center.
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reflected lights can be achieved easily with a multi-hit TDC witins precision. By comparing the measured
reflected/direct light ratio with the Monte Carlo (with precisely measured atemulengths as inputs), the
top/bottom reflectivity can then be determined accurately.

Global Fit Determination of Detector Optical Properties

Since we will not have absolute quantum efficiency values for all PMTs nibt possible to determine
the absolute light yield of the liquid scintillator. The total photoelectron (p.e.) yiefdadioactive sources
(like ®°Co) can be measured at the central region and this can be used to estebéiskergy calibration for
each detector.

By studying the p.e. yields in different regions of the detector we canrdéterthe ratidtg / Yycat. TO
first order, assuming that a calibration source deposits energy onlly|dka ratio of light yields for the two
regions can be determined after correction for the attenuation lengthsittBineation length, on the other
hand, causes the response of a given phototube to vary with veri@igpoBherefore, by deploying a source
at different locations in the detector module, and by analyzing the total ligltt &s well as the distribution
of p.e. yields in the PMTs, one can make a simultaneous fit to deteriipend the ratiaYig;/ Yacat. In
principle, all the detector optical properties can be determined using al ditofoaa sufficiently complete
set of data.

The feasibility of this approach was studied with simulation. We simulated the detétfiovarious sets
Of Yigt/ Yecat @nd Lygt. IN €ach case the detector was calibrated by a 1 MeV electron sbinadifferent
locations according to Fig. 3.1 along threexes. The simulated data (p.e. for each PMT) were fitted by a
likelihood function, which was constructed based on the Poisson probaiilitis in individual phototubes.
The expected rate in each tube is a function of the geometry (known), ligldisyand the attenuation. To
avoid complications due to the light reflection, timing cuts were applied to the tubdritable 3.7, a
comparison between the input and fitted value® @f/ Y. and Ly for three example fits is made. One

Quantity  Input Fit result
Yigt/Yecar 0.667  0.674
Ligt (M) 9.0 9.32
Yiet/Yocat 0.75 0.743
Ligt (M) 9.0 9.95
Yigt/Yocat 1.0 0.978
Ltgt (m) 4.5 4.6

Table 3.7. A comparison of the input and fitted values of various sets afy@ers in
the likelihood fitter.

sees that this fitting method is able to disentangle the change of light yield frobange of attenuation. We
expect that the precision of the procedure can be improved to the désistdvith additional simulation
studies.

Precipitate at the Bottom of the Acrylic Vessel

Over time, some dust or other material from the liquid scintillator may precipitatetbatbottom of
the acrylic tank, making the bottom acrylic more opaque than the top. A top/botpmnaetry in detector
response will be developed as a result. For illustration, in Fig. 3.6, the tetayield of the detector as a
function of thez position of a°°Co source is plotted, for a rather opaque acrylic bottom with only 1 cm of
attenuation length. Clearly the light originating from the bottom half of the datgetoabsorbed more than
the top half. The precipitate also suppresses the yield in the bottom PMT g} 8 another symptom of

*For simplicity we used an electron source instead of a gamma source sloetlinization energy is deposited locally.
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PE yield (normalized to center) vs z position of Co60 source
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Fig. 3.6. The results of a scan $fCo source along the centralaxis for a detector
with bottom acrylic plate having a short 1 cm optical attenuation to simulate thet effe
of a precipitate.

such situation. One effective correction procedure is to brute forctthie p.e. measured by the bottom ring
by a scaling factor according to the top ring. (This should yield similar resubisniore correct procedure
using a maximum likelihood method to determine the energy.) Simulations indicate #ratuader the
extreme situation considered in Fig. 3.6 the positron efficiency is stable to 0.2%.

We are also exploring the possibility of using 2.2 MeV n-p capture signal ibattern gamma catcher
to detect and make effective corrections to this region of the gamma catbiar iw not directly accessible
to source deployments.

Additional Constraints from Spallation Neutrons

Besides the direct calibration devices we have discussed, the spallaiipomevents serve as a unique
and powerful calibration tool. The 2.2 MeV n-p and 8 MeV n-Gd captureaigare distributed uniformly
throughout the detector. Combined with the vertex reconstruction, oreredace a full volume map of the
detector response, as shown earlier in Fig. 3.2. Effectively, the topaoloipis map captures the combined
effect of all detector parameters. Simulation has shown that even witktaitedl knowledge of individual
parameters, we can use the spallation neutron capture peak to set tilbemargy scale and achieve near/far
“identical’neutron efficiency.

In terms of constraining the detector parameters, the anticipated utility of thatEpaneutrons events
is summarized below

o The spallation neutron capture events that reconstruct close to eaetlofek calibration axes should
give the same energy response as the direct neutron source datth&r@worresponding axis. This
provides essential validation of the calibration program by directly ctbesking the source data
with the spallation data.

o The n-p capture signals in the gamma catcher can provide further infornadtaan the detector prop-
erties there. This is particularly useful at the bottom of the gamma catcherewdirect calibration
device has no access.

o The reconstructed n-p capture peak should be at 2.2 MeV, and thaGadf capture should be at
8 MeV, regardless of the vertex positioh position non-uniformity is found, it either indicates that
some parameters in the model are off, or that our detector modeling is imp&fexshould try best
to diagnose and fix the problem, in effect, turning Fig. 3.2 into a flat energy ma
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o It is conceivable that after exhausting all techniques, some residualiméormity in the neutron
energy map remains. Then one could consider taking the residual map totineakeal position
dependent energy correction.

The effectiveness of the 2nd bullet requires further Monte Carlo sudie
3.2.3 Detector Related Uncertainties

For the detector-related systematic uncertainties, we utilize two values forayee Bay experiment:
baseline and goal. The baseline value is what we expect to be achievabigtiessentially proven methods
with perhaps straightforward improvement in technique. The goal valuatisitiich we consider achievable
through improved methods and that will require additional R&D to demonstrate.

As emphasized in Section 1.2.5, we are essentially measuring a ratio of ratse iand far detector
pairs. Therefore, we do not need to determineahsoluteefficiency for each detector, but only the ratio
for the two detectors in a pair. This ratio can be determined by measuring cemigmf the efficiency for
each detector using identical methods for the two detectors. If the measuneetod has some common
systematic uncertainty for the two detectors, this is not relevant for the Yaéoonly need consider the
uncorrelated uncertainties that will actually contribute to the uncertainty inficeacy ratio. We will use
the term ‘felativeuncertainty” to refer to the contributions of such uncorrelated effectetddbector related
uncertainties, as opposed to the tembsoluteuncertainty” which refers to the uncertainty that contributes
to theabsoluteefficiency. That is, theelative uncertainties are the only ones relevant to measurement of
ratios of rates in the near and far detector pairs.

The estimated values of detector-related systematic uncertainties are surdrmafiable 3.8 and dis-
cussed in the rest of this section.

Source of uncertainty Chooz Daya Bay (elative)
(absolut¢ | Baseline| Goal | Goal w/Swapping
# protons 0.8 0.3 0.1 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 3.8. Comparison of detector-related systematic uncertainties (alldaneper
detector module) of the Chooz experimeabgoluté and projections for Daya Bay
(relative). Baseline values for Daya Bay are achievable through essentiallygmrov
methods, whereas the goals should be attainable through additional R& efés
scribed in the text. In addition, the potential improvement from detector sngip
indicated in the last column.

3.2.3.1 Number of Target Protons

The antineutrino targets are the free protons in the detector, so the atenh the detector is pro-
portional to the total number of free protons. As discussed in Chaptee &ritineutrino detectors will be
filled in pairs, each pair from a common batch of liquid scintillator carefully aied so that there will
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be no difference in chemical composition between the two detectors. Tleeof dime two detectors will be
deployed at a near site, and the other at the far site. Then the near amehfdoers of a pair will have liquid
scintillator with the same chemical composition and exactly the same number of ppeonnit mass of
liquid scintillator. The ratio of masses in the central volumes then providestibefgroton targets for the
two detectors.

The mass of the antineutrino target is accurately determined in severalkuagshe detector modules
will be built to specified tolerance so that the volume is knowr@6% (typically<5 mm dimension out
of aradius of 1.6 meters). We will make a survey of the detector geometrgianashsions after construction
to characterize the detector volumes to higher precision than 0.3%. Usinglep&asuring techniques and
reflective survey targets built into the detector modules and attached torfheesuof the acrylic vessels
sub-mm precision is easily achievable with conventional surveying tecbsiqu

Once the detectors are underground, we plan to fill each detector tommon tank using a variety of
instrumentation to directly measure the mass and volume flow into the detector. Anetimi of Coriolis
mass flow meters and volume flow meters, thermometers in the filling station and lesatsén both
the storage tank and possibly the antineutrino detector, will allow us to deteth@rmaass of the liquid
scintillator reliably and with independent methods.

The various flow meters have atsolutecalibrated precision 0f.1 — 0.2%, so we conservatively
guote a baseline uncertainty of 0.3% for the detector mass. If the flow metetsecdemonstrated to have
better repeatable performance, we expect to improve the uncertainty datéwor mass to the goal value
of 0.1%.

The absolute H/C ratio was determined by Chooz using scintillator combustioaretysis to 0.8%
precision based on combining data from several analysis laboratogiddliid) the near/far pairs from a
common batch of scintillator, we expect to essentially eliminate this systematic unterevertheless,
we will analyze samples from each detector to check that no differendséwed. These samples will be
analyzed with a common apparatus, so common sources of systematic uigerilhimot contribute to the
measurements. Thus thedative uncertainty for different samples can be known with an improved precision
of 0.2% or better.

We are also presently engaged in a program of R&D with the goal of megdhenelative H/C ratio
in different samples of liquid scintillator t6-0.1% precision. We are exploring three different methods to
achieve this goal: precision NMR, chemical analysis, and neutron cagtheeneutron capture method
would need to be utilized before the introduction of Gd into the scintillator, buldcle used to precisely
characterize the organic liquids used in the liquid scintillator cocktail. In pri@cipe other methods could
be used on the final Gd-loaded scintillator.

We note that the/-catcher will also be filled using scintillator from a common tank for both members
of the detector pair. Thus there should also be no possibility of a systemdéoedite in the H/C ratio
for the gamma catcher liquid. For thecatcher we need to control the H/C ratio to about 1% to constrain
the amount of “spill-in” events. These “spill-in” events are where a neugfenerated in the-catcher is
captured in the Gd-loaded scintillator after thermal diffusion. We will alscklsamples of the-catcher
to verify the H/C ratio is controlled to about 0.2%.

3.2.3.2 Position Cuts

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

Due to the high background rates at low energy, Chooz employed a positergy threshold of
1.3 MeV. This cut resulted in an estimated uncertainty of 0.8%. The improvettisty design of the
Daya Bay detectors makes it possible to lower this threshold to below 1 MeV dweging uncorrelated
backgrounds as low as 0.1%. The threshold of visible energy of newvieats is 1.022 MeV. Due to the
finite energy resolution 0£12% at 1 MeV, the reconstructed energy will have a tail below 1 MeV. ke s
tematic uncertainty associated with this cut efficiency is studied by Monte Ganldagion. The tail of the
simulated energy spectrum is shown in Fig. 3.7 with the full spectrum showrme ims$let. For this simula-
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tion, 200 PMTs are used to measure the energy deposited in a 20-ton moeldieg an energy resolution
of ~12% at 1 MeV. The inefficiencies are 0.32%, 0.37%, and 0.43% for cl@98tMeV, 1.0 MeV, and
1.02 MeV, respectively. Assuming the energy scale is established witfi@eesource with 2% uncertainty
at 1 MeV, this inefficiency variation will produce a 0.05% uncertainty in thected antineutrino rate. The
upper energy requirement for the positron signal will be8BMeV and will also contribute a negligible
uncertainty to the positron detection efficiency.

3.2.3.4 Neutron Detection Efficiency

The delayed neutron from the inverse beta decay reaction is produtted %0 keV of kinetic energy.
The neutron loses energy in the first few interactions with H and C in the sdiottjlend reaches thermal
energy in a few microseconds. The neutrons can capture on either taurihg or after the thermalization
process. We will detect the neutrons that capture on Gd, yielding atdédst/ of visible energy from the
resulting capturey rays, during the time period 0<3 <200 us.

In order to measure the rates for two detectors (near and far) with sipreto reachin? 26,5 = 0.01
the baseline requirement for the uncertaintyrelative neutron detection efficiencies 0s25%. Thee,, for
neutrons at the center of a detector module can be determined directly lgyausagged neutron source
(either?>2Cf, Am-Be or Pu(C) can be used) and counting the number of neutramg the time and energy
cuts after neutron producing event. (Corrections associated with myfalistributed neutrons are studied
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with spallation neutrons, as discussed in Section 3.2.2.3.) This will requireune@asnt of order 1 million
neutron captures, and would likely require several hours of measuteiitas will be established during
the initial comprehensive calibration of each detector.

The efficiency for detecting the neutron can be written

en = Podegper (18)

in which Pg4 is the probability to capture on Gd (as opposed todg)js the efficiency of the E6 MeV
energy cut for Gd capture, ard is the efficiency of the delayed time period cut. The individual components
Paq, €, ander can be monitored separately as an additional check on the measureragnt of

H/Gd ratio

Neutrons are thermalized during their fii$t us of existence in the detector central volume. Thus for
times longer thari0 ps the delayed neutron capture events will exhibit an exponential time ctnstan
related to the average concentration of Gd in the detector module. The catptofel” = 1/, is given by:

I'=Tqq+ Ty = [ngioga + ngomlv (19)

wherengq) is the number density of hydrogen (Gd) in the liquid scintillator apg,) is the neutron
capture cross section on hydrogen (Gd) arid the thermal velocity. For liquid scintillator one generally
obtainsl /T'; ~ 200 psec, whereas for 0.1% Gd fraction in Gd-LS we expest 30 usec. The fraction of
neutrons that capture on Gd rather than H is then

1
1+ Ty/Tga

and we would like to know thigelative fraction between different detector modules~6.1%. Thus we
must measure the time constantfor different detector modules toralative precision of 0.2us, or about
0.5%. Such a measurement requires measuring about 30,000 neutiaresawhich can be done in a few
minutes with a neutron source. The Chooz experiment measure@hbel(t¢ ~30 ;s capture time to
+0.5 us precision.

Measurement of to 0.5% precision will provide a relative value 8§, to 0.1% uncertainty, which is
the baseline and goal value in Table 3.8.

Energy cut efficiency

Another issue is the neutron detection efficiency associated with the signatépture of neutrons on
Gd in the antineutrino detector volume. An energy threshold of about 6 MéWenemployed to select these
delayed events, and the efficieney93%) of this criterion may vary between detector modules depending
upon the detailed response of the module. However, this can be calibrededihthe use of radioactive
sources (see Section 7) and spallation neutron captures. The KamLANDtak gain is routinely (every
two weeks) monitored with sources, and a relative long-term gain driftd®f is readily monitored with
a precision 0f0.05%. Monte Carlo simulations of the Daya Bay detector response for the Gdreaystu
indicate that 1% energy scale uncertainty will lead to 0.2% uncertainty,imnd we use this value as the
baseline systematic uncertainty.

We have also performed detailed Monte Carlo simulations of the detectomsEspmneutron sources
and spallation neutrons. The results of these studies indicate that we ead establish the relative value of
er t00.1%, even for reasonable variations of detector properties (such as stintdteenuation length). As
an example, Fig. 3.8 shows how the source data can be used with unifalfatisp neutrons to bootstrap a
non-linear energy scale that corrects the spectrum, independentufaiite length over the extreme range
of 4.5-18 m. Therefore, we estimate a value of 0.1% for the goal systemagctaimty inez.

Finally, we note that deployment & Pu-3C neutron sources in the detector will enable establishing a
very precise energy threshold using the 6.13 MeV gamma ray lif&nThis source is under development

Pga (20)
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Fig. 3.8. Spallation neutron response for detector modules with scintillatorabptic
tenuation lengths of.5 < d < 18 m. The left panel shows the raw photoelectron
spectra, whereas the right panel shows the spectra rescaled agdordimon-linear
rescaling procedure we have developed. The rescaled 6 MeV effertergy thresh-
old produces a constant valuef = 93% to within 0.4% over this extreme range of
attenuation length.

at the China Institute for Atomic Energy and we expect to test one in the ppetaligtector at IHEP in the
near future.

Time cuts

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

3.2.3.5 Neutron Multiplicity

Chooz required a cut on the neutron multiplicity to eliminate events where it eggpdaat there were
two neutron captures following the positron signal, resulting in a 2.6% ineaffigiand associated 0.5%
systematic uncertainty. These multiple neutron events are due to muon-irghadkadion neutrons, and will
be reduced to a much lower level by the increased overburden avaitahke Raya Bay site. For the near
site at 500 m baseline, the muon rate relative to the signal rate will be more thatoanine lower than
for the Chooz site. Therefore, events with multiple neutron signals will becestiby this factor relative to
Chooz, and should present a much smaller problem for the Daya Bay sitthanéfore estimate a 0.05%
value for this systematic uncertainty and use this for both the baseline ahébgoes.

3.2.3.6 Trigger

The trigger efficiency can be measured to high precision (0.01%) usidigstwith pulsed light sources
in the detector. (We note that KamLAND has used this method to determine 99 S8tutabtrigger effi-
ciency [4].) In addition, we will employ redundant triggers so that they lsamused to cross-check each
other to high precision. We estimate a systematic uncertainty of 0.01% can iegeat;rand use this for
both the baseline and goal values.



3 SENSITIVITY & SYSTEMATIC UNCERTAINTIES 38

3.2.3.7 Live Time

The detector live time can be measured accurately by counting a 100 MHgz u$oty the detector
electronics, and normalizing to the number of clock ticks in a second (agdddina GPS receiver signal).
The uncertainty associated with this procedure should be extremely smadlegathly negligible relative
to the other systematic uncertainties. For example, SNO measured the relatitnaés for their day/night
analysis with a fractional uncertainty 5fx 1077,

3.2.4 Detector Swapping

The connection of the two near detector halls and the far hall by horiztumaéls provides the Daya
Bay experiment with the unique and important option of swapping the detdtween the locations. This
could enable the further reduction of detector-related systematic untiexdaim the measurement of the
ratio of neutrino fluxes at the near and far locations. Although the estimarsalibe and goal systematic
uncertainties in Table 3.8 are sufficient to achieve a sensitivity of 0.0inf26,5, implementation of
detector swapping could provide an important method to further redutansgtic uncertainties and increase
confidence in the experimental results.

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

N1 €1 N

R e 21

F <62> F 1)
By swapping the two detectors and making another measurement, we cameneasu

N2 €92 N

2 (=2) L 22

Fy <61> F (22)

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

1 /N N\ N &
2(F2+F1)—F<1+2> (23)

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

The layout of the Daya Bay experiment involves two near sites with two deseeaeh, and a far site
with four detectors. The simplest plan is to designate the eight detectorsiragdios: (1,2), (3,4), (5,6),
(7,8). Using four running periods (designated I, Il, IlI, IV, segtad by three detector swaps) we can arrange
for each detector to be located at the far site half the time and a near site hathéhby swapping two
pairs between running periods, as shown in Table 3.9. Ratios of ewestaan be combined in a fashion
analogous to the above discussion to provide cancellation of detectwerslstematic uncertainties and
also reactor power systematic uncertainties. Careful calibration of thetdegtdollowing each swap will
be necessary to insure that each detector’'s performance doesangecsignificantly due to relocation. In
particular, all the parameters in Table 3.8 need to be checked and, isaegarrections applied to restore
the detection efficiency to the required precision through, e.g., changasbration constants.

where we have defined
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Run Period|| Near(DB) | Near(LA) | Far |
| 1,3 5,7 2,4,6,8
Il 2,3 6,7 1,4,5,8
" 2,4 6,8 1,3,5,7
\Y) 1.4 5,8 2,3,6,7

Table 3.9. Swapping scheme with four running periods. The detectord|@dil—8)
are deployed at the Near(DB), Near(LA), and Far sites during eagbdcpas indicated
in this table.

Successful implementation of this swapping concept could lead to substaahiaition in many of
the detector-related systematic uncertainties. Any residual systematieddésr associated with the H/C
and H/Gd ratios should be completely eliminated. By measuring the fluid levelsetaaid after swapping,
we can insure that the detector volume will be the same with negligible uncertdimtyever, due to the
residual uncertainty in the monitored temperature of the detector maaufe), there will be a residual
uncertainty in the detector mass of 0.006%, and this is the value quoted in Téble 3

At present, we envision running the experiment for a period of time (jflgt&years) before consid-
ering implementation of the swapping option.

3.2.5 Detector Cross-calibration

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

Finally, the near detector data can provide important information on the rgamie@r measurements.
We will measure the ratio

Rnear = i’i (25)

LA

whereSpp (Sr4) is the detector signal (background subtracted, normalized to the rgewter) for the
Daya Bay (Ling Ao) near site. If the reactor powers are correct {aadletector systematic uncertainties
are under control) then we expeRtq.. = 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 de{bas®line) systematic uncertainty.
Note that these uncertainties are small relative to the expected 2% untsanelactor power uncertainty,
S0 measurement d?,.,, Will provide an important check (and even perhaps additional informationhe
reactor powers. Furthermore, studies of the measured neutrino sipetieadifferent near detectors during
different parts of the reactor fuel cycle can help provide constramte®fuel cycle effects on the spectrum.

3.3 Backgrounds

In the Daya Bay experiment, the signal events (inverse beta decay redtiave a distinct signa-
ture: a prompt positron followed by a neutron-capture. Backgrourdteware logically divisible into two
categories, correlated and uncorrelated. A correlated backgrowrkigh which two reactions triggered
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by a single source, such as a cosmic muon, mimic the time-ordered pattern ol sig uncorrelated
background is one in which the two-component pattern is accidentally fobyeso distinct sources.

There are three important sources of backgrounds in the Daya Bayiment: fast neutron§HelLi,
and natural radioactivity. A fast neutron produced by cosmic muons isutreunding rock or the detector
can produce a signal mimicking the inverse beta decay reaction in the detketogcoil proton generates
the prompt signal and the capture of the thermalized neutron provides ldygedesignal. ThéHePLi
isotopes produced by cosmic muons have substantial beta-neutrontilenakiing fractions, 16% fdiHe
and 49.5% fo’Li. The beta energy of the beta-neutron cascade overlaps the posdra sf neutrino
events, simulating the prompt signal, and the neutron emission forms the dslggat Fast neutrons and
8HelLi isotopes create correlated backgrounds since both the prompt #éedesignals are from the
same single parent muon. Some neutrons produced by cosmic muonstaredapthe detector without
proton recoil energy. A single neutron capture signal has some glibpad fall accidentally within the
time window of a preceding signal due to natural radioactivity in the deteptoducing an accidental
background. In this case, the prompt and delayed signals are fragmediifisources, forming an uncorrelated
background.

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

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

3.3.1 Cosmic Muons in the Underground Laboratories

The most effective and reliable approach to minimize the backgrounds iretyee Bay experiment is to
have sufficient amount of overburden over the detectors. The Dayaike is particularly attractive because
it is located next to a 700-m high mountain. The overburden is a major facttgtérmining the optimal
detector sites. The location of detector sites has been optimized by usingahglamalysis described in
Section 3.4.1.

Detailed simulation of the cosmogenic background requires accurate infomad the mountain pro-
file and rock composition. Figure 3.9 shows the mountain profile converbed dr digitized 1:5000 topo-
graphic map. The horizontal tunnel and detector sites are designed bmbie-20 m PRD! Several rock
samples at different locations of the Daya Bay site were analyzed by tvepémdlent groups. The mea-
sured rock density ranges from 2.58 to 2.68 gicvile assume an uniform rock density of 2.60 glémthe
present background simulation. A detailed description of the topographygeology of the Daya Bay area
is given in Chapter 5.

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

—2.7
I ( E < 3.64 GeV )) 1 0.054

—— =0.14 P14+ (26)

+)1.29 1.1E,, cos 6* 1.1E,, cos 0*

dE,dcos @ GeV E, (cos 0*) 14 Loducos? g 4 L coss”

which is the same as the standard formula, except that the polarisgiebstituted witl9*,
2. p21p Py p Ps
s — (cos0)? + Pf + g(cos 0)F3 + Py(cosB) 27)
1 + Pl + PQ + P4

TPRD is the height measured relative to the mouth of the Zhu Jiang River {®eer), the major river in South China.
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Fig. 3.9. Three dimensional profile of Pai Ya Mountain, where the DayadXper-
imental halls will be located, generated from a 1:5000 topographic map ofdkea D
Bay area.

as defined in [6]. The parameters are determined taPbe= 0.102573, P, = —0.068287, P; =
0.958633, P, = 0.0407253, and P; = 0.817285, by using CORSIKA to simulate the muon production
in the atmosphere. The comparison of the modified formula with data is shown.i8.E®) where the cal-
culations with the standard Gaisser formula are also shown. At muon enhefgieveral tens of GeV, the
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Fig. 3.10. Comparison of the modified Fig. 3.11. Muon flux as a function of the
formula (solid lines) with data. Calcula- energy of the surviving muons. The four
tions with the standard Gaisser's formula curves from upper to lower correspond to
are shown in dashed lines. The data are the Daya Bay near site, the Ling Ao near
taken from Ref. [7,8]. site, the mid site and the far site, respec-

tively.

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

Using the mountain profile data, the cosmic muons are transported from thephgn®so the under-
ground detector sites using the MUSIC package [9]. Simulation resultshavensin Table 3.10 for the
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optimal detector sites. The muon energy spectra at the detector siteswareisitog. 3.11. The four curves

] H DYB site \ LA site \ Mid site \ Far site\

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

Table 3.10. Vertical overburden of the detector sites and the corrésgomuon flux
and mean energy.

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

3.3.2 Simulation of Neutron Backgrounds

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

From the detailed muon flux and mean energy at each detector site, thenngaldp energy spectrum,
and angular distribution can be estimated with an empirical formula [10] whistbban tested against
experimental data whenever available. A full Monte Carlo simulation has ¢eeied out to propagate the
primary neutrons produced by muons in the surrounding rocks, the tuafer, and the oil buffer layer of
the neutrino detector, to the detector. The primary neutrons are assowittigtieir parent muons in the
simulation so that we know if they can be tagged by the muon detector. Neytrodsced by a muons
that pass through the liquid scintillator neutrino detector will be tagged with 18f@i&tency. Assuming a
muon detection efficiency of 99.5%, neutrons produced in the waterrhbwiieoe tagged with at least an
efficiency of 99.5%, since their parent muons must pass through the myatamsas well(this point will
be further elaborated below). Neutrons produced in the rocks, lemwesve to traverse at least 2.5 meters
of water to reach a detector module. About 70% of the neutrons that eertdetactor modules from the
surrounding rock arise from parent muons that leave a signal in the system (i.e., “tagged”). About
30% of the neutrons that enter the detector modules from the surrourndikgarise from muons that miss
the muon systene “untagged”). The neutron background after muon rejection is the suhreaintagged
events and 0.5% (due to veto inefficiency) of the tagged events.

Some energetic neutrons will produce tertiary particles, including neutFamghose events that have
energy deposited in the liquid scintillator, many have a complex time structure dueltiple neutron
scattering and captures. These events are split into sub-events in 50 hErtgm@/e are interested in two
kinds of events. The first kind has two sub-events. The first subtdaaes deposited energy in the range of
1 to 8 MeV, followed by a sub-event with deposited energy in the rangetofl@ MeV in a time window
of 1 to 200us. These events, called fast neutron events, can mimic the antineutrinb asgoarrelated
backgrounds. The energy spectrum of the prompt signal of the éagtan events, e.g. at the far site, is
shown in Fig. 3.12 up to 50 MeV. The other kind of events has only oneegabt with deposited energy in
range of 6 to 12 MeV. These events, when combined with the natural @idibaevents, can provide the
delayed signal to form the uncorrelated backgrounds. We call theresiagtron events. Most of the single
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Fig. 3.12. The prompt energy spectrum of fast neutron backgradithe ®aya Bay far
detector. The inset is an expanded view of the spectrum from 1 to 10 MeV.

neutron events are real thermalized neutrons while others are rectmhprthat fall into the 6-12 MeV
energy range accidentally. A few thermalized neutrons will survive tie,20cut, even though the parent
muon is tagged. These neutrons contribute to the untagged single neté;caloag with those where the
veto misses the muon due to inefficiency. The neutron simulation results areriSighle 3.11.

| | 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 3.11. Neutron production rates in a 20-ton module at the Daya Bay Hites
rows labeled "tagged” refer to the case where the parent muon traekses/and was
detected by the muon detectors, and thus it could be tagged. Rows labeladded”

refer to the case where the muon track was not identified by the muon detectors

As mentioned in the caption, the “untagged” neutron background in Taklecari be broken up into
two pieces: (a) neutrons whose parent muons traverse the muon détegtonciple “taggable”), but are
untagged due to the detector inefficiency, and (b) neutrons whoset pawens are “untaggable”, e.g. those
“rock” muons that never enter the water. By comparing “tagged” (99.68ted‘taggable”) background, and
“untagged” neutron rates in Table 3.11, we note that (b) is the dominatirkgfmaond.

The rate and energy spectrum of background (a) can be studied withgiped sample. Furthermore,
simulation has shown that the actual efficiency for tagging “taggable” aesitis higher than the muon
detection efficiency (i.e. 99.5% is too conservative). This can be utoderfrom the fact that muons corre-
sponding to background (a) generally have short track length in the slagdd (which do not give enough
Cerenkov lights). Therefore they are less probable to produce spallaiatrons, leading to a fortunate
suppression in the tagging inefficiency of this type of background. /Thackground (a) is relatively well-
controlled.

From the systematics point of view, it is then desirable to obtain additionaldandackground (b).
Simulation studies have been made on a muon system with a “roof” detectce imwaterCerenkov
detector (e.g. RPC), extending some distance into the surrounding rattk1Vkh rock “overhang”, the
“roof” detector can tag~1/3 of background (b), which would have otherwise been totally misseddy th
waterCerenkov detector. These additional tagged events will allow us to validatettte Monte Carlo in
order to calculate the residual untagged neutron background.
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3.3.3 Cosmogenic Isotopes

Cosmic muons, even if they are tagged by the muon identifier, can proddicactive isotopes in
the detector scintillator which decay by emitting both a beta and a neugroeiftron emission isotopes).
Some of these so-called cosmogenic radioactive isotopes live long esaalgtihat their decay cannot be
reliably associated with the last tagged muon. Among tiéte,and’Li with half-lives of 0.12 sand 0.18 s,
respectively, constitute the most serious correlated backgroundesourie production cross section of
these two isotopes has been measured with muons at an energy of 190 GERM.[11]. Their combined
cross section is(®He +” Li) = (2.12 & 0.35) pbarn. Since their lifetimes are so close, it is hard to extract
individual cross sections. About 16% %fle and 49.5% ofLi will decay by 3-neutron emission. Using the
muon flux and mean energy at each detector site (from Section 3.3.1) andi@y dependent cross section,
iot(Ey) o< B, with oo = 0.73, the estimatedHe+Li backgrounds are listed in Table 3.12.

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

Table 3.128He+Li rates in a 20-ton module at the Daya Bay sites.

The recent Double Chooz paper [14] includes new reactor-off data €hooz [1] that allow a better
separation of Li from fast neutron background. This basically comes from includimyipusly unreleased
high energy data in the fit. The extractéid background level was 0:70.2 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 fastméaickground is flat in energy
spectrum. Scaling from the Chooz result, the Daya Bay experiment will $ivé.4, and 0.57Li events
per module per day at the Daya Bay near site, the Ling Ao near site, andrtiief, respectively. These
estimates are twice as large as the estimates from the CERN cross section.

The KamLAND experiment [15] measures tRide/Li background very well by fitting the time inter-
val since last muon. The muon rate is 0.3 Hz in the active volume of KamLANoetd he mean time
interval of successive muons-s 3 seconds, much longer than the lifetimeSePLi. For the Daya Bay
experiment, the target volume of a 20 ton detector module has a cross sectiod 40 m, thus the muon
rate is around 10 Hz at the near sites, resulting in a mean time interval ossiwemuons shorter than the
lifetimes of ®HePLi. With a modified fitting algorithm, we find that it is still feasible to measure the isotope
backgroundn-situ.

From the decay time ang@-energy spectra fit, the contribution &fle relative to that ofLi was deter-
mined by KamLAND to be less than 15% at 90% confidence level [16]. Furthwes, the®*He contribution
can be identified by tagging the double cascide—3Li —®Be. So we assume that all isotope backgrounds
are’Li. They can be determined with a maximum likelihood fitting even at 10 Hz muonkatking all
contributions from the preceding muons into account. The resolution ofatiegbound-to-signal ratio can

be determined to be [17] .
= TR @

where N is the total number of neutrino candidatesis the lifetime of’Li, and R,, is the muon rate in
the target volume of detector. The resolution is insensitive tdthéevel since the statistical fluctuation
of neutrino events dominates the uncertainty. Thibackground can be measured te-8.3% fraction of
the antineutrino signal with two 20-ton modules at the near sites of the Dayexpayiment and-0.1% at
the far site with four 20-ton modules, with the data sample of three years wifwginT he fitting uses time
information only. Inclusion of energy and vertex information could furihgsrove the precision.
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A Monte Carlo has been carried out to check the fitting algorithm. The baagkdrto-signal ratio is
fixed at 1%. The total number of neutrino candidate®.5sx 103, corresponding to the far site statistical
uncertainty, 0.2%. Figure 3.13 shows the fitting results as a function of natenThe data sample genera-

N

Y]

a
T

g 275] & 120f °
g 251 y ° IS i ® ’Fitting
poel ® X" Fitting 2 100- O MLFitting
=2 O ML Fitting a ' ——  Analytic Calculation
2+ —  True Value % I
r =
1.751- ke
L Ko}
1.5+ &

pra

* T
0.75
0. L PR | L PR | L 0 L PR | L PR |
10 1 10 107 1 10
Muon rate (Hz) Muon Rate (Hz)
Fig. 3.13. Fitting results as a function of Fig. 3.14. The fitting precision as a func-
the muon rate. The uncertainty bars show tion of the muon rate, comparing with
the precision of the fitting. Thg? fitting the analytic estimation of Eq. 28. The y-
uses the same muon rate as the maximum axis shows the relative resolution of the
likelihood fitting and is shown to the right background-to-signal ratio.
of it.

tion and fitting were performed 400 times for each point to get the fitting precibid-ig. 3.14 the fitting
precision is compared to the analytic formula Eq. 28 with the same Monte Carldesarhpe Monte Carlo
results for minimizingy?, the maximum likelihood fit, and the simple analytical estimation are in excellent
agreement.

KamLAND also found that mostHePLi background are produced by showering muons [15,16]. A
2-second veto of the whole detector is applied at KamLAND to reject thedggtmunds. Roughly 3% of
cosmic muons shower in the detector. It is not feasible for Daya Bay to agpisecond veto since the dead
time of the near detector would be more than 50%. However, if the Daya Beygtdeis vetoed for 0.5 s
after a showering muon, about 85% of théeLi backgrounds caused by shower muons can be rejected.
Approximately 30% of théHePLi background will remain~15% from non-showering muons and 5%
from showering muons. Although additional uncertainties may be introddoedo the uncertainties in
the relative contributions from showering and non-showering muonshemndncertainties arising from the
additional cuts (e.g., increased dead time), this rejection method can cexdstble fitting method and
firmly determine the background-to-signal ratio to 0.3% at the near sites &ti%oat the far site.

Some other long-lived cosmogenic isotopes, such’B#' 2N, beta decay without an accompanying
neutron. They can not form backgrounds themselves but can faldethged ‘neutron’ signal of an acci-
dental background if they have beta decay energy in the 6—-10 Me\érdimg expected rates from these
decays in the antineutrino detector are listed in Table 3.13.'9BE2N cross section is taken from Kam-
LAND [16] and the others are taken from measurement at CERN [1By &e extrapolated to Daya Bay
mean muon energies using the power taw (£,,) o« E2~73. The total rates of all these isotopes of visible
energy in detector in the 6-10 MeV range, where they can be misidentif@deastron capture signal on
Gadolinium, are 210, 141, and 14.6 events per module per day at the RgyaeBr site, the Ling Ao near
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site, and the far site, respectively. The dominant contribution is frdw'?N. KamLAND found that'?N
yield is smaller than 1% of?B. Since the half-life of:?B is short comparing to the mean muon interval,
the rate can be well determinéd situ by fitting the time since last muon. Using Eq. 28, the yield can be
determined to a precision of 0.34, 0.25, and 0.015 events per module pat ttegy Daya Bay near site,
the Ling Ao near site, and the far site, respectively, using three yeata’sample. Therefore, we expect
those isotopes will introduce very little uncertainties in the background suioinaOn the other side, these
isotopes, uniformly produced inside the detector, can be used to monitotaia&sponse.

isotopes| Enax T 2(S) DYB site LA site far site
(MeV) (s) (/day/module)| (/day/module)| (/day/module)
12B/12N | 13.4 (37) | 0.02/0.01 396 267 27.5
’C 16.0 31) 0.13 16.6 11.2 1.15
8B 13.7 31) 0.77 24.5 16.5 1.71
8Li 16.0G7) 0.84 13.9 9.3 0.96
HUBe |11.5@3) 13.8 <8.0 <5.4 <0.56
Total in 6-10 MeV 210 141 14.6

Table 3.13. Cosmogenic radioactive isotopes without neutron emissionithubeta
decay energy greater than 6 MeV. Cross sections are taken from KEDLAG]
(*2B/*2N) and Hagner [11] (others).

3.3.4 Radioactivity

Natural radioactivity and the single neutron events induced by cosmic mugnsaoar within a given
time window accidentally to form an uncorrelated background. The coincaleate is given by?, R, 7,
whereR,, is the rate of natural radioactivity evenfs, is the rate of spallation neutron, ands the length
of the time window. With the single neutron event rate given in the previoumsethe radioactivity should
be controlled to 50 Hz to limit the accidental backgrourds1%. The accidental backgrounds can be well
determinedn-situ by measurement of the individual single rates from radioactivity and tigéesireutrons.
The energy spectrum can be also well determined.

Past experiments suppressed uncorrelated backgrounds with a cbambofecarefully selected con-
struction materials, self-shielding, and absorbers with large neutronreagrass section. However, addi-
tional care is necessary to lower the detector energy threshold much bétaV. A higher threshold will
introduce a systematic uncertainty in the efficiency of detecting the posittahelfollowing, the singles
rate is from radioactivity depositing1l MeV of visible energy in detector.

Radioactive background can come from a variety of sources. For sitgplic Th, K, Co, Rn, Krin the
following text always mean their radioactive isotopg&&J, 232Th, 4°K, 50Co, ??2Rn, #Kr. The radioactive
sources include

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

(¢]

Co in the detector vessel and other supporting structures.

U/Th/K in weld rods.

o

o

U/Th/K in the PMT glass.
U/Th/K in the scintillator.

(@]
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o U/Th/K in materials used in the detector.
o Dust and other impurities

o Rnand Kr in air.

o Cosmogenic isotopes.

The radioactivity of rock samples from the Daya Bay site has been mekblsyreeveral independent
groups, including the Institute for Geology and Geophysics (IGG). Timeentrations are~10 ppm for
U, ~30 ppm for Th, andv5 ppm for K. The effect of the rock radioactivity on the antineutrino detesc
has been studied with Monte Carlo. With the shielding of 2.5-meter water larfted5 cm oil buffer, there
are 0.65 Hz, 2.6 Hz, and 0.26 Hz singles rates with visible energy greatet thieV in each antineutrino
detector module for U/Th/K, respectively. The total rate-&.5 Hz.

The geological environment and rock composition are very similar in Hongkmd Daya Bay. The
spectrum of natural radioactivity that we have measured of the rock iAlibedeen Tunnel in Hong Kong
is shown in Fig. 3.15.

Gamma spectra taken in the Aberdeen Tunnel

Black = Spectrum taken in the cross tunnel
Red = Spectrum taken in the laboratory

0.1 5

Counts (per sec)

0.001

0 560 10.00 15I[)0 20'00 2560

Energy (keV)
Fig. 3.15. Spectrum of natural radioactivity measured with a Ge crystakiiltng
Kong Aberdeen Tunnel. Prominent peaksftf (1.461 MeV) and’® Tl (2.615 MeV)
are clearly evident along with many other lines associated with the U/Th series.

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

The Co in stainless steel varies from batch to batch and should be mehstioeel use as detector
material, such as the outer vessel. U/Th/K concentration in normal weld redgry high. There are non-
radioactivity weld rods commercially available. Weld rods TIG308 used in K&NID were measured to
have<1 ppb Th,0.2 + 0.08 ppb U,0.1 + 0.03 ppb K, and2.5 4+ 0.04 mBg/kg Co, five orders of magnitude
lower than normal weld rods. The welded stainless steel in KamLAND hagesiage radioactivity of 3 ppb
Th, 2 ppb U, 0.2 ppb K, and 15 mBg/kg Co. Assuming the same radioactivitthévessel of the Daya
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Bay neutrino detector module, the corresponding rate from a 20-ton evstdinless steel vessel are 7 Hz,
4.6 Hz, 1.5 Hz, 4.5 Hz for U/Th/K/Co, respectively for a total of 17.6 Hz.

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

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

The radioactivity inside the liquid scintillator can also makerelatedbackground. The alpha particles
from the U/Th impurity can maken(n)'%0O reaction with!3C in the liquid scintillator, which leads to a
correlated background if (a) the neutron is fast enough, or (b) teeae accompanying photon from the
excited state of%0. Assuming al0~'2g/g U/Th concentration, this contributes to a correlated background
rate of~4/year/module. Compared to Table 3.11, this is about 40% of the muon-infasteteutron rate
at the far site. The cross section'd(«,n)!%0 is known to~20% for an alpha energy10 MeV (highest
energya from U/Th is about 9 MeV). Thus for a given U/Th concentration, thiskigasund can be evaluated
relatively precisely. Therefore, we shall omit it in the systematic uncertaaltulation in Section 3.3.5.

The alpha particles from U/Th chains in the rock or PMT glasses can alse (aa reaction witht®0,
295i, and®’Si (0.20%, 4.68%, and 3.09% naturally abundant, respectively) in theseiais Similar to'3C
above, gamma rays can be released from these reactions due to exaitethfes. Upper limit of the gamma
rate is estimated to bel/day/module, based on the totalif) reaction cross section on the three nuclei [13].
A small fraction of these gamma can have rather high energy, and gefrezateon-like” signal (-6 MeV)
in the scintillator. Nevertheless, compared to the “neutron-like” rate due dmagenic beta emitters in
Table 3.13, this contribution is negligible. The average emitting neutron esdrgi@a these reactions are
about 2.5 MeV. Even for those neutrons from the PMT glass, they willttemaated by~ 10~° due to
the shielding of the mineral oil and gamma catcher before entering the talgatfdre, thecorrelated(y
and neutron) background here is also negligible compared to, for exathelast neutron background in
Table 3.11.

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

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

3.3.5 Background Subtraction Uncertainty

There are other sources of backgrounds, such as cosmogeni¢ stap@ed-muon decay, and muon
capture. While they are important for a shallow site, our study shows thatémebe safely ignored at Daya
Bay.

The major backgrounds are summarized in Table 3.14. The rates assume gaguwiag efficiency of
99.5% and a neutron efficiency of 78% (product of 0.85 Gd fraction0a®8 energy cut). In our sensitivity
study, the uncertainties were taken to be 100% for the accidental ametasdbn backgrounds. THelePLi
background can be measured to an uncertainty of 0.3% and 0.1% at ttenddar sites, respectively.

iThe R5912 is a newer version of the R1408 used by SNO [12].
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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 15
(-emission isotopes 210 141 14.6
Accidental/Signal <0.2% | <0.2% | <0.1%
Fast neutron/Signal 0.1% 0.1% | 0.1%
8He’Li/Signal 0.3% 0.2% | 0.2%

Table 3.14. Summary of signal and background rates in the antineutrinctatstat
Daya Bay. A neutron detection efficiency of 78% has been applied to threeatrino
and single-neutron rates.

The rates and energy spectra of all three major backgrounds can kenedia-situ. Thus the back-
grounds at the Daya Bay experiment are well controlled. The simulatedyesgectra of backgrounds are
shown in Fig. 3.16. The background-to-signal ratios are taken at tiséda

» 0.4
So.35F (a) Oscillation Signal

> (b) °Li (0.2%)

©

- 0.3F (a) (c) Fast Neutrons (0.1%)
p (d) Accidentals (0.1%)

Fig. 3.16. Spectra of three major backgrounds for the Daya Bay exp#ramd their
size relative to the oscillation signal, which is the difference of the expeaettino
signal without oscillation and the ‘observed’ signal with oscillation dar® 26,5 =

0.01.

3.4 Sensitivity

If 613 is non-zero, a rate deficit will be present at the far detector (primarilg) td oscillation. At
the same time, the energy spectra of neutrino events at the near and tordetell be different because
neutrinos of different energies oscillate at different frequenciesh Bate deficit and spectral distortion of
neutrino signal will be exploited in the final analysis to obtain maximum sensitMityen the neutrino
event statistics are low<@00 tonGW,y,-y), the sensitivity is dominated by the rate deficit. For luminosity
higher than 8000 tosW,y,-y, the sensitivity is dominated by the spectral distortion [18]. The Daya Bay
experiment will have~4000 tonGW,;,-y exposure in three years, so both rate deficit and shape distortion
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effects will be important to the analysis.

The antineutrino rates in the detector modules determine the statistical uncectaitrippution to the
experimental sensitivity. The efficiency factors that have been asstor@minpute the expected rates (no
oscillation) are given in Table 3.15.

Source Efficiency

Near| Far

Neutron detection 0.78 | 0.78
Positron detection 0.98 | 0.98
Muon Veto deadtime 0.95 | 0.95
Calibration runs 0.99 | 0.99
Reactor/experiment downtime 0.82 | 0.82

Table 3.15. Sources of inefficiency leading to loss of statistical precision.

3.4.1 Globaly? Analysis

Many systematic uncertainties will contribute to the final sensitivity of the DegpadXperiment, and
many of them are correlated. The correlation of the uncertainties must é&e italo account correctly. A
rigorous analysis of systematic uncertainties can be done by constructifhduaction with pull terms,
where the uncertainty correlations can be introduced naturally [18—21]:

8 Nogs [MA = TA (14 0 + X, wiar + B+ ep + 24 ) = nf B = N2 = 5;4}
X = mln 2:: TA + (O-betZ—;'A)Q

=1
2 8 2 AN 2 A\ 2 AN 2
R G )] e

—+ Z =
ar =1 shp

whereA sums over detector modulesums over energy bins, andlenotes the set of minimization param-
eters;y = {ae, ar, i, €D, 5d , 77f n, nA}. They's are used to introduce different sources of systematlc un-
certainties. The standard deviations of the corresponding parameggts.af,, osnp, 0, 04, af Jol ody,
They will be described in the following text;” is the expected events in thigh energy bin in detector
A, and M is the corresponding measured eveiits, N/*, S# are number of fast neutron, accidental, and
8HePLi backgrounds, respectively. For each energy bin, there is anca®” and a bin-to-bin systematic
uncertaintyoyy,. For each point in the oscillation space, thefunction is minimized with respect to the
parameters.

Assuming each uncertainty can be approximated by a Gaussian, this foyfncah be proven to be
strictly equivalent to the more familiar covariance matrix fogf= (M — T)"V~=1(M — T), whereV is
the covariance matrix dfM — T') with systematic uncertainties included properly [19].

To explore the sensitivity t63, we use the single parameter raster scan method. We make an assump-
tion of no oscillations so thaf;* are the event numbers without oscillation. For each giten?,, the
“measured” event numberg* are calculated with differentin® 20;3. Thesin? 26,3 value corresponding
to x2 = 2.71 is the limit of the experiment to exclude the "no oscillation” assumption at 90% aemde
level.

The systematic uncertainties are described in detail:

Nlnns

«

_l_
MOM

oz

o The reactor-related correlated uncertaintyis~ 2%. This fully correlated uncertainty will be can-
celled by the near-far relative measurement and has little impact on the\ggnsiti
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o The reactor-related uncorrelated uncertainty for goi®es, ~ 2%. These enter the normalization of
the predicted event rate for each detectaaccording to the weight fractions’. After minimization,
the o, contribute a total 0f~0.1% to the relative normalization of neutrino rate. This is essentially
equivalent to the analysis described in Section 3.1, and takes into adbeuctrrelations of this
uncertainty with the others (like the detector efficienei§$

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

o The detector-related correlated uncertainty js ~ 2%. Some detection uncertainties are common
to all detectors, such as H/Gd ratio, H/C ratio, neutron capture time on Gdpalhth/out effects,
assuming we use the same batch of liquid scintillator and identical detectoexd Baghe Chooz
experienceg p is (1-2)%. Like other fully correlated uncertainties, it has little impact oniteits

o The detector-related uncorrelated uncertainty,is= 0.38%. We take the baseline systematic uncer-
tainty as described in Section 3.2.3. The goal systematic uncertainty with imgapestimated to be
0.12%.

o The background rate uncertaint'@ﬁ, o2, ando?, corresponding to the rate uncertainty of fast neu-
tron, accidental backgrounds, afidefLi isotopes. They are listed in Section 3.3.5.

o Bin-to-bin uncertaintyoo,: The bin-to-bin uncertainty is the systematic uncertainty that is uncor-
related between energy bins and uncorrelated between differentatetecdules. The bin-to-bin
uncertainties normally arise from the different energy scale at diffeneergies and uncertainties of
background energy spectra during background subtraction. Tje@vious reactor neutrino exper-
iment that performed spectral analysis with large statistics is Bugey, whethaibin-to-bin uncer-
tainty of order of 0.5% [22,23]. With better designed detectors and muclhéesground, we should
have much smaller bin-to-bin uncertainties than Bugey. The bin-to-bin tantgrcan be studied by
comparing the spectra of two detector modules at the same site. We will usetBe38ame level as
the background-to-signal ratio, in the sensitivity analysis. The sensiigvityt sensitive tao, at this
level. For example, varyingy;, from 0 to 0.5% will change thein® 26,3 sensitivity from 0.0082 to
0.0087 at the best fihm3; .

There are other uncertainties not included intAéunction. 1) Due to the energy resolution, the spectra
are distorted. However, the energy bins used for sensitivity analy88 bins) are 2.6 times larger than the
energy resolution, and the distortion happens at all detectors in the sgmi¢ Ivees little impact on the final
sensitivity. 2) Detector energy scale uncertainty has significant impadetattion uncertainties (neutron
efficiency and positron efficiency) which has been taken into account iln energy scale uncertainty will
shift the whole spectrum, thus directly impacting the analysis, especially orestidibvalues. However,
this shift has very little impact on our sensitivity computations. 3) Currenteage onfo and Amoq
has around 10% uncertainties. Although the primary oscillation effect &dlya Bay baseline is related to
613 only, the subtraction of5 oscillation effects introduce very small uncertainties (see Section 1.2.4). We
have studied the above three sources of uncertainty and found trebhtbrem have a significant impact on
the sensitivity of the Daya Bay experiment. For simplicity, they are ignoredrirydanalysis of sensitivity.
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3.4.2 0,5 Sensitivity

Figure 3.17 shows the sensitivity contour in te? 26,3 versusAm3, plane for three years (we assume
1 year= 300 live days) of data, using the globgF analysis and the baseline values for detector-related
systematic uncertainties. The green shaded area shows the 90% cumfiegion ofAm?, determined by

< 5 C ‘I \ O 5 -
S a5 , | — Chooz D a5
9 B ' Daya Bay S B Daya Bay &
R 4 ‘; ----- Fast R 4=
5 35— ' g 35-
20 2
150 150
10 1
0.5: L1 \\H‘ \\H‘ ~~~~\“ | 0.5: L1 \\\‘ L L1 ‘
107 10" 107 10"
sin20,, sin"20,
Fig. 3.17. Expectedin? 26,3 sensitivity at Fig. 3.18. Expectedadiscovery limit for
90% C.L. with 3 years of data, as shown sin® 20,3 at Daya Bay with 3 years of data.

in solid black line. The dashed line shows
the sensitivity of a fast measurement with
the DYB near site and mid site only which

would be made if additional funds are ob-
tained. The red line shows the current up-
per limit measured by Chooz.

atmospheric neutrino experiments. Assuming four 20-ton modules at thieefand two 20-ton modules at
each near site, the statistical uncertainty is around 0.2%. The sensitivitg Bfaya Bay experiment with
this design can achieve the challenging goal of 0.01 with 90% confiderelelesr the entire allowed (90%
C.L.) range ofAm3,. Atthe best fitAm3, = 2.5 x 1073 eV2, the sensitivity is around 0.008 with 3 years of
data. The corresponding values for other assumptions of systematitaimnites are shown in Table 3.16.

Systematic Uncertainty Assumptions:Baseline| Goal Goal
with swapping
] 90% C.L. Limit: H 0.008 \ 0.007\ 0.006 \

Table 3.16. 90% C.L. sensitivity limit fasin? 26,3 at Am3, = 2.5 x 1073 eV? for
different assumptions of detector related systematic uncertainties asereaisial Sec-
tion 3.2.3. We assume 3 years running for each scenario.

Figure 3.18 shows theo3discovery limit forsin? 203 at Daya Bay with 3 years of data. Atm3, =
2.5 x 1073 eV?, the correspondingin® 26;5 discovery limit is 0.015. Figure 3.19 shows the sensitivity
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Fig. 3.19. Expectedin? 26,3 sensitivity at 90% C.L. versus time. The solid curve is
with two near sites and one far site. The dashed curve includes runrshgitin one
near and one mid site. The value&fn3, is taken to be.5 x 1073 eV2.

The tunnel of the Daya Bay experiment will have a total length around 3 km tdnnelling will take
~2 years. To accelerate the experiment, the first completed experimentahbdliaya Bay near hall, can
be used for detector commissioning. Furthermore, it is possible to condasitt @xperiment with only two
detector sites, the Daya Bay near site and the mid site. For this fast expetrineeifey detector’, which is
located at the mid hall, is not at the optimal baseline. At the same time, the reeletidruncertainty would
be 0.7%, very large compared with that of the full experiment. Howeveséhesitivity is still much better
than the current best limit a@in? 26, 3. It is noteworthy that the improvement comes from better background
shielding and improved experiment design including the addition of neartdete@he sensitivity of the
fast option for one year of data taking is shown in the dashed line in Fig. @/itid one year of data, the
sensitivity is~0.035 forAm? = 2.5 x 10~% eV2, compared with the current limit of 0.17 from the Chooz
experiment. This fast option will allow us to gain valuable experience andlapnary physics result while
construction is being completed. The higher precision of the completedegremwill be necessary to fully
complement the future long baseline accelerator experiments as discuSssdion 1.1.3.
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4 Work Breakdown Structure

The Daya Bay work breakdown structure (WBS) has nine major categasighown in Table 4.1. China
will take the lead role on 1.1, 1.4 and 1.6; the U.S. will take the lead role on 1.2.8nd’he remaining
tasks: 1.5, 1.7, 1.8 and 1.9 will be jointly led.

] WBS eIementH Task Name \

1.1 Antineutrino Detector

1.2 Muon System

1.3 Calibration and Monitoring Systems

1.4 Electronics, Trigger, DAQ and Online

15 Offline

1.6 Conventional Construction and Equipment
1.7 Installation and Test

1.8 Integration

1.9 Project Management

Table 4.1. Daya Bay Work Breakdown Structure (WBS) shown at L2.

4.1 WBS Dictionary

The WBS dictionary descriptions at L2 and the complete WBS down to L3 a@ided below. The
WBS includes the entire project scope; for details on the U.S. scope séerSEd.2.1.

WBS 1.1: Antineutrino Detector

This element covers labor, materials and equipment associated with the,desiiger prototyping,
construction, delivery, assembly and testing of the antineutrino detecttanks, support structures and
rigging equipment. This element also includes the liquid scintillator, Gd-loadednir&ral oil buffer and
liquid handling/purification systems. The element includes the PMTs andiagsbcables. The interface
between this element and element 1.4 is the connector on the front panelrEEhboard. It also includes
safety systems needed specifically for these elements. This element irmhydgsecial fixtures required to
fabricate, assemble and install the antineutrino detectors at the Daya BaM@&#ethat this element will
provide system experts and cognizant engineering oversight alongeléifant procedures and installation
documentation for final assembly in the Surface Assembly Building and installattithe antineutrino de-
tectors in the experimental halls, plus subsequent in-situ system testing;lwhibeovides the technician,
trade and supervisor resources and scheduling of this effort atayx@ Bay facilities. All required manage-
ment activities associated specifically with the antineutrino detector are inchete. The complete WBS
for the antineutrino detector to L3 is shown in Table 4.2.

WBS 1.2: Muon System

This element covers labor, materials and equipment associated with the,desiiger prototyping,
construction, delivery, assembly and testing of the muon system, its tradkémgbers, water Cherenkov
system, support structures, gas systems, front-end/readout eles@od associated power supplies and ca-
bles. This element also includes the water handling, filtering, temperatumicgystem including plumb-
ing, but not the source, storage or disposal which is the scope ot &l6olincludes safety systems needed
specifically for these elements. This element includes any special fixegeged to fabricate, assemble,
test and install the muon systems in their experimental halls. Note that this elertigmtowide system
experts and cognizant engineering oversight along with relevanéguooes and installation documentation
for testing of the muon system element in the Surface Assembly Building, instaltztithe muon system
elements in the experimental halls, plus subsequent in-situ system testingl wWipl®vides the technician,
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| WBS || Description

1.1 Antineutrino Detector

1.1.1 || Detector Tank

1.1.2 || Acrylic Vessels

1.1.3 || Liquid Scintillator and Mineral Oil
1.1.4 || Photomultiplier Tubes (PMTSs)
1.1.5 || Properties Measurement and Monitoring
1.1.6 || Lifting and Transport
1.1.7 || Materials Testing
1.1.8 || Safety & Specialized Detector Systems
1.1.9 | Subsystem Management

Table 4.2. Daya Bay WBS for the Antineutrino Detector shown to L3.

trade and supervisor resources and scheduling of this effort atathe Bay facilities. All required manage-
ment activities associated specifically with the muon system are includedTiereomplete WBS for the
Muon System to L3 is shown in Table 4.3.

| WBS || Description \
1.2 Muon System

1.2.1 || Mechanical Elements
1.2.2 || Water Cherenkov System Elements
1.2.3 || RPC

1.2.4 || Scintillator Option

1.2.5 || HV Decoupler

1.2.6 || Safety Systems

1.2.7 || Subsystem Management

Table 4.3. Daya Bay WBS for the Muon Detector, shown to L3.

WBS 1.3: Calibration

This element covers labor, materials and equipment associated with the, gesigtyping, construc-
tion, delivery, assembly and testing of the Calibration system, its mechanismshiply light/radiation
sources, shutters, valves and devices. It also includes the corgtehgsyreadout electronics and associated
power supplies and cables. This elementincludes safety and administregieelial requirements for source
security, handling and shipping. It includes any special fixtures reduo fabricate, assemble and install
the Calibration system elements in the Surface Assembly Building or experinhafitalNote that this el-
ement will provide system experts and cognizant engineering overdiyig with relevant procedures and
installation documentation for installation of the Calibration system elements while 8utffiece Assembly
Building, in the experimental hall, and subsequent in-situ system testing; Whilgrovides the technician,
trade and supervisor resources and scheduling of this effort atayxe Bay facilities. All required manage-
ment activities associated specifically with the Calibration System are includedTiee complete WBS
for the Calibration and Monitoring System to L3 is shown in Table 4.4.

WBS 1.4: Electronics and Online systems

This element covers labor, materials and equipment associated with the, gesigityping, construc-
tion, delivery, assembly and testing of detector readout electronicsetraggl clock systems, data acqui-
sition, and online hardware and software. It also covers all nonighki/fabor associated with the spec-
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| WBS || Description

1.3 Calibration and Monitoring Systems
1.3.1 || Automated Deployment System
1.3.2 || Manual Calibration Systems

1.3.3 || LED System

1.3.4 | Radioactive Calibration Sources
1.3.5 || Detector Component Monitoring Systems
1.3.6 || Low-Background Counting System
1.3.7 || Safety Systems

1.3.8 || Prototypes

1.3.9 || Assembly

1.3.10| Subsystem Test

1.3.11 | Subsystem Management

Table 4.4. Daya Bay WBS for Calibration and Monitoring, shown to L3.

ification, design, prototyping, coding, integration and testing of theseragst€he hardware includes all
racks, crates, power supplies, internal cables, AC power distributidrciacuit breakers, remote network
power switches, uninterruptible power supplies, custom and off-ta{sbards, as well as computers and
communication equipment. (Interface documents will be developed with stridiaicéedefinitions between
readout electronics and each of the detector elements.) This also inchydais ar water cooling systems,
plumbing, leak detection, ducting, fans and heat exchangers that maglieed. (The strict definition of
the interface with conventional utilities (see WBS 1.6.5) will be documented bé&sew It also includes
safety systems needed specifically for these elements (in rack smoke detextifire suppression for ex-
ample). This element includes any special fixtures required to assembilessaitithese hardware elements
in the Surface Assembly Building or experimental halls. This element doeasciotle sensor and control
technologies specific to the detector and calibration systems (AD sensasvared under WBS 1.1, muon
sensors under WBS 1.2, etc), but does include the electronic and comgrderces necessary to collect
and record this information into a database.

This element will provide system experts and cognizant engineeringigh¢along with relevant pro-
cedures and installation documentation for installation of the electronic aneédradidware elements while
in the Surface Assembly Building, the experimental hall, and subsequseittiisystem testing; while 1.7
provides the technician, trade and supervisor resources and $ingeafuthis effort at the Daya Bay fa-
cilities. All required management activities associated specifically with eléctao online hardware and
software are included here. The complete WBS for the electronics ance@ylgtems to L3 is shown in
Table 4.5.

WBS 1.5: Offline Hardware and Software

This element covers all non-physicist labor associated with the specificdgsign, prototyping, cod-
ing, integration and testing of the offline hardware and software. It atdodes hardware and code written
for controls and monitoring functions. The simulation efforts for each ostlesystems and the overall ex-
periment are also included in this element. All required management activiiesiated specifically with
offline hardware and software are included here. The complete WBBd@ffline Hardware and Software
to L3 is shown in Table 4.6.

WBS 1.6: Civil Construction

This element covers all labor, materials and equipment associated with iga dad construction of
the underground tunnels and caverns. It covers the design anttwstios of the entrance, the ancillary
rooms for the LS and water purification systems as well as all undergnatilitees for the tunnels, halls
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| WBS || Description \

1.4 Electronics and Online
1.4.1 | PMT readout electronics
1.4.2 | RPC readout electronics
1.4.3 || Trigger and clock system
1.4.4 || Data acquisition

1.4.5 || Monitoring and controls
1.4.6 || Online

1.4.7 || Infrastructure

1.4.8 || Subsystem Test

1.4.9 || Subsystem Management

[2)

Table 4.5. Daya Bay WBS for Electronics and Online systems, shown to L3.

| WBS || Description \
15 Offline
1.5.1 || Hardware, Networking and data transfer
1.5.2 || Core Software

1.5.3 || Physics Simulation and Analysis
1.5.4 || Subsystem Test

1.5.5 || Subsystem Management

Table 4.6. Daya Bay WBS for Offline, shown to L3.

and experiment. This element also covers the design and constructiorsofthee buildings at the site. All
‘universal’ or non detector specific life and equipment safety systemenrtiation, smoke detection, fire
suppression, emergency lighting and power, ODH, etc. are included Detector specific safety interlock
systems will be included under their WBS scope. All required managemtyvitias associated specifically
with the Civil Construction and Infrastructure are included here. Tmepbete WBS for the Conventional
Construction to L3 is shown in Table 4.7.

| WBS || Description \
1.6 Conventional Construction and Equipment
1.6.1 || Tunnels

1.6.2 || Tunnel Entrance and Surroundings

1.6.3 || Experimental Halls

1.6.4 || Other Underground Rooms

1.6.5 || Conventional Utilities

1.6.6 || Communication Systems

1.6.7 || Surface Buildings

1.6.8 || Safety Systems

1.6.9 || Subsystem Management

Table 4.7. Daya Bay WBS for Conventional Construction, shown to L3.

WBS 1.7: Installation Planning & Support
This element supports the overall planning, staging, control and exeaitithe final assembly and
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installation of the experimental hardware on site at Daya Bay. It includes, lataterials and universal
(not associated with a single detector subsystem above) equipmenecetpuperform these functions. For
example, lift trucks, scaffolding, hand-tools and general rigging eqeig. It does include the cost of a
custom transport vehicle to deliver antineutrino detectors and LS taokstfie surface to experimental
halls; however, it does not include the custom installation and test hazdeguired for individual detector
elements — these are included in the WBS elements above. It also includes®th# system testing and
commissioning of the experiment once installed. The element includes activitiee surface assembly
buildings as well as in the underground caverns and rooms. It incllidestanician, trades, supervisory and
engineering labor required to install the detector elements, but not thieishyasd engineering efforts from
the subsystems supporting the installation and test activities. All requiredyeraeat activities associated
specifically with Installation and Test are included here. The complete WBl&dtallation and Test to L3
is shown in Table 4.8.

| WBS | Description \
1.7 Installation Planning & Support
1.7.1 || Installation

1.7.2 || Detector Test and Commissioning
1.7.3 || Subsystem Management

Table 4.8. Daya Bay WBS for Installation and Test, shown to L3.

WBS 1.8: Integration

The scope of effort for this element includes the cost of labor and mistedaassist experimental
subsystems and their managers in developing, defining, and controlling tiemeal systems, electrical
systems, experimental assembly, safety systems, and civil constructidadetbetween each subsystem.
To this end this element will act as liaisons between each subsystem to @ierdimd document efforts
in resolving all physical interface issues. Engineering and desigmt éffdeing devoted to ensure that
subsystem hardware can fit together, be assembled and servicédvandinimal negative impact on other
subsystem performance. This element will communicate integration issuabeindesolution based on
change control policy to L2 managers, project management and the cali@noin general on interface
issues. This element must approve and process all Engineering CRaggest and Engineering Change
Notice (ECR/ECN) dealing with subsystem interface, experimental assemiblytegysical envelope related
issues. To accomplish this effort the subsystem has been subdividdt/&éWwBS L3 subcategories. The
complete WBS for the System Integration to L3 is shown in Table 4.9.

| WBS || Description \

1.8 Integration
1.8.1 || Mechanical Systems Integratign
1.8.2 | Electrical Systems Integration
1.8.3 || Experimental Assembly

1.8.4 || Safety Systems Integration
1.8.5 || Subsystem Management

Table 4.9. Daya Bay WBS for System Integration, shown to L3.

WBS 1.9: Project Management
This WBS element includes the cost of labor and materials necessary taralely, manage, main-
tain effective communications, distribute drawings and documents, corelietvs and perform necessary
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EH&S and QA tasks during all phases of the project. However, subsystiated management and sup-
port activities for planning, estimating, tracking and reporting as well asspecific EH&S and QA tasks
are included in each of the subsystems. The complete WBS for the Projeeigeiaent to L3 is shown in

Table 4.10.
| WBS || Description \

1.9 Project Management
1.9.1 | Planning
1.9.2 || Management
1.9.3 || Tracking and Reporting
1.9.4 || Meetings and Reviews
1.9.5 || Project Contingency Funds

Table 4.10. Daya Bay WBS for Project Management, shown to L3.
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5 Experimental Site and Laboratories

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

The proposed experimental site is located at the east side of the Dapengyte, on the west coast of
Daya Bay, where the coastline goes from southwest to northeastigsdel®). It is in the Dapeng township
of the Longgang Administrative District, Shenzhen Municipality, Guangd®rayince. Two mega cities,
Hong Kong and Shenzhen are nearby. Shenzhen @Git¢5 km to the west and Hong Kong is 55 km to
the southwest (all measured in a straight line). The geographic locati@stsomgitude 11233'00” and
north latitude 2236’00". Daya Bay is semi-tropical and the climate is dominated by the south Agiecal
monsoon. It is warm and rainy with frequent rainstorms during the typlseason 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 andnip Ao NPP to the
northeast along the coastline. Each NPP has two cores that are sefpr&@ m. The distance between
the centers of the two NPPs is about 1100 m. The thermal power of eaeis® GW,,. Hence the total
thermal power available is 11.6 GW A third NPP, Ling Ao Il, is under construction and scheduled to
come online by 2010-2011. This new NPP is built roughly along the line egteftrdm Daya Bay to Ling
Ao, about 400 m northeast of Ling Ao. The core type is the same as thhédfing Ao NPP. When the
Daya Bay—Ling Ao—Ling Ao Il NPP are all in operation, the complex canvjate a total thermal power
of 17.4 GWy,.

The site is surrounded to the north by a group of hills which slope upwand $iouthwest to northeast.
The slopes of the hills vary from 2@o 45°. The ridges roll up and down with smooth round hill tops. Within
2 km of the site the elevation of the hills are generally vary from 185 m to 40Chea stimmit, called Pai Ya
Shan, is 707 m PRD Due to the construction of the Daya Bay and Ling Ao NPPs, the foothills aluag
coast from the southwest to the northeast have been levelled to a hke@btro to 20 m PRD. Daya Bay
experiment laboratories are located inside the mountain north of the Dayan8laying Ao NPPs.

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

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

5.1 General Laboratory Facilities

The laboratory facilities include access tunnels connected to the entrartag p construction tunnel
for waste rock transfer, a main tunnel connecting all the four undengtaetector halls, a filling hall,

*Shenzhen is the first Special Economic Zone in China. With a total populsftiisout 7 million, many international corporations
have their Asian headquarters there. It is both a key commercial arnisttsite in South China.

TPRD is the height measured relative to the mouth of the Zhu Jiang River [®ger), the major river in South China.
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counting rooms, water and electricity supplies, air ventilation, and communicatiere is an assembly
hall and a control room near the entrance portal on surface. Thexapate location of the experiment halls
and the layout of the tunnels are shown in Fig. 5.1. All experimental halloeated at similar elevations,
approximately—20 m PRD.

Fig. 5.1. Layout of the Daya Bay and Ling Ao cores, the future Ling Aacdies
and possible experiment halls. The entrance portal is shown at the boftofRiie
experimental halls marked as #1 (Daya Bay near hall), #2 (Ling Ao ndBr #a
(far hall), #4 (mid hall), #5 (LS filling hall) are shown. The green line représ the
access tunnel, the blue lines represent the main tunnels and the pink liegemggrthe
construction tunnel. The total tunnel length is about 2700 m. It should tesl ribat
the default design does not contain a mid hall. The mid hall is an option andepe ke
it in the discussion for completeness.

5.1.1 Tunnels

A sketch of the layout of the tunnels is shown in Fig. 5.2. There are three imaoches of the main
tunnels, which are represented by Be7-4-5}, line{4-8-Ling Ao nea} and ling/5-far site. They are
horizontal tunnels extending from a junction near the mid hall to the nearangnhtierground detector
halls. We should note that the reference to the mid hall is for conveniemged@fault design does not
contain a mid hall. However, mid hall is an interesting option. So we will include iterctirrent discussion
of the civil construction. The lines marked as A, B, C, D and E are for #w@physical survey. Line E,
which is a dashed line on the top of figure across the far site, is the line obtpmhysical survey made to
investigate if the far site needs to be pushed further from the reacta fmoriiture optimizations. Lingl-
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2-3} is the access tunnel with a length of 292 m. The lines B and C mark surveysfaratie alternative
designs of the construction tunnel (which may have different optionsdsiroptimization).

'A18
E: 390 .:
" Far
A33 .
900
810
Daya Bay
Near
2

Fig. 5.2. Plan view of the experimental halls and tunnels from the site sumagya(
detailed tunnel design). All distances are in meters. Ligé&-8-3-7-4-5-far sitg¢ has
a total length of 2002 m; Line -6} has a total length of 228 m; Line{8-9} has a

total length of 607 m; Line B4-8-Ling Ao nea} has a total length of 465 m. Line E is
the dashed line on the top across far site. The four bore hole sites aredhaareK1,

ZK2, ZK3, ZK4 from north to south.

As shown in Fig. 5.1 the entrance portal to the underground site is locab@adhibe on-site hospital
and lies to the west of the Daya Bay near site. The access tunnel frorartaétp the Daya Bay near hall is
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sloped downward with a 9.6% grade. The downward sloping accesd allaves the underground facilities
to be located deeper with more overburden.

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

The entrance portal of the construction tunnel (Kin&}) is near the lower level of the Daya Bay
Quarry. The length of this tunnel is 228 m from the entrance to the junction with the main tunnel if
the shortest construction tunnel option is chosen (see Fig. 5.1). Duriagahthe tunnel construction, all
the waste rock and dirt is transferred through this tunnel to the outsidelém twr minimize the interference
with the operation of the hospital and speed up the tunnel constructionxp¥éetehe access tunnel and
the Daya Bay near hall to be finished earlier than the far and Ling Ao hatie situch less tunnelling is
required. After the work on this section of tunnel is finished, the Dayariar hall will be available for
detector installation. Since the construction tunnel is far from the accessl@nd the Daya Bay near hall,
interference with the rest of the excavation activities can be minimized andsseenaly of detectors in
the Daya Bay near site can proceed in parallel. We expect that the DgyaeRa site can be beneficially
occupied about 14 months after the start of civil construction. The iookmoved by tram up a slope of
about 40% in this case.

There is an alternative design of the construction tunnel as shown in .EigLie {8-9}. It is, from
the lower level of Daya Bay quarry to a junction near the mid hall. In this dhsegonstruction tunnel is
380 m longer than the previous options. The slope of this constructionltisred@out one quarter of that of
the previous one and therefore normal heavy trucks can be useeliios demoval which is easier and faster
than tram. The present estimate shows that these two different construugtizgls are not significantly
different in cost or schedule for the whole tunnelling of experiment. Aachwill be made later in the final
design to optimize the tunnel construction.

The cross section of the construction tunnel can be smaller than the othelstuihis only required to
be large enough for rock and dirt transportation. The grade and ththlehthis construction tunnel will be
determined later to optimize the construction cost and schedule.

Excavation will begin from the construction portal. When it reaches the mairetuthe excavation will
proceed in parallel in the directions of the Daya Bay near hall and the middvadk the tunnelling reaches
the the mid hall, it will proceed in parallel in the direction of the far hall and theylAo hall.

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

5.2 Site Survey

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

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

The instrument used for the topographic measurement is a LEICA TCAZOG® Station, with a
precision of+0.5” in angle andt-1 mm in distance. Based on four very high standard control points that
existin the area, twenty-six high grade control points and forty-five naggline points are selected. In total,
7000 points are used to obtain the topographic map. As an example, Fig.ow8 #ie topographic map
around the far site. The altitude difference between adjacent contosiidioae meter. The area around the
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Fig. 5.3. Topographical map in the vicinity of the far site. The location of thme fa
detector hall is marked by a red square in the middle of the map.

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

5.2.2 Engineering Geological Mapping

Geological mapping has been conducted in an area extending about thdHemorth-south direction
and about 3 km in the east-west direction. From an on-the-spot stovidlyin the geological map of the
area, a list of the geological faults, underground water distribution anthct interface between different
types of rocks and weathering zones can be deduced. The statisticatation on the orientation of joints
is used to deduce the general property of the underground rocishandetermination of the optimal
tunnel axes. The survey includes all the areas through which the tumiigdass and those occupied by the
experimental halls. Reconnaissance has been performed along 28igalaloutes, of 18.5 km total length.
Statistics of 2000 joints and rock mine skeletons are made at 78 spots. Rockppiésals are done with
36 sliced samples.

Surface exploration and trenching exposure show that the landfordng@anin are in good condition.
There are no karsts, landslides, collapses, mud slides, empty pocleiadginking asymmetry, or hot
springs that would affect the stability of the site. There are only a few pieteeathered granite scattered
around the region.

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

The engineering geological survey found mainly four types of rocksigatea: (1) hard nubby and
eroded but hard nubby mid-fine grained biotite granite, (2) gray white thédding conglomerate and
gravel-bearing sandstone, (3) siltstone, (4) sandy conglomeratetesaadMost of the areas are of hard
nubby granite, extended close to the far detector site in the north andmgagtihe south, east, and west
boundaries of the investigated area. There exists a sub-area, ntealsaut 150 m (north-south) by 100 m
(east-west), which contains eroded but still hard nubby granite nogltohspicuous valley existing in this
region? Mildly weathered and weathered granite lies on top of the granite layer.rMimvsandstones are
located in the north close to the far detector site. There are also scattadstiosees distributed on the top
of the granite. The granite is generally very stable, with only three smalllided$ound around the middle
of the above mentioned valley. The total area of the slide is about?2@nah the thickness is about 1 m.
Four faults and two weathering bags have been identified. The weathegsgare shallow with no or at
most a slight effect for the rocks at the tunnel depth. The faults ard @aildths of tens centimeter and can
be crossed quickly during tunnelling. A detailed geological map is shown in5H4gand explained in the
caption.

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

fThe valley extends in the north-east direction from the north-east ddpe oceservoir. The valley can be seen in Fig. 5.1, as a
dark strip crossing midway along the planned tunnel connecting the midrhthe far hall.
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Fig. 5.4. Geological map of the experimental site. The faults are showrddsee
segments and marked by blue ellipses. Faults F2, F6, F7, and F8 arledevgdhe

Geological Mapping (see Section 5.2.2) and Faults F1, F3, F4, and Fedlpgcal

Exploration (see Section 5.2.3). Four weathering bags marked as bkak @nd as
indicated explicitly are also revealed, two each, by the Mapping and Exiglora

Table 5.1 gives the values of various aspects of the meteorology of treeBegyarea. A direct compar-
ison shows that the weather elements in Daya Bay are similar to those in the ldogg+Shenzhen area.
Plots of the average monthly rainfall and temperature at the Da Ken stati@@86rare shown in Fig. 5.5.

According to the historical record back to December 31, 1994, there Iheen 63 earthquakes above
magnitude 4.7 on the Richter scale (RS), including aftershocks, within asrafli@20 km of the sité.
Among the stronger ones, there was one 7.3 RS, one 7.0 RS, and ten 6 RS6.ThBere were 51 medium
guakes between 4.7 and 5.9 RS. The strongest, 7.3 RS, took place in Nar0Aan northeast of Daya Bay,

§The seismic activity quoted here is taken from a Ling Ao NPP report [2].
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| 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 5.1. Average values of meteorological data from the Da Ken statid@8i 1
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Fig. 5.5. Monthly average temperature and rainfall from data providetidipa Ken
weather station. The horizontal axis gives the months from January teniber and
the vertical axis is the average temperature in centigrade (rainfall in mm).

in 1918. The most recent one in 1969 in Yang Jiang at 6.4 RS. In additierg tave been earthquakes in
the southeast of China and one 7.3 RS quake occurred in the Taiwaro8t&spt. 16, 1994. The epicenters
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of the quakes were at a depth of roughly 5 to 25 km. These statistics shbih¢hseismic activities in
this region originate from shallow sources which lie in the earth crust. Thagtr of the quakes generally
decreases from the ocean shelf to inland.

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

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

5.2.3 Geophysical Exploration

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

Geophysical exploration revealed another four faults and two weaghbk&gs along the tunnel lines.
Figure 5.6 shows the regions of the geophysical survey, including fleriexental halls and tunnel sections
from the Daya Bay near hall to the mid hall and the far hall. The experimealial(tocated near 0 mark for
the near hall, 800 mark for the mid hall, and 1800 mark for the far hall), thestis@ations (white horizontal
line at the lower part of the top and lower figures with the three small whiteregua indicate the experi-
mental halls), faults and weathering bags are marked by blue and greerfiguite. The electrical resistivity
measurements are shown in the middle part of the figures, representesl dyntyst overlapping solid and
dashed lines. The high resolution density measurements is given in the batom aind two sections of
seismic refraction measurement is in the top figure. Because of the compleditsagety of underground
structures, the electrical resistivity was measured in boreholes ZK1 K8d The resistivity and density
of the rock samples from the boreholes were used for calibration of siivity map. Depending on the
characteristics of the granite and its geological structure, the electrgistivety of this area can vary from
tens of ohm-m to more than 10k ohm-m. The non-weathered granite has thesthégctrical resistivity,
whereas the sandstone has medium resistivity due to trapped moistureeatiermed zone, consisting of
weathered bursa and faults, has relatively low resistivity.

5.2.4 Engineering Drilling

Based on the information about faults, zones with relative high density dfsjoiveathering bags,
low resistivity areas revealed from previous geological survey, bawehole positions were determined.
The purpose of the boreholes was essentially to prove or exclude tmerioés from the previous survey
approaches above ground. These four boreholes are labelledlaZ KR, ZK3, ZK4 from north to south in
Fig. 5.2. The depth of the four boreholes are 213.1 m, 210.6 m, 130.3 m,h3@%pectively (all to at least
the tunnel depth). Figure 5.7 shows sections of rock samples obtaimadehole ZK1. Similar samples

WMS is the magnitude of the seismic surface wave aiig the seismic local magnitudé/, provides the information of the
normal characteristics of an earthquake. There is a complicated locmendent relationship betwe&fy andM .. In Daya Bay
Ms > 3.0 is equivalent taVy, > 3.5.

I In order not to affect the construction work of Ling Ao I, a heavy bdasannot be used as a source of the seismic refraction
measurement, as required for deep underground measuremergfdark seismic refraction cannot be used as a major tool for the
Daya Bay prospecting.
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Fig. 5.6. Seismic refraction, electrical resistivity and high resolution demséps
along the tunnel cross section from the Daya Bay experimental hall fléftte the far
hall (right end).

are obtained in the other three boreholes. The samples are used foisvaboratory tests.

5.2.5 On-site Test at Boreholes

1.
2.

A number of on-site tests have been performed at the boreholes:
High density electrical resistivity measurement in boreholes ZK1 and ZK2

Permeability tests at different time and depth are made in the boreholeg targhole drilling and
at completion. The test shows that all measured values of the permeabilitygi@r K are less than
0.0009 m/d. The K values in ZK2, Zk3 are smaller than that in ZK1 and ZK4. Figure 5avsfthe
water level variation vs time from pouring tests in the four boreholes duriadivk months period,
from December 22, 2005 to June 1, 2006. The horizontal axis is the ddtthe vertical axis is the
water level measured in meters from 0 to 100 m.

3. Acoustic logging, which is tested at different segments separated by.OThere are 66, 26, 34,

23 segments tested in ZK1, ZK2, ZK3, ZK4 respectively. The combinadtsegive the velocity of
longitudinal wavelengtfy}, = 5500 m/s in the fresh granite.

4. Geo-stress test.



EXPERIMENTAL SITE AND LABORATORIES 71

T e — . . T R

= | £

e

Fig. 5.7. Rock samples from borehole ZK1.

5. Digital video.

6. The radon emanation rate inside the borehole ZK4 was measured up pthaofl€7 m with an
electronic radon dosimeter inserted into the borehole. An average ratgsok 10~3 Bq m=2 s~!
was determined at depths of 14—-27 m after correction for back diffustoese values generally agree
with the rates (0.13-2.56)10~% Bq m~2 s~! measured directly from the rock samples extracted
from the borehole.

7. Measurements of the rock chemical composition. The chemical elementsrocthwere measured,
among these elements, the amount of radioactive U was measured to be516).7415 and 14.2 ppm
from the samples in each of the four boreholes, respectively. Thedeatrations 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 andaaes stream have a pH
slightly smaller than 7.5, considered to be neutral. The water hardness isrsimatiel2 mg/l which



‘3|oyaloq

BU] UMOP SJIS18W Ul [8A3] Ja1eM ay) S| aleulploodst) Jo nun ayl ‘Aep/yiuow/ieak se

speal ajep ay) ‘sAep / SI a1euipio0d ay) JO JIun 3yl ‘uMouNun sl 900z |udy ul [aA3)

Jarenpanip usppns ayl JO asned ayl ‘gMZ ul 900g Arenuer ul sAepijoy Buunp

JUSEERLL OU S| 818y "S8|0ya10q IN0j ay) Ul 8} SA UOIeLIeA [9A3] Jarep '8'G “Bi4

¥)2)

20054F12 H22H

2005412 29 H

20064F135H

2006417 12H

20064131911

20064F1 H26H

20064E2 12 H

200642 H9H

200642716 H

20064E2 123 H

20064E3 H2H

200643 H9H

20064F3 H 16

200643 23 H

200643 730 H

20064E4 H6

200644 1131

200644 120 H

200644 27H

2006475 74 H

200645 11 H

20064E5 118 H

20064F5 25 H

200646 J11H

KA/ m

o o
S 3

w
S S

01

(€37)

2005412 22 H

20054F12 H29H

20064F-1 /35 H

2006417 12H

20064E1119H

200641126 H

200642 211

200642 H9H

200642716 H

20064F2 23

200643 21

200643 HOH

20064F3 116 H

200643 123 H

20064E3 J130H

2006414 6 H

200644 J113H

200644 20 H

200644 J127H

20064£5 J74H

200645 11 H

20064F5 H 181

20064F5 25 H

2006476 J11H

©
S

@
S

KA /m

aow
S 3

WV o] i Fom Ve

Ve VY

)

A

(@47)

2005412 H22H

2005412 29

< 200641 H5H

20064F1 /1 12H

200641 191

20064F1 26 H

200642 2

200642 9H

200642 16 H

2006472 23 H

200643 121

200643 9

200643 /116 H

200643 J23H

200643 /130 H

2006474 16 H

200644 13H

200644 /120 H

2006414 127H

2006475 /1411

2006475 711 H

200645 18

200645 251

200646 7 1 H

(147)

2005412 22H

2005412 H29H

200641 A5H

2006471 121

200641 5191

200641126

200642 21

200642191

200642116 H

2006472 23 H

200643 121

200643 H9H

200643 /116 H

200643 23 H

2006473 /130H

200644 36 1

200644 H13H

2006474 120 H

200644 H27H

200645 4

200645 11 H

200645 518

200645 /125 H

200646 111

SIHOLVHOGY T ANV 3LIS TVLININIHIdXT G

ZL



5 EXPERIMENTAL SITE AND LABORATORIES 73

is considered to be very soft. The underground water is thus verylyveaiosive to the structure of
steel, but is not corrosive to reinforced concrete.

5.2.6 Laboratory Tests

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

o Density of milled rock2.609 ~ 2.620 g/cm?

o Density of bulk rock2.59 ~ 2.60 g/cm?

o Percentage of interstic8:765% ~ 1.495%

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

o Pressure resistance strength of a saturated single 85 ~ 131.48 M Pa
o Pressure resistance strength of a dry single s&alls8 ~ 125.79 M Pa

o Softening coefficient).924 ~ 1.000

o Elastic modulus32.78 ~ 48.97 G Pa

o Poisson ratiof).163 ~ 0.233

5.2.7 Survey Summary

Based on the combined analyses of the survey and tests described l&Bveoncludes that the ge-
ological structure of the proposed experimental site is rather simple, tinggsisainly of massive, slightly
weathered or fresh blocky granite. There are only a few small faults witthe/varying from 0.5 mto 2 m,
and the affected zone width varies from 10 m to 80 m. There are a totalipfifeathering bags along the
tunnel from the Daya Bay near site to the mid site and on the longer constrtietinal option from the
Daya Bay quarry to the mid site. The weathering depth and width are 50-1D@strbelow the surface, the
granite is mild to mid weathered. These weathered zones are well above tieg tore than three times
tunnel diameter away, so the tunnel is not expected to be affected byikadgering bags. Nevertheless,
there are joints around this region and some sections of the tunnel will Readsapport.

The far hall, at a depth of 350 m is thought to consist of lightly effloresrdresh granites; the far hall
is most likely surrounded by hard granite. The distance to the interface venbridan sandstone is about
100 m (to the North) as indicated by the present analysis.

The rock along the tunnel is lightly effloresced or fresh granite, and tlebamécal tests found that it is
actually hard rock. No circulation is found between the undergroundhaatethe outside boundary water in
this area, underground water mainly comes from the atmospheric precipitdter. borehole permeability
tests show that underground water circulation is poor and no uniformrgralind water level at the tunnel
depth. At the tunnel depth the stress is 10 MPa, which lies in the normal stggsee. The quality of most
of the rock mass varies from grade Il to grade Il (RQD around 70%e¢kvindicates good and excellent
rock quality). From the ZK1 and ZK2 stress measurements and structalgsesn the orientation of the
main compressive stress is NWW. For the east-west oriented excavatie, tilnis is a favorable condition
for tunnel stability. For the 810 m segment of the main tunnel from the DayanBar hall (#1) to the mid
hall (#4) the tunnel orientation will run sub-perpendicular to the orientatidghe maximum principal stress
and it will thus be subject to higher stress levels at the excavation perirfibgse higher stress levels are
not expected to cause significant stability problems due to the strength afathigegrock mass. There are
some tunnel sections, including the access tunnel, where the rock mdisg loelangs to grade IV, and
some belongs to grade V. Figure 5.9 shows the details of the engineerilogigabsection along Line A.
Detailed results from the site survey by IGG can be found in referedgés]2].
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Fig. 5.9. Engineering geological section in line A: the faults, weathering bad tun-
nel are shown on the figure. The first curve down from the surfaces the boundary
of the weathered granite and the second curve down shows the bpwhtize slightly
weathered granite. The tunnel passes through one region of slightilieved granite.
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5.3 Conceptual Design

In June 2006 a bid package for the conceptual design of the civitrwmtion was released. The pur-
pose of this effort was to further refine our understanding of the @loghrious options and to make sure
that we do not leave any important points out of the final design specifisafidne major items of the con-
ceptual design included: (1) the underground experimental halls, tiveecting, access, and construction
tunnels; (2) the infrastructure buildings above ground; (3) the eleatviep communication, monitor, ven-
tilation system, water supply and drainage, safety, blast control, andanvéntal protection. Two design
firms were selected: the Fourth Survey and Design Institute of China R@il{#&Y) and the Yellow River
Engineering Consulting Co. Ltd. (YREC). TSY has expertise in the dedigailvay tunnels, and YREC
has a great deal of experience in underground hydroelectric eargigerojects. These design efforts were
completed in early August 2006. These two reports were helpful in writiegprecifications for the bid of
the detailed tunnel design.

5.3.1 Transportation Vehicle for the Antineutrino Detectors

The biggest items to transport in the tunnel are the antineutrino detectorndBiles. Each module
is a cylinder of 100 ton with an outer diameter 5 m and a height of 5 m, with portséxg above. The
transportation of the antineutrino detector determines the cross sectiontohttet and directly affects the
total tunnelling construction plan.

The space in the tunnel is limited, so the AD transporter should be easy tat®peraneuverable,
yet smooth and stable when operating in a straight line. The tunnels intexxtormnthe Surface Assembly
Building and the underground halls will have parallel side walls 6.2 m in width aittomed ceiling less
than 8 m in height at the apex. Heavy truck tractors with lowboy trailers that always be in a towing
configuration have limited maneuverability in tight quarters. They also redjuétethe load be lifted on
and off with overhead crane. For these reasons we have investigatestioan transport vehicle of the de-
sign supplied by such commercial manufacturers as Goldhofer anddd@wmpanies, Wheelift Systems
Group (http://Iwww.wheelift.com/), as shown in Fig. 5.10. These types of toahgphicles have low flatbed
load platforms supported by multiple independently computer controlled dueghglts with hydraulic lift
capability. With an AD designed to perch atop vertical support legs at the, beB m wide vehicle can ma-
neuver under the AD and between support legs to gently lift the load fospcat. The transporter flatbed
top surface will be no greater in height than 0.5 m off the tunnel floor alh@utomatically maintain a load
level orientation during transport of an AD. Such a vehicle is dynamicapiabie of either moving forward,
reverse or in any transverse direction, with complete rotation about thedwaelr (the turn radius is limited
only by the length of the vehicle and load). The vehicle can be manually dledtiny an operator or capa-
ble of pre-programmable unmanned operation. The vehicle can be pblsepropane engine during long
tunnel transports or connected to AC power when maneuvering at destisdes.

The Doerfer Companies has shown interest in this application and suppiédlittwing operational
parameters on an applicable transport vehicle for tunnel civil corgiruequirements.

o Rated capacity of a dual (12 inch diametel6 inch wide) wheel module is 12,700 kg; with 10 dual
wheel modules the total capacity is 127,000 kg.

o Spacing between dual wheel modules is 1.04 m longitudin2l1 m lateral.

o Floor contact area of each wheel under load is 92.5.cm

o Outer dimension of vehicle is 3.0 m 7.1 m, and load platform is 3.0 m 5.6 m.
o Load platform vertical lift range of motion is 0.46 m to 0.57 m.

o Maximum vehicle speed without load is 2.74 kph, and with load 1.46 kph.

o Smallest turn radius is on center rotation with programmable fixed turn radii.
o Minimum tunnel floor crown or valley is 25 m.
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Fig. 5.10. Photo of a Doerfer 140-ton capacity transporter from w@iakeishowing
multiple dual wheel modules under vehicle load bed.

o Maximum floor height imperfection without load 19.0 mm and with load 3.0 mm, with a minimum

flathess within 20.0 mm over a 30.0 cm span.
o Climb slope 3-5% preferred; 10% with optional driving train.

o Floor surface can be concrete, asphalt, tiles, or compressed rockelatively uniform surface tex-
ture.

o Maximum slope correction by tilt of transporter surface is 3%.

5.3.2 Lifting System for the Antineutrino Detectors

Lifting systems, mainly for handling the antineutrino detectors, have beestigaged. The lifting
system should be low in order to minimize the height of the experimental hall toogaiturden. Both
gantry cranes (suggested by TSY) and bridge style cranes (sugidgs¥REC) satisfy our requirement.
The heights of the experimental halls required to install and lift the antineutietector with these two
types of cranes are similar: about 14-15 m. Figure 5.11 show a picturbrafge style crane. Sensitivity
in handling the AD is extremely important and therefore requires craneatentith variable frequency
motor drives for smooth acceleration and speed control of bridge, tralfely/hoist motion. A digital load
cell integrated into hoist motion will enhance operator feedback in handfidgransfer of loads. The final
choice of a crane system needs further study.

5.3.3 Experimental Hall Layout

A layout of the experimental hall is shown in Fig. 5.12 (designed by YRHGg auxiliary facility
rooms are located adjacent to the pool on one side of the hall to minimize eleataisie length runs
between detectors and counting room. Although only one is shown, addlittmmas for gas systems, water
purification, will be adjoining rooms in a more flexible arrangement, as is showre three dimensional
view of the Daya Bay Hall in Fig. 5.13. A secondary personnel egreswtlinks these auxiliary rooms to
the main access tunnel.
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Fig. 5.11. A photo of a bridge style crane, the crane rail is fixed to the Wahe
experimental hall.
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Fig. 5.12. Layout of the experimental hall where the counting room, etcalang one
side of the hall (as proposed by YREC).

The experimental halls have been globally oriented in the same longitudinetialireThis allows the
access tunnel the same alignment to Daya Bay (#1), mid (#4) and farXp8)jimental halls. While the
Ling Ao near hall (#2) has the access tunnel entering at right anglessiaribntation scheme.
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Fig. 5.13. View of the Daya Bay hall cavern and tunnel.

The LS filling hall will be 12 mx 28 m and located near the Daya Bay hall (#1) to minimize the
transport distance of liquid materials from the surface. As with the expetahlealls, relatively good rock
conditions are required to minimize structural support costs of this hall.

5.3.4 Design of Tunnel

To minimize the excavation cost yet accommodate the antineutrino detectorspssesection of the
main tunnel are defined as:

o Total width of the tunnel: 6.2 m.

o Purity water supply pipe, fire suppression pipes, cable trays are moumtedeoside of the tunnel
wall from ground level up vertically, extending out of the wall in less th@rcé.

o Safety clearance to each side of tunnel wall: 0.5 m.

o About 100 m each section in the tunnel, there will be a by-pass to allow twiolgsho pass with full
load transporter stop.

o Width of drainage channel: 0.5 m on each side of the tunnel

o Total height of the tunnel: 0.5 m (height of transporting vehicle) + 5.0 nig(fieof antineutrino
detector) + 0.5 m (safety distance to the duct) + height of duct.

Figure 5.14 shows the cross section of the main tunnel. The cable traysaéedswpply pipes will be
installed along the side wall of the tunnel. At locations where the tunnel besnthe height of the tunnel
will increase to allow for cable and ventilation duct crossover.

The lining of the tunnel depends on the rock quality. At the Daya Bay siteottiequality varies from
grades | to V: grade | being excellent and grade V poor. Accordinggaite survey, more than 90% of the
rock is grade I, Il or Il (stable rocks). Some very short sectiontheftunnel have grade IV rock with some
grade V rock only in the first tens of meters at the main portal. The lining féerdifiit quality of rocks are
designed according to the requirements for these rock types.
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Fig. 5.14. An engineering schematic diagram of the tunnel layout Prdins¥REC.
The dimensions are in meters.

There are two possible design strategies for the tunnel constructiono@iom is to transport the
excavated rock by heavy truck (the tunnel layout shown in Fig. 2.1 iié}), a second option is to
transport the rock by tram (the tunnel layout shown in Fig. 5.1 KB®}). In the truck option, the maximum
allowed slope is 13% (TSY), the width of this tunnel is 5.0 m and height 5.8 nreTiwél be a passing
section every 80 m along the tunnel for two trucks to cross in oppositetidinsc The total length of such
a tunnel is 607 m. If a tram is used for rock removal, the tunnel can havech staeper slope, up to
42% (<23°). The tunnel length can be as short as 228 m and the cross section iswideroy 4.08 m
high. Construction with a tram will allow a shorter tunnel, saving both time and ymat@vever, rock
removal by tram is more complicated than by heavy truck, and requires moraticdhmoney to remove
the same amount of rock. The present estimation shows that these two @pdors significantly different
inn overall cost or schedule. For the case of a tram, since special tealeaded, the number of qualified
construction companies bidding on the tunnel construction may be more limited.

A possible layout of the main portal behind the local hospital is shown in Figh 6fREC’s design).
The surface assembly building (SAB) is under design and will be put iparate bid for construction once
the design is finished. An artist's conception of the portal area with the SABawn in Fig. 5.16.

5.3.5 Electricity

The 6.3 kV power line will be pulled from a local transformer, which is nearrttain portal, via two
independent loops. An uninterrupted supply of power is expectegefaenormal power maintenance and
inspection for which we will be informed in advance.

There will be 6.3/0.4 kV, 630 kVA transformers at the power control rdocated at the main portal.
Considering the different distances between experimental halls, theetecal transformers in the far hall
(#3) and the mid hall (#4). There will be an isolation transformer for thegoasupply of the electronic
equipment in each experimental hall.

Each experimental hall has two independent grounds, the resistamaelofground is smaller than
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Fig. 5.15. A schematic diagram of the the main portal and the layout of auxiliary
buildings.

0.5 ohm.

The lighting in the tunnel and experiment halls will meet Chinese regulatiorestdthl power con-
sumption includes those of the crane, heating, cooling, ventilation, watéication system, water supply,
drainage, and experiment hall.

5.3.6 Ventilation System

The ventilation system is composed of inlet and outflow ducts. The ventilatersrdesigned to replace
the entire air volume of each experimental hall at least six times a day. Thiktien capacity is designed to
allow a maximum of 30 workers simultaneously in each experimental hall. Thiatem system should be
quiet in operation while providing ambient air dehumidification, heating/coolingfé#nation. Additional
dehumidification units will be devoted to each experimental hall with large wakelspTo reduce power
consumption, the average temperature will be controlled close to the origatalrél) temperature of the
cavern to within+2°C.

5.3.7 Water Supply and Drainage

The experiment will use city water. The initial water usage will be large for §jithee muon water pools
(5,000 n# or 1.32x 10° US-gal), but the filling of the three pools is not simultaneous. Daily operadticater
needs are minimal for purified experimental make-up water, personnsuowption and fire suppression.
There will be a 300 rhwater storage tank located at the main portal as a supply buffer. Mainlyaheade
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Fig. 5.16. An artist's conception of the Surface Assembly Building, situadgtant
to the access tunnel portal.

of seeped water from rock, and other water monitored will be pumped tetsize of pump pit will be
about 9 m long, 6 m wide and 4.5 m deep.

5.3.8 Communication

Shenzhen local telephone, wire interphone system will be installed in theltand experiment halls.
Internet connection will be available in the experimental areas.

5.3.9 Safety Systems

Environmental, Safety, Security and Health issues for the project will fidtlimvthose policies estab-
lished by the host country, China, and must meet minimum standards, asatesfjdfor all collaborative
members working at the experimental complex. These polices will include liétyseoncerns for radio-
logical controls, chemical inventory controls (MSDS), emergency sged access controls, fire protection
and suppression systems, laser operation, cryogens, oxygen rifiti@zards, fall protection, personnel
protective equipment, electrical and mechanical hazards, and liquid spilhement and cleanup controls.

Equipment protection systems will also be incorporated into the experimerdedt@mal safety en-
velope. A system will be developed using a programmable logic controlle€)k the heart of a safety
interlocks system to alarm subsystem fault conditions and automatically brpegimental hardware to
a preprogrammed safe state. These fault interlock conditions will automatiedilg off liquid and gas
sources and turn off electrical power to designated hardware basedaling water leak detection and
flammable gas detection. It will also alarm and interlock AC power based okesd®tection near electron-
ics, and alarm and ventilate based on ODH and flammable gas conditions.

5.3.10 Blast Control

The maximum allowable force caused by blasts in the tunnel construction RagfzeBay Complex is
0.01 g. Test blasts will be performed at the beginning of construction andlnation caused by all blasts
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will be monitored during the construction period.
5.3.11 Environmental Effect Evaluations

The environmental impact evaluations include: (1) construction dust aisé;n(2) rock disposal and
treatment measurements; (3) temporary disruption and restoration aft@ntteuction work is completed.
All the details are included in the conceptual design reports submitted by T§¥nd YREC [14].

5.4 Civil Construction Overview

Based on the conceptual designs and further work of the collaborat®mhave drafted the final civil
construction design specs. The Yellow River Engineering Consulting-tdowas selected by a bidding
process as the final winner of civil construction on January 22, 200& final design will take about 2
months. When the civil design is finished in April 2007, the bidding for arahstruction will start. An
oversight agency is needed for the construction. We expect the ondtrction to start around July of
2007. The civil construction will last 20-24 months as estimated in the cturedegesign.

The main civil construction work items are listed in Table 5.2. A construction gemant firm will be

| Construction item | Volume ¢n”) |
Excavation debris from surface 17,068
Excavation debris from tunnel 202,745
Concrete 8,740
Eject concrete 7,774

Table 5.2. Table of the main civil construction work items.

hired to monitor the construction work. IHEP will have an onsite represeatttioversee the work. IHEP

will also provide an onsite person to interface with the power plant. The pamctwater needed during the

construction will be provided by the power plant and this cost is includedeirithl construction package.
The estimated civil construction costs are listed in Table 5.3.

Civil construction item || Unit (10K RMB) |

Hall #1, #2 628
Hall #3 425
Hall #5 60
Construction tunnel 610
Main tunnel 2346
Entrance 198
Surface lab. 500
Design and management 630
Tax, fee and others 745
Contingency 486
| Total cost | 6628 |

Table 5.3. Cost estimation of the civil construction.

The estimated utility and safety system costs are listed in Table 5.4.
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Utility and safety systemitem || Unit (10K RMB) |

Electric system 822
Ventilation system 480
Fire suppression system 50
Water supply and drainage system 90
Communication and networks 75
Monitoring and control system 113
Clean room 100
Crane in surface assemble building 120
Crane in experiment halls 540
Transportation vehicle 500
| Total cost | 2890 |

Table 5.4. Cost estimation of utilities and safety systems.
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6 Antineutrino Detectors

The measurement ain? 260,35 to <0.01 is an experimental challenge. A value of 0.01 dor 26,3
yields a tiny oscillation effect. This corresponds to a small difference in tneber of antineutrino events
observed at the far site from the expectation based on the number ¢$ eltacted at the near site after
correcting for the distance under the assumption of no oscillation. Toabsech a small change, the
detector must be carefully designed following the guidelines discussedipt&t?, and possible systematic
uncertainties discussed in Chapter 3. To make this measurement the antindatdgntor must meet the
physics performance requirements summarized in Table 6.1. The techedc@lements of the individual

Item \ Requirement &Justification
target mass per detectar >20 tons
precision on target mass <0.2%
- also, precise knowledge of the proton to carbon ratio
energy resolution 15%/IVE
- good energy resolution helps reduce systematics
(see Chapter 3)
efficiency uncertainty | < 0.2%
energy threshold <1 MeV to be fully efficient for positrons of all energies
radioactivity singles rate <100 Hz
event time <25ns

Table 6.1. Physics performance requirements of the antineutrino detector.

subsystems for the antineutrino detector are summarized in similar format aghmmimg of each of the
following sections.
In addition, the following considerations enter the design of the antineutatextbr:

1. The detector modules should be homogeneous to minimize edge effects.

2. Itis important to precisely know the target mass and composition. The mahjme@tons in the target
liquid scintillator should be well known, implying that the scintillator mass and theopr carbon
ratio should be precisely determined. The target scintillator should cometfrersame batch for
each pair of near-far detector modules or for all detectors, and the mixaeggure should be well
controlled to ensure that the composition of each antineutrino target is the same

3. The detector module should not be too large; otherwise, it would beuttiiicnove from one detector
site to another for cross check to reduce systematic effects. In addiégond a certain size, the rate
of cosmic-ray muons passing through the detector module is too high to be abkasure théLi
background.

6.1 Detector Geometry and Dimensions

Several previous neutrino experiments have designed spherical spalibdetectors to insure uniform
energy response in the entire volume. This type of detector vessel issx@and requires many PMTs for
47 coverage. Two types of alternative detector geometries have beetigaved: cubic and cylindrical.
Both are attractive from the viewpoint of construction. Monte Carlo simulagioows that a cylindrical
shape, as shown in Fig. 2.3, can deliver better energy and positidatresavhile maintaining good uni-
formity of light response over the volume, similar to that of a sphere or ellipgddit design is verified
by prototype tests as discussed in Section 6.7. An optical reflector caumt la¢ ghe top and bottom of the
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cylinder, so that PMTs are only positioned on the circumference of the eylita reduce the number of

PMTs by almost half.
This design, which allows a tremendous reduction of the detector cost ingladvings on the PMT

readout, steel and acrylic vessel construction, is practical due toltbeiftg considerations:

1. The event vertex is determined by the charge pattern in the AD phototitesit reliance on time-
of-flight, so that the light reflected from the top and bottom of the cylinder watlworsen the per-
formance of the detector module. The hit times are measured to a resolutidnnaf for background

studies.

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

The total target mass at the far site is determined by the sensitivity goal asws &h Fig. 6.1 as a
function of the far site detector mass. To meastimé 26,3 to better than 0.01, a total target mass of 80—
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Fig. 6.1. Sensitivity okin? 26,3 at the 90% C.L. as a function of the target mass at the
far site. The solid line corresponds to the current best-fit central \aluen3, and
the dashed line corresponds to the 90% C.L. lower limiton3; .

100 ton is needed, which corresponds to a statistical uncertainty0@% after three years data taking.
A larger target mass is not attractive since the sensitivity improves rathelysithen the target mass
goes beyond 100 ton. By adopting a multiple-module-scheme as discusskdpteC2, two modules are
chosen for each near site to allow a cross check of the systematic untestéiithin the limit of statistical
uncertainties at the near site). For the far detector site, at least foutes@ita needed for sufficient statistics
to reach the designed sensitivity while maintaining the number of modules at @ezdnta level. A detector
scheme of eight identical modules, each with a target mass of 20 ton, iscidsmut 930 events per day
per module will be detected at the Daya Bay near site (300-500 m) with abewedts per day per module

at the far site £1800 m).
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6.1.2 Antineutrino Detector with Three Zones

A Chooz-type detector [1] with suitable upgrades can in principle fulfill #aguirements although
completely new concepts are not excluded. The energy threshold ad@@ype scintillator detector can
be reduced by a three-zone structure as shown in Figure 6.2.

I11. O1l Buffer

II. y catcher

1. Target

R

=3

Fig. 6.2.Left: Transparent cross-section of the antineutrino detector on the trégspor
This figure shows a complete design of one of the options of the antineu&teotdr
with the automated calibration boxes and overflow tanks at theRigiht: Schematic
top view of the different zones of the antineutrino detector.

The inner-most zone (region I) is the Gd-loaded liquid scintillator antineutarget. The second zone
(region 11) is filled with normal liquid scintillator and serves ag-&atcher to contain the energy ofrays
from neutron capture or positron annihilation. This zone does not ssrae antineutrino target as neutron-
capture on hydrogen does not release sufficient energy to satighMie®’ neutron detection threshold. The
outer-most zone (region 1) contains mineral oil that shields extefdibtion from entering the fiducial
volume. This buffer substantially reduces the singles rates and allows #shthal to be lowered below
1.0 MeV and improves the uniformity of light collection at the PMTs. The thrgeres are partitioned with
transparent acrylic tanks so that the target mass contained in regiorbecasll determined without the
need for event vertex reconstruction and a position cut.

The cost of the tunnel construction is proportional to the cross sectithredfinnel. With optimization
described in the following subsections, the minimum outer dimension of the detieatsatisfy our physics
requirement is found to be a cylinder with diameter of 5 m and height of 5 mr&ig3 shows the fit of
such a detector on a transporter in tunnel. The neutrino target is a cytih8drm height and 1.55 m radius.
The~-catcher is 0.425 m thick and the oil buffer is 0.488 m thick. The diameter dfttieless steel vessel
is 5.0 m, with a height of 5.0 m and a total mass of 100 ton.

Fig. 6.4 shows the visual output of the geometry of the antineutrino detedB®ant4 simulation code
of Daya Bay, G4dyb. The simulation code is used to optimize the detector desigell as verifying the
detector performance.
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Fig. 6.3. Cross-section of the tunnel and antineutrino detector in the healzannel
connecting the experimental halls. The outline of the tunnel cross-sectitudiing
the air ducts and other infrastructure are shown in yellow. Detailed stuties mter-
ference of the detector with the infrastructure in the tunnel are underway

SR TARN AR AN TR 1A A
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Fig. 6.4. Detector geometry in G4dyb. Left: side view. Three region franctnter to
the wall are targety-catcher, and buffer oil, respectively. Reflective panels are irebuff
oil at the top and bottom. Right: top view. Eight radial reinforcing ribs casdsa. The
reinforcing ribs of the stainless steel tank and two acrylic vessels arapped.

6.1.3 Inner Antineutrino Target

The target vessel will contain 20-ton Gd-LS as the antineutrino targetddéisigined to be a cylinder of
an inner diameter of 3.1 m and inner height of 3.1 m. The density of the Gaddtjsting of 99% linear
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alkylbenzene, is 0.855—-0.870 g/ml. The target mass is 20.0-20.3 ton.
6.1.4 Gamma Catcher

The~ rays produced in the target region by positron annihilation or neutramieawill undergo many
collisions with the LS molecules to transfer most of their energy to the liquid scintiketfmre converting
to visible scintillation light. However, the rays can also escape from this target region and deposit energy
outside of this region. To capture the escapin@ys a layer of undoped liquid scintillator surrounding the
target zone is added, significantly reducing this energy loss mechanignenengy spectrum of the delayed
neutron capture signal is shown in Fig. 6.5. The tail to low energies is fuemige with at least one escaping

reconstructed neutron (delayed) capture energy spectrum

Fas0/
- 350 Entries 75959
5 Mean T
- = RMS 222
w300 = Underflow 0

250

200(—

- cut at 6 MeV

§ 0 12

Recon. Energy (MeV)
Fig. 6.5. The neutron capture energy spectrum as obtained from tmé4G@aulation
(reconstructed by scaling the total charge). The peak&MeV corresponds to the
n-capture on gadolinium. The tail to lower energies is from events with at dees
escaping gamma.

7. The Gd capture peak at 8 MeV is dominated by the two most abundant isatbgadolinium,*>Gd
and'®"Gd, with totaly energies of 7.93 and 8.53 MeV, respectively.

A threshold of 6 MeV cleanly separates the 8 MeV neutron capture sigomal the background due
to natural radioactivity. However, this threshold will cause a loss of soewtron capture events and a
corresponding loss of detection efficiency. A simulation of the detectamgihe correlation between the
thickness of they-catcher region and the neutron detection efficiency is shown in Fig. Besfigure shows
that with a~y-catcher thickness of 42.5 cm the neutron detection efficiency is 91%0zC0tmad a smaller
detector and g-catcher thickness of 70 cm, and neutron source test showed a-(24)66 detection ef-
ficiency [1]. The uncertainty includes a vertex selection uncertainty tlagaBay will not have. Chooz,
Palo Verde and KamLAND all claimed an uncertainty on the energy scale a&\6d¥lbetter than 1%. Our
detector simulation shows that a 1% uncertainty in energy calibration will @0s2% uncertainty in the
relative neutron detection efficiencies of different detector modules €avleV threshold. After subtracting
the vertex selection uncertainty, the resulting efficiency values are temisigith simulation. After a com-
prehensive study of detector size, detection efficiency, and expddamearcertainties, we choose 42.5 cm
as the thickness of the-catcher.
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Fig. 6.6. The neutron detection efficiency as a function of the thickneskeof-
catcher. The neutron energy cut is set at 6 MeV. The thickness of tacher of
the Daya Bay experiment will be 42.5 cm.

6.1.5 Oil Buffer

The outermost zone of the detector module is composed of mineral oil. Thes RiTbe mounted
in the mineral oil next to the stainless steel vessel wall, facing radially inwiri$ mineral oil layer is
optically transparent and emits very little scintillation light. There are two primargqaes for this layer:
1) to attenuate radiation from the PMT glass, steel tank and other sourtstdeoof the module; and 2)
to assure that PMTs are sulfficiently far from the liquid scintillator so that the jigeld is quite uniform.
Simulations indicate that the location of light emission should be at least 15 cyfeamathe PMT surface,
as indicated in Fig. 6.7. The oil buffer is also used to attenuate radiatiorntfr@ePMT glass into the fiducial
volume. Simulation shows that with 20 cm of oil buffer between the PMT gladstanliquid scintillator,
the radiation from the PMT glass detected in the liquid scintillator is 7.7 Hz, as suradan Table 6.2.

Distance of PMT Front Face to Gamma Catcher
Isotope || Concentration 20cm| 25cm| 30cm| 40 cm
(Hz) | (Hz) | (H2) | (H2)
28y 40 ppb 2.2 1.6 11|06
22Th 40 ppb 1.0 0.7 0.6|0.3
40K 25ppb| 45 3.2 22]1.3
| Total || | 77] 55| 39]22 |

Table 6.2. Radiation from the PMT glass detected in the Gd-scintillator (in Ha) as
function of the oil-buffer thickness (in cm). An oil buffer of more than 45 thickness
will provide 20 cm of shielding against radiation from the PMT glass.

The welded stainless steel in KamLAND has an average radioactivity ob3hp2 ppb U, 0.2 ppb
K, and 15 mBqg/kg Co. Assuming the same radioactivity levels for the vesskéddaya Bay antineutrino
detector module, the corresponding rate from a 20 ton welded stainlelsgestsal shielded by at least 45 cm
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Fig. 6.7. Antineutrino detector response (in number of photoelectrore f@asction

of radial location of a 1 MeV electron energy deposit. The mineral oil volinas

been removed and the PMTs are positioned directly outside-tiacher volume. The
vertical red line is 15 cm from the PMT surface and indicates the needbsfomilof

buffer between the PMT surface and the region of active energysitepoorder to

maintain uniform detector response.

of oil buffer are 7 Hz, 4.5 Hz, 1.5 Hz and 4.5 Hz for U/Th/K/Co, respestjiat a threshold of 1 MeV. The
total is 17.6 Hz. The natural radioactivity of rock, buffer water, mineikldust, radon and krypton in air
play a minor role, as described in Section 3.3.4. The totalte is<50 Hz. The oil buffer will be sufficient
to suppress the rate and the subsequent uncorrelated backgrounds to an acceptabl&he dimensions
of the antineutrino detector modules are shown in Table 6.3.

| Region || IR(m) | OR(m) | inner height(m)| outer height(m)| thickness(mm) material |
target 0.000| 1.550 0.000 3.100 10.0 | Gd-LS
~-catcher|| 1.560| 1.985 3.120 3.970 15.0| LS

buffer 2.000| 2.488 4.000 4.976 12.0 | Mineral oil

Table 6.3. Dimensions of the mechanical structure and materials of the antineutr
detector modules.

6.1.6 Comparison of 2-Zone and 3-Zone Detectors

The possibility of adopting a detector module design with a 2-zone structurerioving they-catcher
from the current 3-zone design, has been carefully studied. A 2-detector module with the same outer
dimension as the 3-zone structure has a target mass of 40 ton (keepiragrtheis buffer andy-catcher
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thicknesses). The efficiency of the neutron energy cut at 6 MeV wil-B8%, compared t6-90% with
the ~-catcher and the 2-zone 40 ton detector module will have e@§% more detected events than the
3-zone 20 ton detector module. The reduction of efficiency in the neutremy cut will introduce a larger
uncertainty due to the energy scale uncertainty. This uncertainty is novabtedoy the near/far relative
measurement, in the different detector modules due to differences in tigy scales.

The energy scale is possibly site-dependent due to variation of calib@ratitions in the different
sites. According to the experience gained from KamLAND, a 1% eneraig stability at 8 MeV and 2%
at 1 MeV can be readily achieved. The uncertainties in neutron detectioemty for a 1% relative energy
scale uncertainty have been studied by Monte Carlo for the 2-zone 4@tector module and the 3-zone
20 ton detector module. The uncertainty in the relative neutron detectioreedfycfor the 2-zone detector
module is 0.4% at 6 MeV as compared with 0.22% for the 3-zone detector m@&imldar uncertainties
at 4 MeV have also been studied, see Table 6.4. This uncertainty will beothanant residual detector

| Configuration|| 6 MeV | 4 MeV |

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

Table 6.4. Uncertainty of the neutron energy threshold efficiency dalgeaincer-
tainty in the energy scale for 2-zone and 3-zone detector modules. Engyestale
uncertainty is taken to be 1% and 1.2% at 6 MeV and 4 MeV, respectively.

uncertainty (see Table 3.8), while other uncertainties are cancelled bytateteodule swapping this one
is not (e.g., a doubling of this uncertainty will significantly degrade siné 26,5 sensitivity that can be
achieved).

As shown in Table 6.4, lowering the energy cut to 4 MeV can reduce thieameanergy threshold
efficiency uncertainty. However, the intrinsic radioactivity from the Ggbed liquid scintillator and the
acrylic vessel will cause a significant increase of the accidental bawghkd rate. For external sources (such
as radioactivity from the PMTs and the rock) onlyays, with an upper limit of-3.5 MeV, can enter the
detector module. For internal sources, howeverays, but alsg? and« particles contribute — these can
produce significant rates of signals above 3.5 MeV (€& has an endpoint of 5 MeV) as observed by
KamLAND. Chooz has also observed a significant number of eventslajett energy of 4—-6 MeV (see
Fig. 6.8). In addition, gadolinium has contamination fré#ATh which increases the rate 8Tl decay
in the scintillator. All of these factors make a reduction of the neutron thteégham 6 MeV to 4 MeV
undesirable. The accidental background rate would be a coupleafsartimagnitude larger with the lower
threshold at 4 MeV.

6.1.7 Optical Reflective Panels

Optical reflective panels will be put at the top and bottom of the cylindefl Rlvimbers can be reduced
to nearly one half comparing to the £MT installation, while keeping the same photocathode coverage. The
reflective panels can be put close to the top and bottom of-begcher vessel to enlarge the photocathode
coverage. As shown in Fig. 6.7, the photoelectron yield get larger wheeligtht source approaching to the
wall of the detector. However, the detector response will be uniforngatom cylinder direction if reflector
with ~100% specular reflectivity is used. While specular and diffuse reflebismo difference in the total
photoelectron yield, specular reflection is preferred because the Vigtiteg algorithm will be easier.

Using reflector can also greatly simplify the mechanics design and assentbly détector. To have
the target as large as possible within limited detector outer dimension, the agcesaforcing ribs are
designed inside the stainless steel tank. Installing PMTs among ribs is goOeethie contrary, the detector
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Fig. 6.8. The energy distribution observed by Chooz, horizontal axiseigtbmpt
signal energy; the vertical axis is the delayed signal energy. In therréabelled D
there are many background events with delayed signal falling into the 3VeMergy
range.

volume beyond the reflector is not sensitive. Support structure or ddtector parts can be used without
worry about the impacts on the detector response.

The most attractive candidate of the reflective film is the Enhanced Sp&eflector (ESR) [16], a
thin, mirror-like, non-metallic film that offers greater than 98% speculaecéflity across the entire visible
spectrum. The measured reflectivity is shown in Fig. 6.9. For wavelend@0 nm, the total reflectivity
(specular + diffuse) is greater than 99%. The rising edge is at 38G#B9Comparing to the light emission
spectrum of Gd-LS (see Fig. 6.24), the ESR has perfect reflectivity amost the whole range of the
scintillation light. Another candidate is aluminum film. The reflectivity is not as gaedhe ESR but it
extends to shorter wavelength covering the whole scintillation spectrumk Tirefor diffuse reflection
has also been considered. Tyvek film will become semi-transparentsaaded in mineral oil. So it has to
be sealed to be used in the detector.

The reflective film will be sandwiched between two acrylic panels. Thelsemh structure can 1)
protect the reflective film from scratch during assembly and installaticen @y the possible contamination
to mineral oil from the glue to stick the film in long term; 3) avoid the possible dtgian of reflectivity
when the film is merged in mineral oil for years. R&D has been started to stedypttical property of the
sandwich reflective panel.

6.1.8 Expected Performance of the 3-Zone Detector

With reflectors at the top and bottom the effective photocathode covésat@do with 192 PMTS,
the light yield is~105 p.e./MeV and the energy resolution is around 5.4% for 8 MeV electrdeh w
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Fig. 6.9. Left: Measured reflectivity of ESR film. The red line is that forcsper
reflectivity and the blue line corresponds to total reflectivity including déflight.
Right: Measured reflectivity of Aluminum film.

the total-charge method is used, or 4.5% with a maximum likelihood fit approdehvdrtex can also be
reconstructed with a resolution similar to a design with 12% PMT coverage onrédices. The vertex
reconstruction resolution is’12.5 cm for a 8 MeV electron event using the maximum likelihood fit, as
shown in Fig. 6.10. The energy resolution of the 8-MeXé from n-capture on Gd is 6.9% (total charge)
and 5.7% (reconstructed) respectively. The horizontal axis is the déstsrthe reconstructed vertex to the
true vertex and the vertical axis is the number of events. Such a vertguties is acceptable since the
neutron capture vertex has20 cm intrinsic smearing, as found by Chooz [1] and by our Monte Carlo
simulation as well. The intrinsic smearing of the neutron capture vertex iscdystne difference in the
position of the neutron capture vertex and the true center-of-gravityeoetiergy deposition of the’s
emitted from the capture.

6.2 Mechanical Design and Structure of the Antineutrino Detector
6.2.1 Detector Tank

The stainless steel vessel is the outer tank of the antineutrino detector nmatirrounds the buffer
oil region. It will be built with low radioactivity 304L stainless steel and wiltisly the requirements listed
in Table 6.5:

The stainless steel vessel is a cylinder of 5000 mm height and 5000 mm didex¢é¢éenal dimensions)
with a 12 mm wall thickness. There are radial internal reinforcing ribsabtttom as well as the tank cover.
The mechanical strength of the tank has been carefully analyzed usiitg Eiement Analysis (FEA), as
depicted in Fig. 6.11. Stress and distortion has be calculated for all podstieletor conditions, such lifting
empty without cover, lifting with full load, transporting with 1.2 g accelerationrged in water, etc. The
stainless steel vessel weighs about 20 ton (including the support sésjcand has a volume 695 n?
(without the chimney).
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Fig. 6.10.Left: The reconstructed energy resolution for electron events uniformly gen-
erated in the target region13.6%/+/E(MeV') using the total PMT digitized charge.
The reconstructed energy resolution s5%/+/ FE(MeV') using the undigitized total
charge.Right: The vertex reconstruction resolution for 8 MeV electron events uni-
formly generated in the target region using a maximum likelihood fit to the erzerdy
position. The x-axis is the distance of the reconstructed vertex to the trtex\and

the y-axis is the number of events.
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Fig. 6.11. Left: model of the stainless steel tank in FEA. Right: An examplesdfEA
results, the distortion of tank wall during lifting. The maximum distortion is 1.25 mm
at the bottom.

6.2.2 Surface Coating of Detector Tank and Optical Barriers

We plan to coat the inside of the antineutrino detectors with a black “paint” $hattthe PMTs only
detect light directly from the antineutrino interaction in the liquid scintillator. Thisroups the position
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ltem \ Requirement & Justification
height <5 m to clear tunnel ducts
diameter <5m
- diameter is constrained by tunnel width
- detector structure can exceed dimensions along tunnel
height of external tanks and ports<0.3 m
accuracy of outer radius <5 mm
accuracy of height <5mm
wall thickness - minimal material so as to reduce backgrounds
from radioactivity in the steel and welds
leak tightness - leak proof to oil for>5 years
- leak proof when submerged in water
tilt - allowable tilt when empty<9.6%
lift - allowable lift by crane when full
ports - can be drained or pumped out for emergency
tank material - non-magnetic
- compatible with mineral oil
strength - tank can be lifted when full
- can support PMT structure
- can handle stresses induced by lifting and transport

Table 6.5. Requirements on the steel tank of the antineutrino detector.

resolution of the positron interaction and of the neutron capture, at sopem®x in energy resolution. A
high quality black coating is for example, Avian Black-S [20]. The Avian Ri&ccoating is perhaps the
blackest black available in the form of a paint. Its reflectivity is less than 2%&6the entire near-UV and
visible spectrum. Avian Black-S coating is a spray on, two part water bastkdane coating that exhibits
low reflectance over a wide wavelength range. The water-borne caadimibits very low gloss and is quite
durable compared to most low reflectance coatings. It is easily mixed afidchpgth standard spraying
equipment. Cleanup is easily done with water and detergent.

Alternatively, we are considering the use of a black barrier offset fiftee steel vessel. It would occlude
all of the PMT support structure and the PMT except for the photocathiodthis case, light produced
behind the PMTs will be less troublesome just as light above and below tketoef is less troublesome.

We also consider an ultrawhite coating, Avian-D [21], from the same matwurE, that would be
suitable for coating the exterior of the antineutrino detectors to improve therpemnce of the muon system.
The present baseline design is for no coating on the exterior of the sgsik antineutrino detectors.
The reflectivity of (stainless) steel is about 60%, if its surface is notiaperepared for good optical
performance. We can estimate that the 40% absorption of light on the exdarface of the antineutrino
detectors corresponds to an effective loss of about 10% of the lightaléd reflect off the surfaces of the
water muon system. This lost light could be recovered by painting the extéitloe antineutrino detectors
with a water- compatible white paint with high reflectivity in the near UV. A canigint is the Avian D
paint, whose reflectivity is shown in Fig. 6.12. Painting the exterior of the emtiimo detector would allow
us to improve the system performance at the relatively minor expensetoigtae exterior of the detector
tanks.

Avian-D coating is a two-part water based urethane coating that cangbedjo a wide variety of
substrates. The applied coating is water proof and quite durable. Thiegdaa two part coating with
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Fig. 6.12. Typical hemispherical reflectance data for Avian-D white c¢tftece coat-
ing [21].

a water phase with pigment and an activator. The reflectance of Aviamabng matches that of barium
sulfate based coating in the visible region of the spectrum. The coating t$heffelown into the near-Uv
and up to the very near-IR. Avian-D coating is ideal for field applicatiohen& the coating will experience
variations in temperature and humidity. The coating is also ideal for large atiegispheres used in lamp
measurement photometry where large amounts of UV are not present.

6.2.3 Detector Target and Acrylic Vessels

The acrylic vessels for Daya Bay consist of the following basic compsnen
o a pair of nested acrylic vessels

a support structure (ribs, rings, or feet) for the acrylic vessels thgta@t the assembly when empty

o

@]

three calibration pipes at the top to calibrate the detector alatglifferent radii

a fill-drain mechanism to allow for the filling and emptying of all detector volumes

o

closed overflow tanks that capture all liquids during expansion due to tetope variations of the
antineutrino detector

(¢]

and should meet the requirements outlines in Table 6.6.

Different design options are currently being studied by IHEP and theddsity of Wisconsin. One of
the main challenges is to find a design that allows easy and reliable assemtayneistied acrylic vessels,
either at the manufacturer or on-site at Daya Bay.

The target vessel is a cylinder of 3100 mm height and 3100 mm diametern@xtémensions) with
10 mm wall thickness (acrylic). It weighs580 kg, and contains a volume 25 n¥ (without chimneys).
The~-catcher vessel surrounding the target is a cylinder of 4100 mm heidlt200 mm diameter (external
dimensions) with a 15 mm wall thickness (acrylic). It weighs 1420 kg, amdados a volume of 28
(53 m? — 25 m3) (without the chimneys). At the top of the inner target vessel, there areltwaneys for
the insertion of radioactive calibration sources at the center as welf-agisf There will be one chimney
for the~-catcher as well. The inner diameter of the calibration pipes wit-B8& mm.

The target and-catcher vessels will be built of acrylic which is transparent to photonswatrelength
above~300 nm (50% at 300 nm [2]). Both vessels are designed to contain ardigatits with a long term
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ltem \ Requirement & Justification
general volume uniformity - all 16 vessels constructed to volume uniformity
of 1%
volume uniformity of inner tank pairs - matched to 0.3%
materials compatibility - chemically compatible with scintillator for
>5 years
dimension stability - dimensionally stable for years tol mm
optical properties - high-degree of transparency to near UV light
- high optical quality bonds
leak tightness - leak tight between acrylic volumes
- no leakage into mineral oil volume
- leak tight penetrations for filling and calibration
surface crazing - absence of surface crazing after fabrication,
assembly, and transport

Table 6.6. Requirements on the acrylic vessels for the antineutrino detector.

leak-tightness (free from leakage for ten years) and stability. The ¢igteestraint is the chemical compati-
bility between the vessel and the scintillating liquids, for at least five ye&ier€lmust be no degradation of
the liquid properties (scintillation efficiency, absorption length) nor anyifsagmt degradation of the acrylic
material (yellowing or crazing of more than a few percent of the acrylitaserarea). The-catcher vessel
will also be chemically compatible with the mineral oil in the buffer region.

Acrylic is normally PMMA plus additional ingredients to prevent aging and UVtligbsorption. Dif-
ferent manufacturing companies have different formulas and tradetsdor the additional ingredients,
resulting in different appearance, chemical compatibility, and agingtefféor the material choice, we
have surveyed many kinds of organic plastic and identified a number pfisigpand manufacturers. See
below.

In the polymerization gluing method, they add the same raw materials as the aRMNMA + ingredi-
ents) into the gap between the plates. Thus the joints consist of exactly thasaficematerial as the joined
plates, and there is no difference in their mechanical, chemical and optig@nties. During polymeriza-
tion, UV light is used instead of heating, in order to prevent the bent sfreetsrebounding. The speed of
polymerization is controlled to minimize the remaining stress. Once the tank is figdaricashape, it will be
put in a thermally insulated enclosure for up to a month (veek in our case) to be heated for releasing the
stresses. The temperature will be controlled withit? C. Different acrylic types, shapes, thicknesses, etc.,
need different temperature curves for bending and curing. Hermeriexce is very important. According
to Gold Aqua System Technical Company, one of the potential manufastdinergeometric precision of
the cylindric vessels can be controlledtd mm for a 2 m-diameter tank. The tank can have reinforcement
structures at both the top and bottom to provide the necessary mechargogkls. However, a thin sheet
tends to have more residual stress which may be problematic for chemicaatbifitp. The minimum
thickness of our tank will be chosen after engineering calculations heste jperformed and compatibility
tests of acrylic sheets with liquid scintillator and mineral oil are completed. Fgji@shows a example of
an acrylic plastic vessel produced by Gold Aqua System Technical Gonipdaiwan.

The Daya Bay detectors will consist of a pair of concentric, nestediasmyssels inside a stainless
steel tank. The nested design of the target vessels is a unique teclzitahge, both in engineering and
fabrication. Two design options are currently being pursued: One isdbas a modular structure with
removable top lids to allow the shipping of individual vessels and the mechasisambly of the nested
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Fig. 6.13.Left: Mandrel used for shaping acrylic sheets into a cylindRight: An
acrylic vessel (right) produced by bending acrylic sheets around dnelgteft) at the
Gold Aqua Technical Company. in Taiwan. The diameter and height are2brath

pair on-site at Daya Bay. The other option is a fully-bonded option in whielettire assembly of the nested
pair is done at the manufacturer. We can also imagine a hybrid solution bethese two options. This is
currently under investigation.

Modular Design of the Acrylic Vessels

In the modular design the acrylic vessel assembly consists of a pair ofinesteels with removable
tops and calibration ports. This allows the on-site assembly of the nestedeamant inside the steel tank.
The bottom of the vessels would be bonded to minimize the number of O-ringasalfanges and to
maximize the optical transparency of the vessels. In the modular assembaéfiitatoon pipes are attached
to the vessels by means of acrylic flanges, fasteners, and O-rings Seal$or example Fig. 6.14 for a
prototype of an acrylic flange. Penetrations throughtoatcher vessel can be designed with double O-ring
seals or flexible teflon tubing that allows small lateral movements of the acrggeigewith respect to each
others.

Fully-Bonded Design of the Vessels

A simple design of the acrylic vessels is to bond the inner and outer acryieMegether at the top and
bottom where the reinforcing ribs attach, as shown in Fig. 6.15. The aligrohémb vessels with locators
will be done by the manufacturer. This design has smaller dead area antlig aroblems associated with

large O-rings in liquid scintillator but has less flexibility.

Manufacturers and Fabrication
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Fig. 6.14. Conceptual study of an acrylic vessel with removable lid anttaioiop.

The shaped top is used to avoid the trapping of bubbles during filling. FURGBD

is necessary to determine the slope of the top and to see if bubbles can fedtrap
below the bottom of the vessels. The conical shape can be machinedasheét of

flat cast acrylicLeft: Cross-section of the top corner of the detector. The three nested
cylindrical tanks are shown as well as the PMTs, one of the calibratioady@nd a
calibration pipe from the calibration box to thecatcher volumeRight: Outer view

of one of the acrylic vessels with shaped, conical top and a flange faotieection

of the top lid. The support feet of the vessel tanks as well as reinfpriis in the top

or bottom are not shown.

As part of the ongoing R&D effort we are investigating a number vendamddwide as suppliers for
the acrylic raw material and manufacturers for the acrylic vessel. Twsildesmanufacturers of acrylic
vessel have been identified in Taiwan and the US:

Gold Aqua System Technical Co. [17] in Kaoshiung, Taiwan, is a sulsgidfaNakano Ltd. [18] They
are experienced in the design and construction of acrylic-based segsidar aquariums, museums, and
residential homes. They are interested in the development of acrylidvésséhe Daya Bay experiment.
The approach of Gold Acqua is to use bent plate sheets to be glued toggtherpolymerization method.
It appears at this time that this method will be preferable as it should providlghar quality vessel. The
vessel for the Hong Kong neutron detector (which is being built by aedudishe Daya Bay collaboration)
has been ordered from Gold Aqua in Taiwan. On March 1, 2007, DayacBllaborators including the US
L2 manager for the antineutrino detector met at Gold Aqua in Taiwan to viewftadlities and discuss the
design of the Daya Bay vessels. The current cost estimate for the a@gtiels in the Daya Bay experiment
is based on the production cost at Gold Acqua in Taiwan.

We are also discussing the design of the Daya Bay vessels with ReyndiasdPdechnology [19]
in Co, USA. With their international reputation and impressive portfolio inclgairperience in research
projects such as the Sudbury Neutrino Observatory they are ideally suitedp develop the design of the
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Fig. 6.15. Conceptiual design of a fully-bonded design of acrylic \es$ée nested
vessels are show along with the reinforcement ribs at the top and bottoroalitne-
tion pipes are not shown in the picture.

Daya Bay vessels, provide consulting, and technical feedback. Ajth®eynolds Polymer has recently
opened a production facility in Thailand we expect the production costthéobDaya Bay vessels to be
somewhat higher than at Gold Aqua in Taiwan. As part of the ongoing R&®tefe will continue to work
with both manufacturers — and also explore new vendors, of course -esigrd cost, and prototype the
acrylic vessels for the Daya Bay experiment.

An important consideration in the choice of vendor is the transportation eftsels to Daya Bay and
the assembly of the nested vessels. Simulations have shown that the traispphase is hazardous for a
double acrylic vessel which has been completely assembled. In germrghturansportation of the acrylic
vessels is preferred as this is the strongest position for the vessels widagheisk of cracking, sagging,
or damage during transport. A special cargo company needs to be etdigieaide the transport of this
over 5-m high acrylic structure. Transportation equipment will be chésasolate shock and vibration
loads. At this point it is unclear if its feasible at all to transport the vesselne assembled, nested pair.
This problem can be solved by transporting the target-aicdtcher vessels separately to Daya Bay and
assemble them on-site inside a cleanroom of the Surface Assembly BuildiegClapter 11 for more
details. These options will be evaluated in the ongoing R&D phase and togdtheéhevmanufacturers. In
this context, production facilities in the vicinity of Daya Bay and possibly witht pocess such as Gold
Acqua in Kaohsiung, Taiwan, have a certain logistical advantage.

6.2.4 Overflow Tanks, Calibration Ports, and Vessel Penetrations

The detectors consist of three nested vessels: An inner target fidedelith Gd-loaded liquid scin-
tillator, the~-catcher filled with liquid scintillator, and the outer steel tank containing the ttaggsels and
a mineral oil buffer. The design of the acrylic vessels allows for the fizgeof the calibration sources into
the inner target volumes as well as the thermal expansion of the liquids duaimgport or data taking.
The three volumes of the detectors are designed vacuum-tight to preventjofitime three fluids or their
vapors.

Overflow tanks are positioned directly below the calibration hardware addte connected to the
calibration pipes and target vessels. The small gate valve separate®tfievovank from the calibration
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hardware during data collection. The overflow tanks provide a capact@® 150 | to accommodate the
liquid expansion in temperature changes of up to 6-8 degrees C.

In addition to the central chimney port, the buffer vessel lid will have two npangs, each 50 mm
diameter, to facilitate the deployment of radioactive calibration sources dmdslbgrces. These ports will
have gate valves to isolate the calibration devices when they are not in ddadiitate their removal.
Around the side wall of the stainless steel vessel there will be several foo high voltage, signal, and
instrumentation cables.

B oy =]

Fig. 6.16. Cross-section of the current conceptual design of the ttipechntineu-
trino detectors. Three penetrations connect the calibration boxes (yelluvover-
flow tanks (red) to the two different target vessel volumes. The portseasealed
with gate valves when the calibration boxes are removed during transgdling of
the detectors.

At first glance one is tempted to solve the penetration problem by long nestdit aubes bonded to
the tops of the acrylic tanks. However, one pays for the simplicity of thetpsimns in the following ways.
The acrylic lids will require tubes of 1 and 0.5 meter length. This is a fragileysmn, especially during
transport and shipping. The outer lid must be lowered precisely duringsgembly or damage will occur.
With bonded calibration tubes any lateral motion of the vessels with respeathoother or with respect to
the outer steel tank can damage the calibration pipes and penetrations.

The present design addresses these problems by using flexible Téfitnglong the acrylic tubes.
These absorb translation and rotation motion in all possible directions Bgdd of long bonded acrylic
tubes with bonded plates or stub tubes flanges with O-ring seals are tmedsJociated acrylic hardware
can be manufactured in machine shop separate from the acrylic tank cprmpaattached in the surface
assembly building. Support spools are required to mount the calibraticestmx the lid of the detector.
In one of the design options under consideration the support spodisefaralibration boxes are used as
overflow tanks.

A critical element in the current design are acrylic O-ring flanges. A pyptflange for connecting
the calibration tube to a vessel flange has been constructed and is shbwguri@ 6.17. Further R&D is
necessary to test the reliability and leak tightness of such a flange.

After the detectors have been filled in Hall 5 the will be transported to theriexgetal halls. During
data taking they will operate under water in the pools of the experimental Baltgg the course of their
livetime the detectors may experience temperature fluctuations of sevgreéd€. We expect that the range
of temperatures the detectors are exposed to will be between 12-2@ ddtall 5 and the tunnels will be
airconditioned to 18-20 degrees C. The rock temperature at undadytocations such as KamLAND is
usually 10-12 degrees C. To allow for the expansion of the detector ligovesflow tanks are part of the
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Fig. 6.17. Prototype of a plate to plate and a tube to plate bond for attachiatygutém
tubing to acrylic tank tops. If required all clamping hardware could beliadoy use
of threaded studs and acrylic nuts.

detector design. Based on the typical expansion of liquid scintillator and ahivieof ~ 7 x 10~*per degree
C we expect the volume of the liquids to change by 15-20 liters/degree GovEnow tanks are designed
to accommodate 100-150 | of fluids for each one of the volumes. The voluthe mverflow tank needs to
be constantly monitored to a precision of about 1-2 | so that we can téorabe loss of events that the
overflow fluid would have contributed. The entire overflow system istcaimed to be inside a 300 mm high
zone above the stainless tank top surface. The requirements for tfilevovanks are listed in Table 6.7.

Item \ Requirement&Justification
assembly height <300 mm
size - buffers largest anticipated fluid expansion/contraction

geometry and dimensions- simple geometry to allow volumetric measurement
non-capturing overflow | - passive emptying back into main volume
materials compatibility | - chemically comparable with scintillator fof5 years

Table 6.7. Requirements on the overflow tanks of the antineutrino detector.

Two different designs are currently being considered for the ovetfoks. They are illustrated below.
One design uses single overflow tanks for every calibration port. Adiyties connect the target volume
to the overflow tanks. The tubes are coupled to the vessels by an acmytie fl@orrugated Teflon tubing
couples the acrylic tubing to the connections of the overflow tanks. Therbottd the overflow tanks
are sloped to permit passive draining of their contents. A small gate vallsedahe detector from the
calibration hardware.

A variation in which concentric, nested overflow tanks are located in thecefthe top of the antineu-
trino detector is shown in Figure 6.18. In this design all overflow volumeseatombined in one nested
tank underneath the center calibration box. This option reduces the noihbdividual overflow tanks on
top of the antineutrino detector but requires a set of concentric pipes aeettter of the detector.

Both schemes permit domed top faces to the acrylic vessels which will progitigomal structural



6 ANTINEUTRINO DETECTORS 103

strength and allow the escape of gas bubbles into the overflow volumes.
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Fig. 6.18.Top: Single overflow tank for every calbration port. Conceptual design of
simple penetrations between the acrylic vessels, the overflow volumes, ardith
tomated calibration boxeBottom:Concentric, nested overflow tanks. Alternative de-
sign of the overflow tank utilizing a concentric penetration in the center ofdtextbr.

6.2.5 Fill and Drain Mechanism

Filling the Daya Bay detector modules is a critical step of the assembly prdciesslves the simulta-
neous filling of the Gd-loaded liquids scintillator, the undoped liquid scintillatut,the mineral oil into the
detector volumes. The main purpose of this system is to provide a mechamififtinfp the detector with
the liquid scintillators and oil after assembly and for draining the detectoefmir and decommissioning
at the end of the experiment. The internal structure of the detector posgesitrmechanical constraints on
the filling and draining process. All three regions in the antineutrino detéetes to be filled simultane-
ously to minimize stresses on the acrylic target vessels. During the filling theahtiss Gd-loaded liquid
scintillator has to be measured precisely to be able to determine the detectatstass te< 0.1%. The
filling process and measurement of the target mass are described belenal®ptions are currently under
consideration for the design of the fill-drain mechanism of the antineutritecttes. The baseline design
of the fill and drain mechanism is described below with a preliminary discusdithre characteristics and
technical challenges. Design studies, prototyping, and R&D are ungeovesvaluate the conceptual design
and develop a detailed technical solution. The basic requirements for trenfilldrain mechanism of the
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detector are summarized in Table 6.8.

Before and during filling the interior of the antineutrino detector is kept inyanttrogen atmosphere.
The detector will first be purged after the assembly and cleaning in theceuasembly building, and then
again before filling in Hall 5. The purge gas will be dry, boil-of nitrogeplied from a movable liquid
nitrogen tank or nitrogen buggy. We may consider flowing the boil-off nérodprough an activated charcoal
trap for further reduction of radon but this may not be necessaryr filfing it is necessary to maintain the
flow of purge gas at all times to avoid degradation of the Gd-loaded liquidilttior from oxygen and
contaminants in the air. Liquid nitrogen will be delivered to Hall 5 and the expgartal halls on a regular
basis during the commissioning and operation of the experiment.

It is preferable that the liquid flow into the tank volumes be laminar with little or noséyitay. This
minimizes the creation of bubbles in the scintillator that can stick to the surface atthlic vessels during
filling. Itis possible to meet these requirements with a system using concelfitrgctiibes from the bottom
of the nested tanks. But this requires additional and complicated penedratizad filling lines from the
side are also possible but that system requires that tubes be left in plang data taking. The default
solution is a removable fill/drain probe that can meet the above requirentaatdescribed below.

ltem \ Requirement & Justification
ports and fill access to all three zones- need to fill all volumes simultaneously
vacuum tight ports and fill lines - detector needs to be filled under nitrogen

- avoid degradation of liquid scintillator
capability of emptying detector - to repair or service detector if necessary

- to empty detector during decommissioning
capacity of fill lines - large enough to allow filling in 1-2 days
capacity of drain mechanism - large enough to allow draining in 1-2 days

residual liquid volume after emptying - <tens of liters

no need to retain liquids after draining plan to produce more scintillator than we need
- simplifies technical challenges of fill/drain
mechanism

- detector can be opened to air during emptying
bubbles in scintillator - minimize bubbles during filling with suitable

fill mechanism

Table 6.8. Technical requirements for the fill/drain mechanism of the antinewte-
tector.

To minimize the number of penetrations into the detector we intend to use the cafilyatis as fill
ports. In this case the liquids are introduced from the top of the detectelpoas in Fig. 6.16.

To avoid splashing of the liquids under gravity into the empty vessels it we plasea small fill tubes
down the calibration ports to the bottom of the target volume andtbtatcher. These tubes can be used to
fill the detectors from the bottom and to pump out the volumes when the detactoesnptied. When the
detector are pumped with tubes from the top a small residual mount of scintifidikely to remain in the
vessels. This is unavoidable for all mechanisms that require pumping digufds to the top. The features
of this mechanism are listed below:

o Small fill- and drain lines will run through the calibration ports to the bottom of #teator volumes.

o This design requires no additional penetrations to the acrylic vesseldiplfy\ang the construction
and minimizing optical obstruction and interference in the detector.
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o The interference of the insertion of calibration devices with the fill- and dira&s has to be studied.

op segment with KF 40 vacuum flange
emporary filling spool with kf 40 flange
3 Teflon or equiv wiper & gas barrier

- "/__,___/Jme of several approx. one meter long filling probe segments
| segments screw together with o ring seal

Fig. 6.19. Schematic drawing of a filling system for the Gd-loaded liquids scintilla

A probe is inserted through the calibration port and the overflow tank intantier
target vessel. All connections are made leak tight under a back-peesfnitrogen

to avoid air and radon to enter the detector. Filling of the undoped liquid scintillato
into the~-catcher would occur using a duplicate system located over the appeopria
calibration penetration. This figure shows the option of nested, concengitlow
tanks located in the center of the top lid of the antineutrino detector.

The detectors will be filled in a dedicated filling station in Hall 5. On the floor df Bléhe top flange
connections on top of the detector will be at a height of about 5.7 meters8maater tall ceiling height.
Thus itis necessary to either insert flexible tubing or rigid tubing by sectidreslatter is chosen for the fill-
drain mechanism. During the filling or pumpout of the detector a temporary spdamped and sealed to
the top plate of the overflow tank. This is the same plate that will later hold antkltwcalibration domes.
The temporary spool has a center passage allowing a sliding fit of the fillisigepsegments. Segments
are inserted into the spool sequentially and attached to each other justtaleaspool. Elastomer seals at
the joints contain the fluid flow to the inside of the probe sections. The probeetka is in the range of
25 mm. During insertion, temporary safety clamps prevent accidental lgssloé sections. Welded to the
last section is a commercial vacuum grade clamp flange (type KF-40). FhtaKge provides a positive
final stop for the probe assembly and permits leak tight attachment of thiy simgpto the probe.

Gas flow into the tanks is constrained to leave the system predominately thtt@ighrmal overflow
tank vent port because the sliding fit between the probe and the tempgpalhas a low gas conductance.
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In addition there is a Teflon wiper on the inner spool surface to reduicerésidue on the probes as they
are withdrawn. Lowering and raising will either be by hand or by mechéharad winch.

Once the fill-drain probe has been inserted the detector is filled until the liquédl faises into the
overflow tanks. Level sensors in the overflow tanks will provide costius monitoring of the liquid levels
(and hence target mass) in the detectors.

6.3 Liquid Scintillator and Detector Liquids

The requirements for the LS are described in Table 6.9.

Item \ Requirement & Justification

long-term chemical stability of Gd-LS >3-5 years

high optical transparency for oil, LS and Gd-1S>10 m

high photon production for Gd-LS

ultra-low impurity content <102 g/g

C/H ratio determination <0.1%

homogeneous distribution of Gd in LS - thoroughly dissolving and mixing Gd in LS
chemical identity of oil, LS and Gd-LS - single-batch liquid storage for each
between each detector module phase before filling

Table 6.9. Requirements on the liquid scintillator of the antineutrino detector.

The gadolinium-loaded organic liquid scintillator, Gd-LS, is a crucial compboéthe antineutrino
detector. The H atoms in the LS serve as the target for the inverse beta-(IBO) reaction, and the
Gd atoms produce the delayed coincidence, so important for backgredodtion, between the prompt
positron and the delayed neutron from the IBD. The LS contaihi6% hydrogen. Gd has a very large
neutron-capture cross section; thef 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 sexsions (15°Gd) = 61, 400
barns and(1*"Gd) = 255, 000 barns. Furthermore, neutron-capture on Gd leads to emissiprags with
atotal energy of-8 MeV, that is much higher than the energies of{trays from natural radioactivity which
are normally below 3.5 MeV. Hence, organic LS doped with a small amounta$ @n ideal antineutrino
target and detector. Both Chooz and Palo Verde [4] used 0.1% GdglfibinGd per kg LS) that yielded a
capture time of- ~28 us, about a factor of seven shorter than that on protons in undoped $igjaidllator,

(7 ~180us). This shorter capture time reduces the backgrounds from randanidences by a factor7.

To detect reactor antineutrinos with high precision, the Gd-LS must haveltbeing key properties:
a) high optical transparency (long optical attenuation length, on the ofd&veral meters,) (b) high pho-
ton production (high light yield) by the scintillator, (¢) ultra-low impurity contemiginly of the natural
radioactive contaminants, such as U, Th, Ra, K, and Rn, and (d) lomgeteemical stability, over a period
of several years. It is necessary to avoid any chemical decompogitidrglysis, formation of colloids, or
polymerization, which can lead over time in the LS to development of color, glsugpensions, or forma-
tion of gels or precipitates, all of which can degrade the optical propeftibe LS. To achieve these criteria,
R&D is required on a variety of topics, such as: (1) selection of the profggamic LS, (2) development of
chemical procedures to synthesize an organo-Gd complex that is sataldd@mically stable in the LS, (3)
purification of the components of the Gd-LS, and (4) development of ticallynethods to measure these
key properties of the Gd-LS over time. These topics will be discussed inutisestions below.

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

A. The Solar-Neutrino/Nuclear-Chemistry Group in the BNL Chemistry Diapemt has been involved
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since 2000 in R&D of chemical techniques for synthesizing and charaogigzganic liquid scin-
tillators loaded with metallic elements (M-LS) using solvent extraction techniduesy helped to
develop a proposed new low-energy solar-neutrino detector, LEN&BS&@oncentrations of M in

the LS~5-10% by weight were achieved to serve as targets for solar neutijroreawith M being
ytterbium (YB*) and indium (If+). It was obvious that these chemical results could readily be ex-
tended to the new reactor antineutrino experiments, to prepare Gd-LS (dAth & the much lower
concentrations required for neutron detectiof,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 fogused on preparing
solid organo-Gd complexes, the idea being that the solid should be readiyvdlisie in the solvent
LS, to allow preparation of the desired Gd-LS at the Daya Bay reactor site.

C. The JINR chemists, who have long experience in the development tE@eisitillators, are currently
studying the characteristics of different LS solvents, especially Lindail Benzene. They have also
began some collaborative work on Gd-LS with chemists at the Institute ofda@hyhemistry of the
Russian Academy of Sciences, who also did R&D on In-LS for LENS/Sdisgain about 2001.

It should be noted that the general approach of these differenpgispretty much the same, to prepare
organo-Gd complexes that are soluble and stable in the LS organic sdtiemtyver, the chemical details
of their R&D programs do differ in significant respects at present, ss@hthe purification procedures, the
control of pH, and reliance on either solvent-extraction methods or formafiGd-precipitates to isolate
the Gd organo-complex. We discuss the current status of the major similaritiedifferences of these
approaches. We note that the differences cited do not seriously Hfeegeneral goals of the experiment
and are acceptable at this CD-1 stage of the experiment. In recent mdéwgks cooperative R&D ties
between these groups have increased and plans for the comparisdiL& §€amples at the University of
Hong Kong have been developed.

6.3.1 Selection of Solvents

Several aromatic (organic compounds based on benzene) scintillation Ngerdsstudied at BNL to
test their applicability as solvents for Gd-LS. (1) Pseudocumene (P@hvgthe 1,2,4-isomer of trimethyl-
benzene (and mesitylene, the 1,3,5-isomer), has been the most commongolvesd for Gd-LS in pre-
vious neutrino experiments. But it has a low flash point’(€3 and aggressively attacks acrylic plastic.
(2) Phenylcyclohexane (PCH) has a lower reactivity than PC, but adfyofithe light yield. (3) Both di-
isopropylnaphthalene (DIN) and 1-phenyl-1-xylyl ethane (PXE)ehaptical absorption bands in the UV
region below 450-nm that cannot be removed by our purification proesdalthough we note that Double
Chooz has chosen PXE as a satisfactory solution for their requirem@n)tRecently, we have been work-
ing with a new LS solvent, Linear Alkyl Benzene (LAB) [6], which is an eltent solvent for Gd-LS. LAB
is composed of a linear alkyl chain of 10—13 carbon atoms attached to art®eniag, and has a light yield
comparable to PC. LAB also has a high flash point 80°), which significantly reduces safety concerns. It
is claimed by the manufacturers to be biodegradable, and is relatively m&xpgesince it is an article of
commerce, with worldwide annual production in hundreds of thousant&sf mainly for the manufacture
of detergents. (5) Mineral oil (MO) and dodecane (DD) both havg geond light transmission in the UV-
visible region so that no further purification is required. They produce bitleo 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 besacted as the
candidate scintillation liquids for loading Gd in the Daya Bay neutrino deteaiaCHhina, an unpurified
LAB sample obtained from Fushun Petroleum Chemical, Inc. has an attemleaigth longer than 30 m; if
its quality is uniform from production batch to batch, it can be used directiig@sequired solvent without
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further purification. In the U.S., pure LAB has been obtained from theeBat€Company in Canada. Even
though this LAB is quite pure, BNL routinely uses purification proceduresnisure that all of its LAB
samples have uniform properties. The chemical properties and phgsidaimance of these scintillation
solvents, plus mineral oil and dodecane, are summarized in Table 6.10.

LS Gd Loading Density | abssg | Purification| Relative || Flash Paint
inLS (glcn?) Method | Light Yield
PC Yes 0.889 | 0.002 | Distillation 1 48°C
PCH Yes 0.95 0.001 Column 0.46 9°C
DIN Yes 0.96 | 0.023| Column 0.87 >140°C
PXE | Yes, butis not stable 0.985 | 0.022 Column 0.87 167°C
LAB Yes 0.86 | 0.000| Column 0.98 130°C
MO No 0.85 | 0.001 | Not needed NA 215°C
DD No 0.75 0.000 | Not needed NA 71°C

Table 6.10. Properties of Selected Liquid Scintillators, as compiled at BNL

6.3.2 Preparation of Gadolinium Complexes

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

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

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

Complexants that have been studied at BNL are (i) carboxylic acids (RK)@hat can be neutralized
with inorganic bases such as NMBH to form carboxylate anions that can then complex théLion,
and (ii) organic phosphorus-oxygen compounds, "R-P-O”, suctrilagtyl phosphate (TBP), or trioctyl
phosphine oxide (TOPO), that can form complexes with neutral inorgaeicies such as LngJi7]. Initially,
work was done with the R-P-O compounds. The extraction of Ln is effedbiut the attenuation length is
only a few meters and the final Ln-LS was not stable for more than a few so@ththe other hand, the
carboxylic acids, "TRCOOH?”, form organic-metal carboxylate compldkascan be loaded into the LS with
more than 95% efficiency using solvent-solvent extraction. Moreovecdheoxylic acids are preferable
because they are less expensive and easier to dispose of as cheasizglawmpared to the phosphorus-
containing compounds. In principle, the chemical reactions are (a) fieatien, RCOOH + NHOH —
RCOO™ + NHJ + H,0 in the aqueous phase, followed by (b) Ln-complex formatior;'L.a3RCOO™ —
Ln(RCOOY}, which is soluble in the organic LS. These reactions are very sensitivg: tine neutralization
step to form the RCOO depends on the acidity of the aqueous solution, and hydrolysis of tfie ¢am
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compete with formation of the Ln(RCO©gomplex.

A range of liquid carboxylic acids with alkyl chains containing from 2 to 9caus was studied. It
was found that acetic acid (C2) and propionic acid (C3) have very l@isiexicies for extraction of Ln
into the organic phase. Isobutyl acid (C4) and isovaleric acid (C5) beik bhtrong unpleasant odors and
require R-P-O ligands to achieve high extraction efficiencies for Lnb@atlic acids containing more
than 7 carbons are difficult to handle because of their high viscosity;aal$be number of carbon atoms
increases in the carboxylate complex, the relative concentration by waightdecreases. The best com-
plexant found to date is the C6 compound, 2-methylvaleric acith; ZCOOH or "HMVA”, the C8 com-
pound, 2-ethylhexanoic acid,78,5COOH or "HEHA” and the C9 compound, 3,5,5-trimethylhexanoic
acid, GH;7COOH or "TMHA".

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

To date at BNL, many hundreds of Ln-LS samples have been synthesizgading scores of Gd-
LS. [8] There are two approaches for preparing batches of the &di)_synthesizing each batch at the
desired final Gd concentration, 0.1-0.2%, or (ii) synthesizing more obrated batchesy 1-2% Gd, and
then diluting with the organic LS by a facterl0 to the desired concentration. The two approaches are not
identical, with regard to possible long-term effects such as hydrolysipalydherization. Approach (ii) is
currently favored because it simplifies the logistics of preparing andaoatiisg very large volumes of Gd-
LS. At IHEP, thirteen organic ligands including four organophospt@ampounds, five carboxylic acids,
and four3-diketones have been tested. The carboxylic acids seem most suitabéepflthem have been
used for further study. The Gd carboxylate can be synthesized bylibeiing methods: [a.] Carboxylic
acids are neutralized by ammonium hydroxide and reacted with {3d@brm a precipitate. The solid is
collected by filtration, washed with distilled water, and dried at room tempexdtuj Carboxylic acids are
dissolved in an organic solvent that is also the LS and mixed with a 3&i&ker solution. Then the pH of the
solution is adjusted with ammonium hydroxide. The Gd-carboxylate is simultalygfoumed and extracted
into the LS solvent. Method [a], the preparation of the solid Gd complex, igitly being emphasized at
IHEP.

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

6.3.3 Purification of Individual Components for Gd-LS

Most purification steps developed at BNL are applied before and dthngynthesis of the Gd-LS [9].
Chemical separation schemes that would be used after the Gd-LS hayh#wesized are usually unsuitable
because they would likely remove some of the Gd as well as other inorganidifiegu
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The removal of non-radioactive chemical impurities can increase thenrssion of the light in the LS
and enhance the long-term stability of the Gd-LS, since some impurities caceistbw chemical reactions
that gradually reduce the transparency of the Gd-LS. Chemical ptidficsteps have been developed for
use prior to or during the chemical synthesis: (1) The purification of charirigredients in the aqueous
phase, such as ammonium hydroxide and ammonium carboxylate, is dooledayt &xtraction with toluene
mixed with tributyl phosphine oxide (TBPO). (2) LAB, which has low volatility,psrified by absorption
on a column of activated ADs. (3) High-volatility liquids, such as the carboxylic acids and PC, are pu-
rified by temperature-dependent vacuum distillatiorc@t04 bar. Vacuum distillation should remove any
radioisotopic impurities, including radon. Figure 6.20 compares the optieatrspfor LAB before and after

Purification of LAB by Column Separation
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Fig. 6.20. UV-visible spectra of LAB before and after purification

purification with the activated AD3 column.

Two methods, cation exchange and solvent extraction, are being catsateBNL for the purification
of radioactive impurities associated with Gd, mainly the U and Th decay cidiasontents of the radioac-
tive impurities in the commercially obtained 99% and 99.999% G®&E}, O solids that are used as starting
materials were measured by low-level counting at BNL and at the New Yiae ®epartment of Health
and found to be less than the detectable limits¢1§/g). More sophisticated radioactivity measurement
steps will have to be developed to quantify these radioactive species@ntoations of 10° g/g in the
Gd (implying impurity levels of 10'2 g/g in the final 0.1% Gd-LS) to fulfill our criterion of a random sin-
gles rate below 50 Hz (with 0.8 Hz from radioactive contaminatiofdf), 232Th, and*’K in the Gd-LS).
Although this goal is achievable routinely for unloaded LS (i.e., without dddd), [10], special care is
required for Gd-loaded LS since the Gd (and other lanthanides) obtaii@una usually contaif*2Th at
a level of~0.1 ppm. For Gd loading of 0.1% by weight in the antineutrino detector, the @thgtenaterial
has to be purified to a level10~'%g/g. In order to eliminate the Th, G&; powder at IHEP is dissolved in
hydrochloric acid and passed through a cation-exchange resin caRmgiiminary assays at IHEP showed
that this Gd purification procedure reduced the Th content at the pplbleeefactor of four.

6.3.4 Characterization of Gd-LS

The long-term stability of the Gd-LS preparations is periodically monitored @@, quality control,
program, by measuring their light absorbance and light yield. Samplestfrersame synthesis batch are
sealed respectively in 10-cm optical glass cells for UV absorption measunts, and in scintillation vials
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for light yield measurements. Monitoring the UV absorption spectrum asd@ifumof time gives a more
direct indication of chemical stability than does the light yield. In Fig. 6.21, tMedbsorption values
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Fig. 6.21. The UV absorption values of BNL Gd-LS samples at 430 nm asdibn
of time

for a wavelength of 430 nm (in the UV spectrometer) are plotted for BNLLSdamples as a function of
calendar date, until March 2007, for different concentrations ofrGuh10.2% to 1.2% by weight in a variety
of solvent systems — pure PC, pure LAB, and mixtures of PC+dodecahef#C+LAB. The figure shows
that, since synthesis, samples of: (a) the 1.2% and 0.2% of Gd in pure RGd&ar been stable for more
than 2.5 and 2 years, respectively; (b) the 0.2% of Gd in the mixture of 20%n 80% dodecane has so
far been stable for more than 2 years; and (c) the recently develop#ddd.d in pure LAB and in 20%
PC + 80% LAB have been stable so far for approximately 1.5 years.

The value of the optical attenuation length,is extrapolated from the UV absorption data. It is defined
as the distance at which the light transmitted through the sample has its intensitgdedl /e of the initial
value:L =0.434 d/a, where is the absorbance of light (at a reference wavelength, usually 430 nasymesl
in an optical cell of length d. Note that for d = 10 cm, a value 6f0.004 translates into an attenuation length
L~11 m. However, it is difficult to extract accurate optical attenuation lengtm these short pathlength
measurements because thealues are close to zero. Measurements over much longer pathlengths are
needed. BNL has constructed a system with a 1-meter-pathlength, hafigaligned quartz tube. The
light source is a He-Cd, blue laser with= 442 nm. The light beam is split into two beams with 80% of
the light passing through the 1-m tube containing the Gd-LS before agratia photodiode detector. The
remaining 20% of the light passes through an air-filled 10-cm cell andheszanother photodiode detector
to measure the fluctuations of the laser intensity, without any interactions in thd. ligse of this dual-
beam laser system with 1-m pathlength confirmed the values of the attenuaiyth éxtrapolated from
the measurements with the 10-cm cell in the UV Spectrometer. For 0.2% Gd in 20#80% dodecane
mixture without fluors, the 1-m measurement gave 95.23% transmissioesporrding to attenuation length
~22 m. This agreed with the value21.7 m that was extrapolated from the measure®.002 in the 10-cm
cell.

The long-term stability of the Gd-LS developed at IHEP has also beentigats] with a UV-Vis
spectrophotometer using a 10-cm optical cell. Figure 6.22 shows the langstability over time of four
IHEP Gd-LS samples as measured by optical absorption at 430 nm. Intaksé IHEP samples, fluors
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Fig. 6.22. Long-term Stability Test: IHEP Gd-LS with 0.2% Gd as a functionimielT

were added, 5 g/L PPO and 10 mg/L bis-MSB. The concentrations of Gupleging ligand, and solvent
in the four samples are: [A.] 2 g/L Gd, isonanoate as ligand, 4: 6 Mesityledetédne; [B.] 2 g/L Gd,
ethylhexanoate as ligand, 2: 8 Mesitylene/dodecane; [C.] 2 g/L Gd, isateas ligand, LAB; [D.] 2 g/L
Gd, 2:8 ethylhexanoate as ligand, 2: 8 Mesitylene/LAB; The IHEP resutte $hat the variations of the
absorption values are very small during the four-month period for atl$amples. The attenuation lengths
of samples C and D are longer than 10 m. The IHEP QC program of longstebiiity testing will continue
for >1 year.

IHEP has developed an optical system with variable vertical pathlengths 4fh m to measure the
attenuation length more accurately. To measure liquid2® m attenuation length to a precision-bf m,
the transmission should be determined to 0.25%. It is a challenge to any alveehgarement. By varying
the liquid level and fit the measured transmitted light to an exponential cue/eyitematic uncertainty of
the system will cancel out. An example of the measurement is shown in Fig. ®h23attenuation length
of the measured liquid is determined to 21 4+ 0.87 m. In phase | of IHEP prototype experiment (See
Section 6.7), 700 L pseudocumene based normal LS has been usédsilfy 700 L LAB based Gd-LS
has been synthesized and filled into detector. The sample of these LS asswed buffer oil has been
drawn out from the detector after filling completed, and measured usingriméube system, as shown in
Fig. 6.23. The Gd-LS has been measured twice. The cycle points shofistimeasurement immediately
after the Gd-LS filled. The black dots shows the second measuremenk? lagsr. The attenuation length
of the Gd-LS is around 15 m at 430 nm.

The emission spectrum of the Gd-LS is studied at IHEP. No remarkableetitferis found for the
Gd-LS with different solvents (LAB or PC+Qil) or different complexant$HA, EHA, or TOPO), but
with the same fluors. The emission spectrum of Gd-LS with 5 g/L PPO and 10 risgM$B is shown in
Fig. 6.24. The peak of the emitted light is well fit to the most sensitive rangeed@@tPMT candidates.

The light yield of the Gd-LS is also measured at BNL, IHEP, and JINR. Wt.Ba scintillation vial
containing ten mL of Gd-LS plus the wavelength-shifting fluors, butyl-PBB/(3 and bis-MSB (15 mg/L),
is used for measurement of the photon production. The value of the GightSield, which is determined
from the Compton-scattering spectrum produced by an extefi@$~-ray source that irradiates the sample,
is quoted in terms of S%, relative to a value of 100% for pure PC with no GdngalMeasured S% values
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Fig. 6.24. The emission spectrum of Gd-LS with 5 g/L PPO and 10 mg/L bis-MSB.
The Gd concentration is 0.2% and the complexant is TMHA.

are respectively 95% for 95% LAB + 5% PC, and 55% for 0.1% Gd in 20%BG0% dodecane.
Table 6.11 lists the light yield for several IHEP Gd-LS samples, relative tal@ewof 100% for an
anthracene crystal. It is seen that the concentration of Gd loading halittle effect on the light yield.

6.3.5 Comparisons with Commercial Gd-LS

At BNL, a sample of commercially available Gd-LS, purchased from BicBf+521, containing 1%
Gd in pure PC, has been compared with a BNL Gd-LS sample containing 1.2% 32 BC-521 is the
concentrated Gd-doped scintillator with organic complexing agent in PC thaiused in the Palo Verde
reactor experiment after it was diluted to 40% PC + 60% mineral oil. The lighds/ief the respective
BNL and Bicron samples were found to be comparable, 82% vs. 85%, mieasured at BNL relative to
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| Gd(g/L) | Scintillator | Complex | Solvent | Light Yield |
— PPO bis-MSB — PC:dodecane 0.459
— PPO bis-MSB — LAB 0.542
15 PPO bis-MSB| Gd-ethylhexanoate, 2:8 PC:LAB 0.538
2.0 PPO bis-MSB| Gd-ethylhexanoate| 2:8 PC:LAB 0.528
1.5 PPO bis-MSB| Gd-isononanoic acid LAB 0.492
2.0 PPO bis-MSB| Gd-isononanoic acid LAB 0.478

Table 6.11. Light yield for several Gd-LS samples prepared at IHE®sured relative
to an anthracene crystal.

100% PC, and, as quoted by Bicron, 57% relative to anthracene. ldowibe attenuation length for the
BNL-prepared Gd-LS was 2.5 times longer than the value for the Bicron BC-521 sample, 6.2 mvs. 2.6 m
as measured at BNL; Bicron quoted a vaitté.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 beingviediin our QC program.
No perceptible worsening of the optical properties of these samples basbseerved over periods of 2.5
and~2 years, respectively. Note that Bicron simply characterizes the stability BC-521 as being "long
term”.

6.3.6 Large Scale Production of Gd-LS

Tasks that have begun or will be undertaken in the next several mamths #llows: (1) to continue the
QC program of long-term stability of different Gd-LS preparations;t@fletermine the quality, quantity,
and types of fluors required to add to the Gd-LS to optimize photon produatidrlight attenuation, in
order to decide upon a final recipe for the Gd-LS synthesis; (3) to budlbsed synthesis system that
eliminates exposure of the Gd-LS to air; (4) to scale the chemical proceftur&d-LS synthesis up from
the current lab-bench scale to volumes of several hundred litersrdtotppe detector module studies, and
as a prelude to industrial-scale production on the level of 180 ton; (5)ttorete many of these chemical
procedures, which are currently done by hand; (6) to use standdrl&TM-type tests to study the chemical
compatibility of the LS with the materials that will be used to construct the detectseljee.g., acrylic; (7)
to find methods to measure accurately, with high precision, the concentratiios, IC/H and Gd/H, and the
H and C concentrations.

We have made significant progress in several of the area noted &begant to point (2), the decision
has been made to use PPO and bis-MSB as the fluors in all future Gd-L&saiipe baseline is to adopt 3
g/L PPO and 15 mg/L bis-MSB. Concerning items (3), (4), and (5) largeessthemical systems have been
designed and built at IHEP and at BNL. The products of these systembearder of~1 ton of Gd-LS,
will be used in prototypes of the Daya Bay central detector, that will bedesith IHEP Gd-LS at IHEP,
and with BNL Gd-LS at the University of Hong Kong. With regard to (6),1Bhas built and used a copy of
the system that had been used to test the compatibility of SNO acrylic with vatewsicals. The results
to date show that PC aggressively attacks acrylic, while PC + dodecdneAdhdo not. And concerning
item (7), initial results have been provided by a commercial chemistry-testiugdtory on the C and H
content of pure LAB and Gd-LAB, obtained by combustion of the orgaammounds and determination of
the resulting CQ and H,O. These results are encouraging in that the company claims that its premision
these measurements is 0.3%. However, more work needs to be done toyahardiégree of reproducibility
of these methods.
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6.3.7 General Points Regarding LS at Daya Bay

The current design of the Daya Bay antineutrino detector requi2€$ ton of 0.1% gadolinium-loaded
LS (Gd-LS, including~20 ton of 1% Gd-LAB +~180 ton of LAB +~0.7 ton of fluors) for the inner
antineutrino target;-200 ton of unloaded LS (LAB + fluors) for thecatcher and-400 ton of mineral oil
for the buffer region, in a total of eight ‘identical’ detector modules. Teuga the identity of the chemical
components for all detector modules, the total amounts of organic liquideddedeach phase have to
be accumulated on-site and stored individually before filling the detectever& chemical requirements
and conditions must be considered for the mixing, storage and filling stiBpSo(npatibility of the organic
liquids with the materials that they will be in contact with, for example, the storades taetector vessels,
calibration units etc. (2) Homogeneous mixing. (3) Secondary containmeaisin of leakage or spills of
the liquids during the filling process. (4) Storage of these liquids on thasidr underground will pose
different temperature-control requirements. (5) Transportation lovey distances (from BNL, IHEP or
vendors to Daya Bay) or short distances (from surface to undamgror neighborhood areas in Shenzhen
or Hong Kong to Daya Bay) will pose different handling logistics. (6) Stability of solvents as a function
of temperature for storage and transportation. (7) Local monthly tempenauations for best detector-
filling timing. (8) Nitrogen purging or blanket to prevent radon or air fromeging the solvents. (9) All
the organic liquids from the vendors will have to pass the quality-asseiraiteria imposed by Daya Bay
scientists.

6.3.8 Storage of 0.1% Gd-LS, LS and Mineral Oil

One 200 ton storage mixer (storage tank with mixing apparatus) for the Gdr L& inner antineutrino
target and another 200 ton storage tank for normal LS forytbatcher can be located either on surface or
underground.

The locations for each storage tank have not been finalized yet. Fiiehadp to have the 200 ton
storage mixer and 200 ton storage tank located underground in the FillingTHalladvantages are (1) no
transportation between surface to underground; (2) easier envimaha&d temperature controls; and (3)
the solvents can be transferred to each detector module through tiémgmipes (materials not decided
yet). However these will require more excavated space in the Filling Halbriseoption is to have the
storage tanks on surface. This saves the engineering cost for taauagierground excavation, but requires
extra operational cost, such as for tighter temperature controls or tisérection of surface buildings to
hold these tanks. Considering that the solvents have to be preservepeniasls from several months to
year, the long-term solvent stability at elevated temperatuB8{ C in summer for Daya Bay) could be a
challenge. Yet the storage of mineral oil has not been considered.

6.3.9 Mixing Schemes for LS and 0.1% Gd-LS

All the mixing processes will be conducted in the 200 ton storage mixer. Tégapation of unloaded
LS should be done first. The procedures are described as follows:

1. Preparation of LS for the-catcher

(a) load~200 ton of pure LAB in the 200 ton storage mixer;

(b) dissolve 750 kg of fluors (PPO at 3 g/L and bis-MSB at 15 mg/L) in th&lakd mix the LS
thoroughly;

(c) empty the storage mixer, transfer the LS to the 200 ton storage tankyemdi&lly transport the
LS to the Filling Hall (if the storage tank is located on surface).

2. Preparation of 0.1% Gd-LS for the inner antineutrino target

(a) load~180 ton of pure LAB in the 200 ton storage mixer;
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(b) dissolve 750 kg of fluors (PPO at 3 g/L and bis-MSB at 15 mg/L) in th&lafd mix the LS
thoroughly;

(c) add the~20 ton of~1% Gd-LS at adequate speed to avoid localization of Gd, which could lead
to irreversible oligomerization process, and mix the 0.1% Gd-LS thoroughly;

(d) keep in the same storage mixer and eventually transport the Gd-LS tdlthg Hall. (if the
storage tank is located on surface).

3. Mineral oil will be stored and loaded as is for filling the buffer region withany blending or mixing
process.

6.3.10 Underground Filling Station

The filling process for antineutrino detector will be handled in the undargtd-illing Hall. The 0.1%
Gd-LS and LS storage tanks, along with a transportation tank for minerdiaih surface storage) will be
outfitted with exit ports that will connect to a centralized, instrumented systiémplumbing designed to
allow the filling of the three zones of each detector module simultaneously: teezane with 0.1% Gd-LS,
the intermediate zone with undoped LS, the outer zone with mineral oil. The dwtéllsg procedure and
monitoring tools are described in Chapter 11.

6.3.11 Transportation Schemes

The main scintillator components, 1% Gd-LAB, unloaded LAB and mineral oil,awllve at the Daya
Bay site via two possible transportation routes, either long-distance froln BNEP or from vendors to
Daya Bay, or short- distance from Shenzhen or Hong Kong to DayeoB&ym surface to underground.
Both routes require careful liquid handling and solvent preservingralsn The chemically resistant ISO
(International Standards Organization) tanks, which have been widely in transportation for chemical
and petrochemical enterprises and for other neutrino experimentsAN® Double-CHOOZ), are pro-
posed to be utilized for Daya Bay. A 26,000 L or 6800 gallon ISO tank caledsed with a minimum
1-year contract for-$8,000 per year. The leasing company (EXSIF, same tank supplier foANRas no
limitation of how and where the tanks are used, and the leaser takes thesfdhsgbility for their use.
Critical temperature-control systems for heating or cooling can be install¢ited SO tanks upon request.
If needed, the ISO tanks can also be stacked up to five high with fully lobgieéd inside and serve as
a temporary buffer storage region. The numbers and sizes of the I8®wdlhdepend on the production
capability of each responsible institute or vendors.

6.4 Photomultiplier Tubes, Mounts, and Signal Cables

Optical photons produced by charged particles oays in the antineutrino detector are detected with
192 PMTs submerged in the buffer oil inside the steel vessel. The PMTareanged in eight horizontal
rings, each with 24 evenly distributed PMTs around the circumferenaerifps are positioned in such a
way that the PMTs on two adjacent rings are aligned vertically. The reqaints for the PMTs are listed in
Table 6.12 and 6.13.

Simulation studies indicate the adopted number of PMTs and configuratiorre@degood energy
resolution, about 15% at 1 MeV. From the experience of other expetémdre failure of PMTs in the
detector is expected to be about 1% over the lifetime of the experiment. Wedheshfficient number of
PMTs in each detector module to ensure reliable performance.

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

It is desirable to have good charge response, i.e. the peak-to-vdileyfos identifying the single photo-
electron spectrum from the noise distribution. Since the energy of an isvéinectly related to the number
of optical photons collected, the PMTs operating at the nominal gain musteéhaellent linearity over a
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ltem \ Requirement & Justification

Spectral Sensitivity PMT Quantum Efficiency peak to be grater than:
20% at 400 nm,

12% at 300 nm

13% at 500 nm

Gain >10" for all PMTs with appropriate tapered resistive base
- PMTs must achieve a gain ok3.0" at VO <2 kV
Pre- and after- Pulsing - probability for the PMT anode signal pre-pulsing and

afterpulsing not to exceed 1.5%.

- PMT anode signal not to exhibit after-pulsing with
probability of more than 1.5% for photoelectron within
100 ns interval

of the defined after-pulse interval (0.1-486)

Rise and Fall Times - rise time not to exceed 6.5-ns and a fall time not to
exceed 10 ns for a single photoelectron pulse

Transit Time Spread (TTS) (FWHM) - not to exceed-2.5 ns at a gain of 70
Photocathode Uniformity - maximum quantum efficiency non-uniformity not to
exceed 15%

Pulse Linearity - PMT anode pulse linearity must be better than 5%

over the dynamic range of 01 nC at a gain of 10
Timing Resolution - effective timing resolution shall be less than 1.7 ns
Relative Anode Efficiency - minimum relative anode efficiency EA be greater than 1

Table 6.12. Requirements on the PMTs, PMT support, and PMT cables arftineu-
trino detector.

reasonable broad dynamic range. In addition, the dark current,utse-pnd after pulse should be low to
minimize the noise contribution to the energy measurement. Furthermore, thal matioactivity of the
materials of the PMT must be kept low so that txeay background in the detector module is as small as
possible. These specifications will be quantified with simulations and by desildis of a small number
of PMTs purchased from the manufacturers prior to the production.orde

Taking into consideration the requirements for the photo-cathode covefélge detector module, the
allowed cost, and the dimensional constraints of the antineutrino detectoiawéopuse 20-cm-diameter
PMTs for the antineutrino detector modules.

6.4.1 PMT Selection

There are currently two candidates of photomultiplier tubes that would meetequirements, the
Hamamatsu R5912 [11] and the Electron Tubes 9354KB [12]. Both arBNTs with a 190 mm-wide
photocathode and a spectral response peaked near 400 nm. Trenidae in design and construction.
However, the R5912 has 10 dynodes while the 9354KB has 12. The HamaR&912 is an improved
version over the R1408, which was used by SNO [13]. The R5912 & lmg®ILAGRO and AMANDA.
Both PMTs will be extensively tested.
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ltem \ Requirement & Justification

Radioactivity - borosilicate glass

- total mass of following elements in the PMT including
the glass bulb shall not exceed: Thk 80° E4/A i 110,
U: 5x10° E4/Ain 10, K: 1.6x10° EA/Amin 19

Single Photoelectron Response
(Charge Resolution) - peak to valley ratio>2.0 at a gain of 10

Dark Pulse Rate <25 Hz/cnt at 20 C

- fractional increase in dark count rate in going from a gain of
1.0x10" to a gain of 3. 10" shall not be more than 30%
greater than the increase in dark pulse rate in going from

a gain of 0.3<10" to a gain of 1.610"

Mechanical strength - to withstand a vibration level corresponding to a 1.5 mm
displacement at 15 Hz (equivalent to an acceleration of 2q)

for three cycles (i.e., 200 ms) along each of three perpendicular
directions with less than 1% change in gain or timing responses.
- all PMTs must survive a pressure of 2 atmosphere +30%

- optical changes of the PMT’s bulb (i.e., transmission

and discoloration) must be less than 3% per year for all PMTs

Table 6.13. Requirements on the PMTs, PMT support, and PMT cables arftineu-
trino detector.

UCLA will develop the PMT bases both for the antineutrino detector and thenmetm systems. The
PMT bases will use positive high voltage and will be of tapered resistiidetitype with a zener stage to
set a constant potential difference between the photocathode andtladgfiode. The zener stage will allow
the collection efficiency of the photoelectrons onto the first dynode stagmrtain constant (i.e., constant
electric field due to constant k-d1 potential) while one changes the high editaipcrease the gain. The
tapering of the PMT resistive divider is optimized to maintain the linearity of the P&&ponse to better
than 5% at peak currents of 80—100 mA (500 photoelectrons).

The mechanical design of the potted bases will be based on the Hamamaisigis dsed in Kam-
LAND. The signal and high voltage cables will be RG303 coaxial cabkesh & approximately 40-meter-
long. These PTFE sleeved cables will be etched at the PMT end and wibttelpnto the mechanical
housing made of acrylic or low-radioactivity PVC rod stock which is appnately 10-12.5 cm in external
diameter.

To minimize the number of cables in the antineutrino detector we have the optiagingf a single
RG303 to supply HV and extract the signal from the base, with the HV anthlsiC-decoupled. The
decouplers are part of the PMT system baseline design.

The PMT bases will be manufactured using low radioactivity componentsistioe high reliability of
the potted bases, all components will be through-hole type. In particulétémang high-voltage capacitors
will be polypropylene film capacitors designed for high pulse current.

The final decision on the selection of PMTs will depend on the radiopurith@PMT glass, and the
results of our test and characterization R&D program to identify which inestts our specifications. We
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have approximately 600 PMTs originally used in the MACRO experiment. Tivdsbe deployed in the
muon Cherenkov system. However, new potted bases have to be delvidogeem.

6.4.2 PMT Support Structure

The PMTs are held in individual mounts and secured in the antineutrinotdetesing a PMT support
structure. In this section we describe the design considerations for tlieRnts and the support structure.
A number of conceptual models are presented. To simplify the designgsracel make the production of
the PMT mounts more economical we are considering to use the same (or similBrnBunts both in the
antineutrino detector and the muon system. The muon and antineutrino detectos gill pursue a joint
R&D and design effort to find an optimized, common design for the PMT sujgystem.

Past experiments such as KamLAND and MiniBooNE have mounted PMTs widndi frames that
are directly attached to the wall of the detector tank. This approach is egcalaand uses the least amount
of materials but requires labor-intensive mounting of the PMTs on the watlseadetector tank. This can
be complicated especially in a small tank of the size we are considering foatfeeBay detectors. Also, to
simplify the assembly of the antineutrino detectors at Daya Bay we are cangide pre-mount all PMTs
on a support structure which can then be installed as a module in the dete&casashown in Fig. 6.25.
The PMT cabling will be integrated into the support structure and brougihtfathe antineutrino detector
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Fig. 6.25. Installation sequence of the PMT support structure. All the $84& pre-
mounted on the support structure.

through penetrations in the wall of the outer steel cylinder of the detedfier. passing a quality-assurance
procedure eight sections with 24 pre-mounted PMTs are lowered into tidestasteel vessel through
vertical guides attached to the vessel. In addition to simplifying the installatiaregspa modular support
structure allows the easy replacement of any bad PMTs before the daesesaled. This structure is made
of suitable strong, radioactively pure, and non-magnetic material. FigR6éeilfistrates this concept.

The PMTs are mounted on the curved frame of the ladder-like structunechiefs installed inside the
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Fig. 6.26. From left to right: Top-view of an angular section of the ring;likenovable
PMT support structure. The support structure is made of eight secliogsther they
form a complete ring. Each section carries 24 PMTs. The sections caertieaily
lowered into the antineutrino detector and secured.

stainless steel tank. There are eight such support structures foaatineutrino detector (see Fig. 6.26).
Each structure holds a total of 24 PMTs. Together they form the circiNar &rangement. The PMTs
are mounted radially on the inner rim of the circular support structure PMI€ support structure holds 24
PMTs in 8 rows equally spaced around the circumference of the struottagotal of 192 PMTs. A detailed
model of the PMT arrangement on the support structure and of the PMiistsnig shown in Fig. 6.27.
Each PMT is held in a mount that connects the PMT to the support structevere® designs are
currently under consideration. They are shown in Figure 6.28. The confeatures of these mounts are:

o the PMT is held in place with an adjustable collar wrapped around the equdhar glass bulb;
o the mount is attached to the sheet metal of the support structure.
o the PMT is facing radially inward, perpendicular to the wall of the detectde tan

To allow the PMTs to be used in both the antineutrino detector and muon system tinéimggoints
of the PMT mounts need to be able to connect to to both the detector supoé &s well as the structure
of the muon system. We also need to allow for variations in the PMT geometry asutie system will
consist of both new PMTs and recycled Macro PMTSs.
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Fig. 6.27.Left: Detail of one section of the PMT support structuréght: Individ-

ual PMT mount based on a wire frame construction similar to the one used in the
MiniBOONE experiment. The PMTs are mounted perpendicular to the wall of the
antineutrino detector.

6.4.3 PMT Magnetic Shielding

The effect of the Earth’s magnetic field, whose typical strength is 0.3-Qus$; on the performance of
a PMT is twofold:

o The trajectories of photoelectrons are affected such that the collecficermdy at the first dynode is
a function of the orientation of the PMT relative to the magnetic field.

o The trajectories of secondary electrons in the dynode chain are affeath as to increase fluctuations
in the PMT gain. This causes a lower “peak to valley” ratio for single phott@es, and increases
the average transit time for the signal.

For example, an unshielded Hamamatsu R5912 PMT showet5% gain variation as a function of ori-
entation relative to the Earth’s magnetic field in tests conducted by the AudabGation [22—24]. An
unshieldedl0” Hamamatsu R7081 PMT showed a 30% lower peak-to-valley ratio and a hgsramsit
time for single photoelectrons compared to a shielded PMT, in studies by thARES Collaboration [25—
27]. Note that the gain of a well-designed PMT such as the Hamamatsu R58#gak/ unaffected by
magnetic fields larger than1/3 of the Earth’s field.

These effects are not large, so that many experiments, including LS8]Pe2d MiniBooNE [29] and
the Pierre Auger Project [30], operate large PMTs with no magnetic shig(siince the classic technique of
shielding a PMT with a:-metal cylinder is awkward for large PMTs in tanks of liquids). Other expents,
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Fig. 6.28.From top left:A variety of conceptual design studies for mounting the PMTs
onto the support structur®&ottom row Pictures of the PMT mounts used in Mini-
BooNE.
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including Super-Kamiokande [31], SNO [32], KamLAND [33] and BORKX [34], surround the entire
detector with field-compensating coils to cancel some components of thesHazlth.

In the ongoing R&D and design studies we have considered a variant ofatbsc;.-metal shield that
is well suited to large PMTs in liquid tanks, as pioneered by the DUMAND Cotkatan [35] and also
used in the NESTOR [36] and ANTARES [25-27] experiments. Namelyasiegpherical cage ef1-mm
diameter wire, whose permeability js~ 10°, encloses the PMT so as to block oayg% of the incident
light (NESTOR), or~4% (ANTARES) as shown in Figure 6.29.
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Fig. 6.29.Top: Quasi-spherical magnetic PMT cage shield. Image from [R6jtom:
Variation of the PMT efficiency with and without mu-metal cage.

The ANTARES shield reduces the magnetic field strength on the PMT by & fafcte3 (and~8 for
the NESTOR shield), with the resulting improvement in the single-photoelectrak-jp-valley ratio and
transit time as shown in the figures at the top of the page. The variation of g&iiTwith orientation is
almost completely eliminated [25]. The suppression of the magnetic field by tleerwésh shield is not
fully effective at radii within about one mesh spacing of the mesh itself [37]

A simulation has been carried out by varying the collection efficiency asasgelhe SPE resolution
of the phototubes according to previous measurements of the effect Batti®s field (e.g. Auger). The
results indicate that the impact of the Earth’s field on the reconstructedyeremolution of the detector is
negligible. The Daya Bay collaboration has reached the preliminary coocltigat it will not be necessary
for the experiment to employ magnetic shields, and this element is not part lbhsletine design and cost
estimate. Additional simulations of the effect of magnetic shields on the PMopeahce are underway.

6.4.4 PMT Testing and Characterization

Uniform performance, stable, reliable and lasting operation of the PMiesyare essential to the
successful execution of the experiment. While the two candidate PMTs,IynémeeHamamatsu R5912
and the ET 9354KB have been studied for other experiments such as, KagelL AND, and IceCube the
more stringent requirements of Daya Bay demand a comprehensivaproficharacterization, testing and
validation conducted prior to installation and commissioning of the PMTs.

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

Testing and validation of the received PMTs will be conducted using amustst-stand. Before testing
the PMTs all PMT will be subject to physical inspection. This will be followgdt week continuous burn-
in period to stabilize the gain of the PMTs. During this period the new PMTs wiiuigected to a 1kHz
pulsed blue LED source with 500 p.e. equivalent pulses.

For the final testing and characterization of the PMTs a pulsed UV LEDrmystikbe used to stimulate
a scintillator to generate a pulse of light. This scintillation light will be collected withgtical fibers and
transported to the PMT. This setup allows us to adjust the intensity and positiding photocathode) of the
light reaching the phototube. The purpose of this exercise is to gatheofseysical parameters for each
PMT, such as gain vs. high-voltage, operating voltage at the nominalrgative quantum efficiency, dark
rate, transition time spread, pre- and after-pulsing ratios, and lineariyaf$olute gain of each photomul-
tiplier as a function of the PMT HV will be measured using single photoelectealk pnd the photostatistics
methods and will be recorded in a database along with other characteristics.

In addition, tests of radio-purity will be made. A couple of randomly selectieetdrom each batch will
be radio-assayed non-destructively. If the K, Th, or U contentedke¢he specified level of contaminations,
additional randomly selected tubes from the same batch will be radio-asdéyeore PMTs exceed the
specified contamination level, the whole batch will be rejected. The collectadvilbbe used in simulation
and analysis.

6.4.5 High-\Voltage System

Due to the fact that we require the trigger threshold to be as low as 1/4 otagdactron level, the noise
in the PMT system must be minimized. We have decided to use the low-cost CXEBRILC high-voltage
mainframe that has a proven record of low noise and excellent long-&iabifity. Using the 48-channel
A1932P modules with shared floating common each mainframe crate could acdaienup to a total of
384 independently programmable outputs. Voltage and currents will beoledtand monitored for each
channel.

The SY1527LC are remotely controlled via the ethernet. We have expeniiit this type of power
supply and will develop a LabView-based slow control and monitoring sy$be the antineutrino detector
and muon Cherenkov system.

6.5 Monitoring and Instrumentation for the Antineutrino Detector s

This section outlines the proposed instrumentation for the antineutrino defButogoal of this instru-
mentation is to:

o ensure the safety of the antineutrino detector and its acrylic vessels thamsgort, filling, and lifting
o evaluate the geometric identity of the antineutrino detectors

o preciselty measure the Gd-loaded liquid scintillator target mass during fillingrenmitor it during
data taking

o monitor the environmental conditions of the antineutrino detectors

The requirements for the detector instrumentation and monitoring prograsuarmarized in Ta-
ble 6.14.

6.5.1 Survey of As-Built Detector Geometry
Purpose:

o To provide an as-built geometry of the steel tank, the acrylic vesselghambsition of the PMTs.
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ltem \ Requirement & Justification

acrylic vessel geometry - to determine fill volume prior to fill

fill level - during filling and draining to avoid load on vessels
overflow tank volume | <1 |for target mass monitoring

fluid temperatures to0.°C

cover gas monitoring | - integrity of dry N, supply

- integrity of N, exhaust

- Oy, HyO, flow rate

acrylic vessel positions - to determine change i-catcher thickness etc.

Table 6.14. Requirements on the instrumentation and monitoring of the antineutrino
detector.

o To determine the volume of the as-built acrylic vessels prior to their fill.

o To be used as input to the detector simulations and to establish the geometric idketht&yantineu-
trino detectors.

Instrumentation:

o laser-based optical survey device

We intend to precisely measure the dimensions of each acrylic tank and talitidaas-built volume
from the data. Differences between tank volumes will impact the amountimilistor required to fill
each antineutrino detector. As discussed in Section 6.5.5 accurate kgewdéthe filled target mass is
obtained from the knowledge of the total mass filled into the detector and the lepgtimonitoring in
the overflow tanks. To fill the detector to a level within the allowable range inotlesflow tanks it is
necessary to determine the as-built volume of the target vessels. Furthetifferences in the geometry of
the detectors also imply differences in the mass distribution. It must be rigedgihat sagging of the tank
in air will impact the geometry. Loads to the acrylic walls and in particular to the ndbattom faces will
be drastically different when the detectors are filled. Modelling calculatmastimate the sensitivity of the
antineutrino detector to deflection induced geometry changes are in gsagjrgVisconsin. The results of
this modelling will determine how much effort we must expend to keep trackftdat®n induced geometry
changes.

6.5.2 Monitoring of Acrylic Vessel Positions

Purpose:

o To measure the concentric positioning of the nested vessels and to prowideitr for possible
lateral shifts of the acrylic vessels during transport, filling, and lifting.

Instrumentation:

o Viewport at top of antineutrino detector with camera looking vertically downw&ross-hairs on
viewport and on acrylic vessels to monitor relative shift of vessels witleego each other and with
respect to the steel tank.

o We may also employ designed calipers or other special tools for a mechesipattion and mea-
surement.
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Ideally, we would like to track both translations and rotations if possible. Twasuch viewports are
needed on top surface of outer stainless steel detector tank. Intéguretathe camera images will not be
entirely straightforward. For example if the acrylic top surfaces are adeptly normal to the camera line
of site, then the relative position of cross hairs may change after tank fillergiéthere is no motion of any
solids. Lighting may be provided by a ring of infrared LEDs around the canf interlock system and/or
a lockout procedure on the PMT high voltage systems may be needed totbt€s. We consider the use
of infrared cameras to provide an additional layer of safety for the PMTs

6.5.3 Visual Monitoring

Purpose:

o To provide a visual monitor of the inside of the antineutrino detector and thavime of the acrylic
vessels during filling, transport, and lifting.

o To check visually the liquid levels during filling as they reach the critical actybigndaries between
the oil and they-catcher and the-catcher and the inner target filled with Gd-loaded liquid scintillator.

Instrumentation:

o CCD camera at top looking into antineutrino detector (for general puiipspection).

o CCD cameras on side of tank at height of interfaces betweepaalicher and-catcher/target. These
cameras can be installed inside the tank (radioactivity permitting) or outsidi¢pbérizontally into
tank through windows (for monitoring liquid levels). This would require faundows and perhaps
2-4 removable CCD cameras (per tank) with infrared lighting.

It may be possible to use the cameras on top of the detector for multiple psrjosernal viewports if
needed can be realized by use of highly reliable and inexpensive Gfeflarelded leak tight to the stainless
tanks. Glass or quartz windows on CF can be sealed with copper or VisletgaSeveral flange sizes are
available and the choice will depend on the optics. With strategic positioningipipeg feet for the acrylic
target vessels and the acrylic base structure may be observable freowést viewports or lowest internal
cameras.

6.5.4 Motion Monitoring

Purpose:
o To provide a record of the motion of the antineutrino detector during its entegnié: From the
assembly in the surface assembly building to the filling in the filling hall and the irtsballen the

experimental halls. This will help us correlate any potential changes in tireeatrino detector with
events during the transport, filling, or lifting.

Instrumentation:

o Accelerometers (on outside of antineutrino detector)
o Tilt sensors (on outside of antineutrino detector)

These devices must either be wireless or connected to a computer/DAQ maathnipe detectors. The
sensors can provide feedback to operators of the transporter anel. drhey can be either removable or
permanent and can be covered by the dry box if they are permanentlyeatticthe outside of the detector.
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6.5.5 Target Mass Monitoring During Filling and Operation

Purpose:

o To measure to an accuracy aD.1% the mass of the Gd-loaded liquid scintillator target filled into
the antineutrino detector and to monitor the mass inside the target volume duriggdraand data
taking.

Instrumentation:

o Load cells on reference tanks (intermediate storage tanks used for fifitagtdrs).

o Mass flow meters between reference tanks and antineutrino detector.

@]

Instrumentation for measuring the temperature and density of the liquid scintitBddoaded liquid
scintillator, and mineral oil between reference tanks and the antineutrinctalete

Volume flow meters between reference tanks and antineutrino detector.

(@]

@]

Liquid level sensors for Gd-liquids scintillator and undoped liquid scintillat@ritineutrino detector
overflow tanks.

o Liquid level sensor in antineutrino detector mineral oil region during filling.

MASS: Control of the delivered mass will be achieved with a combination of flow metedsload
cells. Two competing methods of mass measurement are under considenatioesaribed in Section 6.6.
LEVEL during filling: Accurate knowledge of the liquid levels is crucial during the filling procéss.
tentially destructive load forces can be generated if the three tank leeetwaprecisely controlled. The
instrumentation for the detector filling is designed under the assumption that lieyeid must be matched
to +1 cm during filling but this number may change as engineering of the acryks fogresses. The oil
level during fill is the easiest and least expensive to monitor becaus¢ idisertion of a probe into the oil is
acceptable. Monitoring of the GD-LS and the LS levels is likely to require teeofison-contact solutions
such as sonar or radar based measurements. Internal CCD camtbeasiewports described above will be
essential to calibrate and verify all three level sensors. LEVEL duritig thking & transporfTemperature
variations or tank distortions will cause fluid to enter and leave the overibdwmes. A 100 | overflow tank
constrained to be less than 300 mm high will rise about 1 mm for every 2 Idddatluid. Thus we require
a Teflon covered contact sensor accurate to 1 mm or better with a dynarmge 0 300 mm DENSITY:
The relative density of the three loaded fluids critically influences loadirgegoon the acrylic tanks and
therefore their geometry. We will use Coriolis flow meters to accurately meadkarfluid densities. How-
ever we must point out that it is not to sufficient to simply measure the agedsati fluid densities. It will be
necessary for the collaboration to specify the fluid densities ahead of tidhesardensity measurements as
one of several criteria for acceptance or rejection of the fluid deliserie

6.5.6 Gas Supply Monitoring (dry N, and ambient)

Purpose:
o Maintain a continuous nitrogen cover gas to the detector and the calibratioesdo
o Monitor the pressure, flow, and quality of the dry purge gas provided to the detectors

o Monitor the pressure, flow, and quality of the dry Nurge gas exiting the detectors and detect any
leaks into the gas purge system.
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o Monitor the gas pressure above/in each overflow tank and calibration dome
o Verify that tank purging is complete prior to filling of the antineutrino detector

o Protect personnel and detect any leaks of flammable liquids from insidatimeutrino detector

Instrumentation:

o Pressure monitors: supply line, above each fluid type, in calibration d@mesn detectors exit line.
o Gas flow monitors: supply line, calibration & flow volumes, exit line.

o Oy sensors trace amounts; Nupply and exit lines

o Humidity sensors on exit line: check for water leaks into dry-box or catbledu

o O, sensors ambient gas: Connected to oxygen deficiency hazard alarm.

o Flammable liquid sensor: Ambient gas. Connected to alarm.

o Humidity sensor: ambient gas.

o Differential pressure sensors between calibration and overflow valumprotect against pressure
surges and between the three detector fluids to protect against tankgbulgin

o Gas pressure in cover gas, in calibration boxes, and in overflow tanks.
o Smoke/heat sensor.

A continuous flow of dry N must be provided to every gas space in the antineutrino detector. Numerous
strategies can be devised to accomplish this, but to protect the acrylidsvaissolutions must strictly
restrict the possibility of differential pressure developing between tletantineutrino detector fluids. A
failsafe design that is based on gas conductances and self equalifgti@ssure is preferred. Separated
flow systems require some type of interlock system and are not desirable.

Regulation of the N supply based on pressure and/or flow measurements will be requisese &
sensors are needed to monitor the quality of supply gas. Leaks into thegystgm can be detected by trace
O, sensors and water sensors in the exit gas. Flammable liquid sensorsieablddor the ambient gas but
if LAB type scintillator is used the vapor pressure may be too low for typicasses to detect. Differential
pressure monitors will be required across the isolation gate valve betweeligids and calibration dome
to prevent pressure surge upon opening. If a gate valve is used somef interlock will be required to
protect against untimely closure when the calibration hardware is lowei@ddmtillator. Both the mineral
oil and LAB scintillator are flammable. Smoke and heat sensors above amchited from the detectors are
needed for safety.

6.5.7 Temperature Monitoring

Purpose:

o To monitor the temperature of the antineutrino detector and provide warning étiernal tempera-
ture of the antineutrino detector exceeds the pre-defined specs oftéztodenvironment.

o To measure the temperature gradient (top vs bottom) of the buffer oil insiddetiector as an input
to convection calculations of the detector liquids.

— temperature at bottom of antineutrino detector (outside antineutrino detedttiieamally iso-
lated from the stainless steel tank)
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— temperature at top of antineutrino detector (outside antineutrino detecttermncklly isolated
from the stainless steel tank)

— temperature of buffer oil inside antineutrino detector at top and bottom

The temperature sensors must either be compatible with ultra-pure watey ontisebe demountable.
6.5.8 Monitoring of LS Leaks

Purpose:
o To provide early warning to filling and transporting operators in case oirgil&ator leak

Instrumentation:

o Resistive Wet Pads: under pumps and selected fittings during filling & toainsp

Resistive pads can provide invaluable early warning in case of a wakeikests will be required to see
if this simple method works with LAB scintillator, or if a more sophisticated technoleifjjbe necessary.

6.5.9 In-Situ Monitoring of Attenuation Lengths

Purpose:

o To monitor in-situ and independent of the calibration sources the attenuatigth$eand optical qual-
ity of the liquids in the antineutrino detector.

Instrumentation:

o laser-based attenuation length measurement

The method is not fully developed. A test apparatus using a broad spelisht source, a reference
arm, a chopper wheel, and a solid state light sensor has been demortstratekl The method is insensitive
to fluctuations in light source intensity.

6.5.10 Gd-LS Liquid Sampling

Purpose:

o To provide the possibility to extract on a regular basis during data taking §hd&limL) samples of
Gd-loaded liquid scintillator for analytic analysis and optical measurements wyitrawing down
the water pool.

Instrumentation:

o Since the antineutrino detectors will operate under water there is no gomgeétéor how to access
the inner volumes of the detector and extract samples on a regular bagisiffcant problem to be
overcome is the height difference between the overflow tanks and thé tiog water pool

6.6 Filling the Antineutrino Detectors and Measuring the Target Mass

The Daya Bay experiment requires the construction of eight multi-ton detectdules. Each module
utilizes 20 ton of Gd-doped scintillator filled into a centrally located sub-tanét $tib tank forms the center
of a system of three concentric nested tanks each filled with a differéat flne detector modules are to be
constructed as matched pairs so that one detector of each pair candyeedegi one of the near sites while
the other one will be deployed at the far site. One of the requirements of ttobinmis that the amount
(weight) of Gd doped scintillator fluid in a matched pair be equal to wiffdiry M> = 1 4+ 0.0005 or better,
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where M7 and M> denote the target mass of detectors 1 and 2. The module filling processesetiat
three concentric tanks be filled with different liquids simultaneously and tindgl the filling process the
column levels of the three tanks match to within a well-specified tolerangelafm or so. The tolerable
level difference will be determined from the ongoing engineering calcustionly the central tank has the
strict mass balance requirement stated above. It is desirable to match thendasséume of the/-catchers
similarly but the requirements are less stringent.

Two of the fluids to be filled are flammable and sensitive to air exposure anetatmpe excursions.
During the filling process the detector and the fluids cannot be exposedeamiihe entire system is to be
kept in a nitrogen atmosphere at all times to avoid radon exposure. |dballgetectors will only be filled
once. Draining the system and starting from scratch in the case of a filliogismot acceptable. We only
envision draining the detectors (or pumping them out) if it a major repair ofdékextbrs became necessary
or at the end of the experiment.

At the required level of accuracy the experimental risk is significant thgle methodology is em-
ployed. A number of redundant techniques are being studied to ensupesitise mass measurement of the
Gd-LS target:

1. Weighing of the Gd-loaded liquid scintillator
2. Mass flow meters
3. VWolume flow meters + temperature + density measurements

4. Geometry surveys of the target volume + density measurement of thea@eldidiquid scintillator

Specifically, commercial Coriolis mass flow meters are stated to have the kgageracy but in cases
of interrupted flow, power outages or trapped gas, their performamgesionable. Because they integrate
a rate over time, they must operate flawlessly during the entire filling prodeish & expected to take on
the order of one to several days. We therefore require a system tbhtist against power interruptions and
gas bubbles, both microscopic and macroscopic.

Our goal is to develop a methodology that

1. allows the precise, simultaneous filling of pairs of detectors
2. provides a way to measure or limit the variation of the target mass betwismpdetectors

3. is redundant and repeatable over a time period of months or years

The two methods described here, the 1) balanced tank method, and timglé) ieference tank method
employ the instrumentation listed above and meet the requirements of such stéthsy

6.6.1 The Filling Process

To understand the complexity of the filling process we first consider sordeosiatic issues of the
nested fluid design. The acrylic tanks have thin walls and therefore willcthasiderably in response to
unequal hydrostatic pressure between the inside and outside of ekchkitare 6.30 illustrates the (imag-
inary) situation where all three tanks are filled so that the overflow levelsgual and the inner tanks are
in their neutral (undistorted) positions. This is a stable condition only for edketfiquids having the same
density. If mineral oil is more dense than scintillator with a specific gravity 18atgr than scintillator, then
the outer acrylic vessel would float and must be held to the bottom of the sitalek against a buoyant
force of ~ 400 kg. At the same time the entire outer acrylic vessel would experienaapression which
varies with height. The bottom surface sees the largest force, abOutgdtor every 1% specific gravity
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Fig. 6.30. Schematic of the different liquid zones in an antineutrino detector.

difference. The top sees about 50 kg. The cylindrical wall will als@aefbut this effect is undoubtedly
smaller than the deflection of the flat bottom surface. The outer acrylicctiefieeduces its volume and its
overflow level rises. In response to the outer acrylic's higher oweridwel, the inner acrylic experiences
additional compressive force and its overflow level also rises. Therésting levels for the three overflow
volumes in this imaginary exercise depend sensitively on the strength ofriflie aessels, on the particular
specific gravity of the fluids and on the diameter of the overflow columns. Al saraection is required to
account for the acrylic density which will differ from the liquid densitiesthie case that mineral oil is less
dense than scintillator the argument is the same but the scintillator overflondleps.

In practice we expect to fill all three vessels simultaneously. At first onlyenairoil is filled (zone A
in Figure 6.30) until its level reaches the bottom of the outer acrylic vess&ha@point filling of the outer
acrylic begins (zone B). Liquid delivery rates must be matched to keep thediwmn heights close to each
other. If the two column heights are not equal the force generated omttugrbsurface of the outer acrylic
vessel is 106 kg for every cm of column mismatch where we assume liquididsres 0.85 gm/cc and a
face diameter of 4 m. The same consideration requires that the liquid level ioftér acrylic be close to the
outer acrylic level as filling enters zone C. The force on the inner acrglioin face is 64 kg for every cm
of column mis-match assuming an inner face diameter of 3.1 m. Liquid flow profgeshawn in Fig. 6.31.

As filling proceeds past the top of the inner acrylic (zone D) the situatioarhes more complicated.
In Fig. 6.30 we assume that the overflow column diameter of the inner acrylie iretiion of penetration
through the other two vessels (zones D and E) is relatively small, about &renmight expect that at the
lower boundary of zone D, flow to the inner acrylic should be dramaticatlyced but should not be zero.
In fact, if at this point all filling were temporarily stopped and an amount witted to the inner vessel
sufficient to raise the overflow column 10 cm there would only be a tempadsayn the column height; the
increased hydrostatic pressure would expand the inner vessel alege¢heould return to almost the same
as before the fluid addition. The stiffness of the inner acrylic vessetrdigtes how much additional liquid
would be required to raise the inner column height one cm. In effect, thimgtep is equivalent to a huge
hydraulic cylinder.

We can assume that in zone D no additional liquid is added to the inner tankeAiflitty in zone D
proceeds, the inner acrylic column level will rise so that the pressuisedawy the deflection of the inner
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Fig. 6.31.Top: Mass flow rate of the three different detector liquids for a detector
fill with a total duration of 24 hrs. The discontinuities indicate the points whege th
liquids reach acrylic vessel boundari@ottom: Cumulative liquids volumes during
the detector fill. Again, we assume a total fill duration of 24 hrs.

n"um

tank equals the difference between the inner and outer scintillator colufrthg inner tank is not very
stiff then the two scintillator levels will be similar even though no liquid was addedadntier tank. If the
acrylic overflow columns have small diameter only small tank deflections adedeto adjust the column
height to the equilibrium levels. The smaller the diameter of the column the stiffactitic vessel appears
to be. A similar effect on the outer acrylic column will be seen as the filling ezing E. An intuitive
explanation can be found by imagining two water filled balloons. One is céemhéz a 3 cm diameter glass
tube and the other to a very tall capillary tube. The static force requiredueegg out 100 cc of liquid is
different for the two cases.

Once the detector is filled, temperature drifts will cause changes in the flogltids. Away from
thermal equilibrium the outer layer of mineral oil will respond first becaofsés contact with outside
conditions and the metal vessel it is in. The mineral oil thermal expansiorpected to be larger than
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scintillator expansion. We estimate 17 | expansion peC temperature rise for scintillator.
As for the filling, we conclude:

o The two acrylic vessels should be thought of as highly elastic structures.

o To fill the three liquid volumes to equal overflow heights with a pre-specifiessmee need to know
more than the geometry of the three tanks. We also need to know the pratssty déthe three fluids
and we need the stiffness of the acrylic vessels. Assuming the outer siledlasino load deflection
introduces only a small error.

o The stiffness of the acrylic vessels and their ability to defoxvV{V at failure) is a critical design
issue. In turn, the requirements on these two parameters depends criticdiffeoence in the three
liquid densities.

o It could be possible to fill the acrylic tanks to the point that they fail by eganeven though the
column heights are not excessively different. This threat is most likely ifrtimeral oil is less dense
than scintillator. We should consider monitoring the curvature of the acryttoimosurfaces during
filling.

o Unstiffened acrylic tank bottoms have a disadvantage that during filling thelg de flexed beyond
their elastic limit. But they have the great advantage that, because of their &biliex, the active
volume of scintillator is stable against changes in mineral oil density. Hovifether ratio of scintilla-
tor density to mineral oil density differs from 1 by more than about 2% theefoon the bottom face
might be excessive and ribbing or adding a pre-formed dome shapelmouédjuired. If mineral oil
and/or scintillator of specified density could be manufactured this wouldlggeplify the design
of the acrylic tanks.

o To first order, the change in active scintillator mass as a function of detechperature is inversely
related to scintillator overflow column diameter. On the other hand a large maievaérflow column
is desirable.

o Liquid level monitoring to an uncertainty af1 cm is required for all three fluids during the filling
process. Active regulation of the filling rates based on measured fluits Iskieuld be employed.
Level differences of only a few cm could damage the acrylic vessdkxldicks and visual access to
fluid levels are recommended.

6.6.2 Measuring the Target Mass

We are considering two competing methods to control the target mass. Thedzhtank method relies
on the repeatability of the filled mass ratio of two interconnected tanks. Thero#téod of using a single

reference tank relies on accurate measurement of the weight of a sfglence tank with class C6 load
cells.

6.6.3 Single Reference Tank Method

Although the balanced tank method described in Section 6.6.4 is capable ofhgadtet detector target
masses to a precision higher than required by the experiment it has theadliteage of high complexity and
cost. As a result we describe first the use of a single reference tafilkifig detectors. A single 10 ton tank
would be mounted on a platform and instrumented with load cells. In this caserprmghasis would be
placed on the accuracy of the load cells so that cells of the best commewi@hey grade would be used.
For example accuracy class C6 with a stated accuracy of 0.008% is conliyiereéable in the required
load range. This corresponds to an accuracy of 2 L.
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Two detectors would be filled at the same time. The reference tank would tgk félle times and
emptied into alternating detectors. In this way any difference in the propeftibe first and last scintillator
drawn from the underground master tank would be averaged acrodstdwor pair.

The mass of delivered fluid would be determined by the difference betlwadrtell readings. Thus it
is not necessary to fully empty the reference tank to know the deliveresl iiais flexibility would allow us
to terminate or extend fluid delivery to accommodate variations in acrylic tanknetlue to construction
variation. For example a 3 mm deviation in the inner acrylic tank diameter from itsnab 3100 mm
corresponds to a relative volume error2ok 1073 or 45 L.

For redundancy and for precise measurement of the fluid densities wiackille Coriolis flow meters
on the delivery lines. These meters will also permit accurate regulation anidomiog of the filling rate.

Short term drift of load cells. Short term zero drift can be a signifisanirce of weighing error. Gen-
erally, the problem is minimized by reducing the time been zeroing the scale anteti®irement. In our
case filling the reference tank may take as much as a half day. The time betsveérg and measurement
can be reduced to about 10 minutes by use of hydraulic bottle jacks as §héig. 6.32.

Fig. 6.32. Model of a single reference tank on a platform with load cells.

One issue of concern is the long-term stability of load cells. It is highly desirfar the experiment
that the mass of all eight detectors be as close to each other as possibtangtbetween filling the first
and last detector pairs could be as long as two years. To protect agyafinst the target pair mass fill over
this length of time it will be necessary to periodically calibrate the load cells. Coniaheertified NIST
traceable calibration services are available for this purpose.

A single 10 ton tank would be mounted on a platform and instrumented with load leetlsis case
primary emphasis would be placed on the accuracy of the load cells so lisabfcéhe best commercial
accuracy grade would be used. For example accuracy class C6 witedatauracy of 0.008% is commer-
cially available in the required load range. This corresponds to an agcof L.

Two detectors would be filled at the same time. The reference tank would fgk fblle times and
emptied into alternating detectors. In this way any difference in the propeftibs first and last scintillator
drawn from the underground master tank would be averaged acrodstdwtor pair.
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The mass of delivered fluid would be determined by the difference betlwadrcell readings. Thus it
is not necessary to fully empty the reference tank to know the deliveresl ilais flexibility would allow us
to terminate or extend fluid delivery to accommodate variations in acrylic tanknetlue to construction
variation. For example a 3 mm deviation in the inner acrylic tank diameter from itsrmab 3100 mm
corresponds to a relative volume error2ok 1072 or 45 L.

For redundancy and for precise measurement of the fluid densities wiachiltle Coriolis flow meters
on the delivery lines. These meters will also permit accurate regulation aniiamiog of the filling rate.

Short term drift of load cells. Short term zero drift can be a signifisauirce of weighing error. Gen-
erally, the problem is minimized by reducing the time been zeroing the scale anted®irement. In our
case filling the reference tank may take as much as a half day. The time betsregry and measurement
can be reduced to about 10 minutes by use of hydraulic bottle jacks as ghéig. 6.32.

One issue of concern is the long-term stability of load cells. It is highly delsif@r the experiment
that the mass of all eight detectors be as close to each other as poss@tengtbetween filling the first
and last detector pairs could be as long as two years. To protect adydfinst the target pair mass fill over
this length of time it will be necessary to periodically calibrate the load cells. Coniaheertified NIST
traceable calibration services are available for this purpose.

6.6.4 Balanced Tank Method

Figure 6.33 shows a scheme that utilizes a balanced two-tank filling systemjumction with load
cells and Coriolis flow meters. In this design the flow meters and scales preddadant measurement of
total mass delivered and the balanced tanks ensure near equality of tige fillin

The balanced tanks are connected with liquid and vapor phase equalitha¢i®rio eliminate differ-
ences in hydrostatic pressure. The balanced tank volumes should be bimiteaed not be identical. The
procedure relies on the cancellation of the balanced tank volume difeetmnilling both detectors with
both tanks.

The balanced volumes are filled to 5 ton each giving a total of 10 ton as rneedsyithe sum of four
strain gage scales. Commercially available load cells in this range have a stpéadability of 0.015%
(1.5 x 10~%). Higher accuracy is available but as will be shown is unnecessaisr \fing the balanced
tanks, the equalization valves (one each for liquid and gas phasesgetvestanks remain open until equi-
librium is reached. Let us suppose that the balanced tank volumes difB86lafter closing the equalization
valves

Figure 6.33 shows a scheme that utilizes a balanced two-tank filling systemjimction with load
cells and Coriolis flow meters. In this design the flow meters and scales pr@ddadant measurement of
total mass delivered and the balanced tanks ensure near equality of tige fillin

The balanced tanks are connected with liquid and vapor phase equalitha¢i®rio eliminate differ-
ences in hydrostatic pressure. The balanced tank volumes should be bimiteaed not be identical. The
procedure relies on the cancellation of the balanced tank volume difeetgnilling both detectors with
both tanks.

The balanced volumes are filled to 5 ton each giving a total of 10 ton as needsyithe sum of four
strain gage scales. Commercially available load cells in this range have a stpéadability of 0.015%
(1.5 x 10~%). Higher accuracy is available but as will be shown is unnecessatgr Mfing the balanced
tanks, the equalization valves (one each for liquid and gas phasesgoetvestanks remain open until equi-
librium is reached. Let us suppose that the balanced tank volumes gifté6 lafter closing the equalization
valves

My, =1.02 x M, (30)

The balanced volumes are filled again to the same 10 ton weight as determitlee fiyain gage
scales and equalized. This time their contents are pumped into the opposita iatik detector 2 and b
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Fig. 6.33. Top: Schematic of the pipes and connections in the balancedstatklaly.
Bottom: Model of the balanced tank assembly.

into detector 1). After four batches the detectors are filled to 20 ton eauth.tNat the Coriolis meters are
positioned so that their readings are distributed onto both detectors. Theatiadetween detectors 1 and
2 can then be calculated as

M1 2M,(1+0.9994 x 1.02) »
ML _ —1-6x1 31
M2 T 2M,(0.9994 1 1.02) 610 (1)

where we have assumed pessimistically that the 0.015% non-repeatabilityr stifain scales add linearly
(0.06%) and that the gages all read low when tank a fills detector 2 buhceathlly when a fills detector 1.
If the 3000 division resolution of the load cells is included, the repeatabilifjdodegrade to about 0.15%.

In that case one obtains
My -5
— =1+15x10 32
My . (32)
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The most likely error in this scheme, apart from someone forgetting to cloggaalization valve or not
reversing the fill assignment, is the possibility of over or under filling of tHaried tanks. If an operator
overfills, say, the last batch by 2% and the balanced tanks differ by 2%mib&ance introduced into
matched detector massesdis< 10~%. But this error isknownif records are kept and may be applied as
a correction. To avoid this kind of problem a provision for trimming the baldrieek contents could be
devised.

Other sources of error include unequal plumbing lengths for the differiecuits but this is easily
dealt with by careful design work. A relative error b5 x 1075 corresponds to a volume difference of
0.35 L. This corresponds to about a meter of 2 cm diameter tubing. To adhievevel of filling accuracy
will require meticulous control of the plumbing system and represents an ofitiestimate of achievable
filling accuracy.

The balanced tank procedure does not ensure that the total dopétlasoinmass of one matched
pair equals the mass of subsequent pairs. It is highly desirable for pleeient that the mass of all eight
detectors be as close to each other as possible. The time between fillingttheditast detector pairs could
be as long as two years. To protect against drift of the target pair nilamgefi this length of time it will be
necessary to periodically calibrate the load cells. Commercial certified N&&€dble calibration services
are available for this purpose.

6.6.5 Cost Considerations

The design of the reference tank or balanced tanks will follow the spatiifics and design require-
ments of the liquid scintillator storage tanks. These are described elsewhigiedocument. One possibil-
ity is to line the balanced tanks with fluoropolymer coating. Reliable 1 mm thick caatirggavailable. See
for example Fisher-Moore at http://www.fluoropolymer.com or http://www.edlmam.cSome cost could be
saved by constructing the tanks from steel instead of stainless. Eversawings are possible if the use of
glass lined tanks is acceptable. Figure 6.33 shows two 4000 L tanks onarmplatith four load cells. Mild
steel, glass-lined tanks are usually 50% of the cost of stainless steel tanks
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6.7 Antineutrino Detector Prototype

Valuable data on the performance of the antineutrino detector has beémedbitamm a scaled down
prototype at the Institute of High Energy Physics, Beijing, China. The gothlis R&D work is multifold:
1) to verify the detector design principles such as reflectors at the tophanbttom, uniformity of the
response in a cylinder, energy and position resolution of the detectgr2eto study the structure of the
antineutrino detector; 3) to investigate the long term stability of the liquid scintilld}dg practice detector
calibration; 5) to provide necessary information for the Monte Carlo simulation

6.7.1 Prototype Detector Design

As shown in Fig. 6.34, the prototype consists of two cylinders: the innerdsiis a transparent acrylic
vessel 0.9 m in diameter and 1 m in height with 1 cm wall thickness. The oudtedeyis 2 m in diameter

calibration . o8 =
device

Cables

Fig. 6.34. Sketch of the antineutrino detector prototype (Left) Top viewghtir Side
view.

and 2 m in height made of stainless steel. Currently, the acrylic vessel isfitle@.54 ton of normal liquid
scintillator, while Gd-loaded liquid scintillator is planned for the near futures liduid scintillator consists
of 30% mesitylene, 70% mineral oil with 5 g/l PPO and 10 mg/l bis-MSB. Theespatween the inner and
outer vessel is filled with 4.8 ton of mineral oil. A total of 45 8” EMI9350 anddR@MTs, arranged in
three rings and mounted in a circular supporting structure, are immersedrmrteeal oil. The attenuation
length of the LS is measured to be 10 m and that of the mineral oil is 13 m.

An optical reflector of Al film is placed at the top and bottom of the cylinder twvease the effective
coverage area from 10% to 14%. The scintillator light yield is about 10008oms/MeV, and the expected
detector energy response is about 200 p.e./MeV.

The prototype is placed inside a cosmic ray shield with dimensions 0k3 mx3 m. It fully covers
five sides (except the bottom). The top is covered by 20 plastic scintillatotesyfrom the BES Time-of-
Flight system), each 15 cm wide 3 m long. The four side walls are covered by 36 1.2 2 m square
scintillation counters from the L3C experiment. Figure 6.35 shows a phqthgrfahe prototype test setup,
before and after the muon counters were mounted.
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Fig. 6.35. The antineutrino detector: before (left) and after (right) themuabectors
were mounted.

The readout electronics were designed as prototypes for the antimedétiector, according to the re-
quirements discussed in Section 9.1. The trigger system, DAQ system anel swfliware are all assembled
as prototypes for the experiment (see Chapter 9).

6.7.2 Prototype Detector Test Results

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

Figure 6.36 shows the energy spectrum after summing up all PMT resfamge 13"Cs and®°Co
sources located at the center of the detector. A total of about 160 p'é”@s is observed, corresponding to
an energy response of 240 p.e./MeV, higher than naive expectatioa®riergy resolution can be obtained
from a fit to the spectra, resulting in a value of about 10%. A detailed Moatk&imulation is performed to
compare the experimental results with expectations, as shown in Fig. 6r8@ddx agreement is achieved,
showing that the detector behavior is well understood.

All of the sources were inserted into the center of the detector; the eresggnse is shown in Fig. 6.37
(left). Good linearity is observed, although at low energies non-lindactsfare observed which are likely
due to light quenching and Cherenkov light emission. The energy resolatidifferent energies is also
shown in Fig. 6.37 (right), following a simple expression-of9% /+/E, in good agreement with Monte
Carlo simulation as shown in Fig. 6.36.

The energy response as a function of vertical depth along the z-axisvussn Fig. 6.38. Very good
uniformity (better than 10%) over the entire volume of the liquid scintillator showafsttte transparency of
the liquid is good, and the light reflector at the top and the bottom of the cyhmoldss well as expected. The
fact that the data and Monte Carlo expectation are in good agreemengvas ishFig. 6.38, demonstrates
that the prototype, including its light yield, light transport, liquid scintillator, PM3$ponse, and the readout
electronics is largely understood.
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Fig. 6.36. Energy response of the prototypé*Cs (left) and’’Co (right) sources at
the center of the detector with a comparison to Monte Carlo simulation.
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Fig. 6.37. Linearity of energy response of the prototype to variousesuat the center
of the detector (left), and the energy resolution (right).

6.8 Risk Assessment

The design of the antineutrino detector is based on liquid scintillator technalugdjphotomultipliers.
This technology has been used in similar form in previous reactor antineeperiments such as Kam-
LAND, Chooz, and others. New in this experiment is the concept of angziesign with nested acrylic
vessels that contain thecatcher and the target mass. Also, the long-term stability of the Gd-loadeddiq
scintillator is of concern. To achieve the required statistical precision g@rethe experiment to oper-
ate for at least 5 years. To facilitate the construction of eight identicatetenodules and to allow for
the possibility of swapping the detectors will be transported to the experintatalafter they have been
assembled and transported. The detector systems and design issuesetiaeighest risk are:

o Acrylic Vessels: The construction of eight nested acrylic vessels to contain the detecta Witial
penetrations for calibration sources and other instrumentation is a nai-aisk. The acrylic vessels
must meet stringent geometric and cleanliness specifications and be leakutiggt detector filling
and the entire duration of the experimefhe construction of these vessels poses a schedule, cost,
and physics risk to the experiment.
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Fig. 6.38. Energy response of the prototype t6°Cs source as a function of z posi-
tion, and a Monte Carlo simulation.

o Liquid Scintillator: The experiment will use a Gd-loaded and non-loaded liquids scintillator. Both
must have good optical properties for the duration of the experiment. R&Bdsrway to define the
recipe for the Gd-loaded scintillator and to develop a production procasaltbws the production of
200 ton of Gd-loaded liquids scintillator. The long-term stability and compatibility widlterials in
the antineutrino detector is of particular concérhe production of the liquids scintillators is mostly
a schedule and physics risk to the experiment.

o Transportation and Lifting: A novel concept of this experiment s the transport of the fully-assembled
and filled detectors over distances of up to 2 km to the experimental hallsriti¢al not to damage or
alter the detector during this process. While engineering studies havéststdtihe feasibility of this
approach it is an unproven concept. Much of the ongoing R&D is dedi¢ateards understanding
the detector response during transport and developing instrumentatiomitminibe detector during
the movementWe consider the transport and lifting mainly a physics risk.

o PMT, Bases and CablesThe risks involved in the delivery schedule are minimal. The main risk is
the delay in availability of funding. The production work will not start withthe funding. In addition
there is a minor risk due to the fact that 50% of the initial production effartaides with holidays
in the US. This could reduce the initial delivery to about 250. Every effdt be made to start the
fabrication as early as possible in FY08 to avoid these delays. Additiorkal ingolve failure of a
certain percentage of the PMT/base assemblies due to improper sealirepkade of PMT bulbs.
Based on past experience we expect these to be at a level of less2barPlease note that the PMT
failures, while rare, will be detected before the bases are glued in pentitarThis detection will be
done in two distinct stages:

1. During the initial physical inspection stage after the delivery of the PMTs

2. During the PMT burn-in process. During this period each PMT/base witebted with LED
pulsers for a duration of 2—4 weeks.
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Our proposed R&D in 2007 will address these critical issues and focost@ating the risks associated
with the above described detector elements.

6.9 Ré&D Plan
6.9.1 PMT System

The photomultiplier tube is one of the critical elements of the detector systemefdheit is impor-
tant to understand its performance in the antineutrino detector as well as tre @merenkov system to
the required systematic precision of the experiment. To improve our knowlefithese PMTs, we have
implemented an extensive R&D program develop or measure the following:

o Study the characteristics of the PMT that are the most important to Daya Bays(hgle photoelec-
tron response of the PMTs - peak to valley ratio, absolute gain, darktipulse rate vs. high voltage,
linearity vs. pulse height, stability, absolute quantum efficiency, variatiaquahtum efficiency vs.
position, effect of magnetic field on SPE and gain.

o Measure the radioactivity of materials used in the PMT (radioassay foatididate PMTS).

o Develop and optimize PMT bases: optimize linearity in the required dynamic cditige experiment.
reduce internal ringing due to dynode capacitance and minimize extefieatiens due to the base.

o Study the effect of prolonged exposure of PMT glass to the highly pdnifeger and mineral oil under
pressure.

o Develop a reliable, low-radioactivity, water-proof base to be used in #tenCherenkov detector.

o Develop several automated large-scale PMT test setup ( about 50 RiMifsea for onsite PMT
testing and characterization based on pulsed UV LEDs.

o Develop a signal-HV decoupler system.
o Characterize coaxial cables for underwater/oil operations, signabatien and low-noise operation.
o Develop and optimize a mu-metal shield for the PMTs.

o Develop support structures for the PMTs to allow easy installation and alignofighe PMTs in
the antineutrino detector and muon systems. While we do not foresee pintptypomplete PMT
support structure, we plan to build individual PMT mounts and test them widited PMTSs.

o Develop and test a waterproof cable feedthrough or suitable cable panteh for all PMT cables
coming out of the antineutrino detector.

o Develop QA procedures for final onsite testing and characterizatiored?fiTs.

Some of these tasks are currently underway and preliminary results wildalae in the near future.
6.9.2 Acrylic Vessels

The antineutrino detector uses a pair of nested acrylic vessels to contdarghemass and provide
high-efficiency for the detection of antineutrinos. The design, fabricaéind assembly of the nested acrylic
vessels is a unique technical challenge. It requires precision and tigtarioes as well the flexibility to ac-
commodate the dynamics of a moving detector. The collaboration plans to petbiyeritical elements
of the vessels and test them for structural strength, integrity, and leakegggh This R&D program will be
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performed jointly between the US, China, and Taiwan. The University otd¥isin and the Physical Sci-
ences Laboratory plans to design the critical and high-risk elements diedomn. In parallel, collaborators
from National Taiwan University will work closely with Nakano Ltd. in Taiwém prototype these parts,
seek their engineering input, and test the manufacturing process oftédmase

6.9.3

Fabricate and test a full-size, bolted acrylic flange with O-ring seal focdmaection of calibration
ports.

Fabricate and test a full-size acrylic penetration of a calibration pipe thrthegtop of a vessel with
a suitable (double?) O-ring or U-seal.

Design, prototype, and test alternative seals such as U-seals, silealsgetc.

Develop and test of a flexible coupling between the acrylic tanks and tHésstksuch as a composite
coupling using corrugated Teflon tubing.

Design and construct a full-size prototype overflow tank with ports foidiguonitoring instrumen-
tation.

Machine and test a prototype flange for a removable lid to the acrylic vessels
Test the machining capabilities for a conical top/bottom to the acrylic vessel.
Test the structural strength and properties of acrylic ribs, feet, @elsapport structure.

Fabricate a prototype reflector using a sandwiched construction of higittive film between two
acrylic plates. The adhesive to bond this structure and risk of possilljasrneeds to be studied.

Perform extensive materials compatibility tests of acrylic with Gd-loaded liquidikator and un-
doped liquid scintillator studying both the optical as well as the structuraleptieg.

Characterize the optical properties of possible acrylic supplies throwgties of systematic and
well-characterized transmission measurements.

Instrumentation&Monitoring

Measurement of the target mass and monitoring of the state of the antineei@eto during assembly,
filling, and operation is key to understanding the systematics of the experivilerglan to test individual
units of all key instrumentation of the antineutrino detector prior to their installatidhe detector. Key
instrumentation tests will include the following:

(¢]

o

o

(@]

@]

Accuracy and long-term stability of load cells and flowmeters for target massurements.
Accuracy, reliability, and materials compatibility of liquid level sensors in owartianks.
Test laser surveying method for determining the as-built geometry of thikcaoessel.

Test leak tightness of windows in tank against oil for visual monitoring.

Characterization of accelerometers and motion monitor for detector tramsublifting.
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6.9.4 Assembly&Integration

The antineutrino detector will consist of a pair of nested acrylic vessatieiassteel tank surrounded
by a structure of photomultipliers. The nested geometry and multiple zones dkethetor pose unique
challenges to the assembly and integration of all subsystems. During the R&le ph2007 we will develop
a procedure for the assembly of the detector paying particular attention naitigation of assembly risks
and the reduction of labor intensive steps which could pose risks formemars and schedule. A small-
scale, simplified mockup model of the detector may be built to develop and grénti@ssembly sequence
of the Daya Bay antineutrino detector and better understand the assense.

6.10 Manufacturing Plan

The antineutrino detector is jointly designed and built between the China, TaRussian, and US
groups of the Daya Bay collaboration. In this subsection we outline the metauihg plan for the detector
and its subsystems:

o Detector Tank: The detector tank is a stainless steel construction that provides the oppertsior
the inner acrylic vessels and liquids. The detector tank will be designechandfactured in China.
A manufacturer close to the Daya Bay site may be chosen. We assume in thig@DRe steel tank
will be welded and constructed at the manufacturer and shipped to theB2gysite as a complete
assembly. Once it arrives on-site the tank will be cleaned and prepardokef detector assembly in
the cleanroom of the surface assembly building. If the tank is to be cotesiroo-site at Daya Bay
additional infrastructure beyond what is described in this CDR may bessage Preparations of the
tank prior to the assembly of the detector include:

— cleaning of the tank’s inside
— survey of inner and outer tank dimensions
— lubrication of all threads on the inside with compatible, clean mineral olil

o Acrylic Vessels: The design of the acrylic vessels will be done by the US together with engigee
support from China and Taiwan. We foresee the fabrication of thdi@egssels at Nakano, an acrylic
manufacturer in Taiwan. This company will fabricate the acrylic vesselraladed acrylic fixtures
such as support ribs and pipes. The acrylic hardware will be clearsgzbtifications and shipped to
the Daya Bay site where they will be received in the surface assembly lguilSpecialized acrylic
hardware including acrylic bolts, flanges, and overflow tanks may al&abieated elsewhere. In this
case the same supplier of the UV transmitting Lucite will be chosen. The detas@ghdf the acrylic
vessels and their manufacturing process are under study. It haserotibcided yet whether the nested
acrylic vessels will be assembled at the manufacturer and shipped in ageguiassembled at the
Daya Bay site. Also, two different designs are under considerationlhAlfonded vessel design or a
design based on a modular structure that can be taken apart and disméabteding of the acrylic
vessels is done at Daya Bay expert personnel from the acrylic naatga may be needed on-site
for this work. The acrylic vessels are a critical item of the detector systeenaM exploring the
possibility of backup vendors in China and in the US for a comparison o aincl technical quality.

o Overflow Tanks: Overflow tanks outside the antineutrino detector are needed to accommaoelate th
expansion of detector fluids during temperature variations. These tankisemaade out of stainless
coated with Teflon or acrylic. They are to be instrumented with liquid levelssrend temperature
sensors to precisely monitor the target mass inside the detector and thevow@itimes. The over-
flow tanks and related instrumentation are designed by the University obwWéstand PSL together
with IHEP. Their design is closely related to the design of the acrylic vesadishe steel detector
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tank. They have to interface with the stainless steel tank, th calibration sysiathsonnect to the
inner acrylic vessels. The place of fabrication is not yet decidedpiags on the choice of materials
and the final design. R&D and design studies will continue at the Univergityisconsin and the
Physical Sciences Laboratory. We also plan to perform final tests atrdnment the overflow tanks at
the University of Wisconsin before they are shipped to China and installbé @ntineutrino detector
at Daya Bay.

o Liquid Scintillators:

— 0.1% Gd-loaded liquid scintillator for inner antineutrino tardadya Bay will prepare 20 ton of
concentrated ( 1%) Gd-LS first either remotely or locally, which has nobgen decided, and
then dilute this concentrated batch to 200t of 0.1% Gd-liquid scintillator on-site.synthesis
recipes for Gd-loaded liquid scintillator are successfully developed&lPlahd BNL. The scale-
up technologies for both recipes are undertaken at both institutes. \Wetdmselect one as the
production recipe with another one as the back-up recipe in Septemb@r\8ih the current
schedule of filling the first pairs of detector modules in summer 2007, theiptiod time of 20t
of 1% Gd-LS is anticipated to be six months, starting in January 2007.

— Unloaded LS fory-catcher:Two linear-alkyl-benzene (LAB) manufacturers, Fushun in China
and Petresa in Canada, have been inquired by IHEP and BNL. Botliesspgre capable of
providing ~400 ton of LAB in a short turn-around time (for example, the yearly préidac
of Petresa LAB is~120,000 ton) and working closely with Daya Bay scientists. Drums of
LAB samples provided from both companies have been tested at IHEPNindTBe chemical
qualities of LAB from both vendors are rather similar and proven to be aat@fy. Daya Bay
will select the final supplier in October 2007.

— Mineral oil for buffer region:mineral oil will be purchased from China and delivered to Daya
Bay site without any further chemical processes. The batch-to-batigtioa of chemical prop-
erty and quality for mineral oil is well known. IHEP and BNL will impose qualétgsurance
criteria for the acceptance of mineral oil from the vendor. We expecatd¢araulate 400 ton of
mineral oil in six months, starting in January 2007.

o PMT Support Structure: The PMT support structure will be designed by the US and fabricated
in China. The University of Wisconsin, UCLA, and Berkeley are cuilyeworking together on a
design that meets the PMTs specifications and installation requirements fottitihesus&rino detector.
This work is done in close collaboration with the IHEP group in China to defiadrterface points
with the stainless steel tanks. The current plan is for the Physical Ssikaberatory to oversee the
final design of the PMT support structure and its fabrication. Fabricatiirboe done in China. A
manufacturer is yet to be identified.

o PMTs and Cables: The PMTs will be procured by UC Berkeley/LBNL and tested by Berkeley,
UCLA, and other institutions. Some of the testing work will be done in China in lcotktion with
university groups. The bases for the PMTs will be designed and metnuéa at UCLA. The potting
of the PMT bases will be performed in China.

The mechanical parts of the water-proof, potted PMT base housingsevdi&igned and fabricated at
UCLA. The design will be developed as part of the ongoing Daya Bay R&fstart in April 2007.
We expect to complete the design and prototyping of these bases by thd éml¢g @007. Based
on similar designs, the UCLA machine shop has estimated that the productiactofreechanical
housing will take~2.5 hours. Assuming availability of founding by Oct 1 2007, we expectddyce
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100-200 housings per month after an initial setup period of 1 month. Thisesililtrin delivery of
100-200 units per month starting early January 2008.

The PMT base printed circuit fabrication and the assembly will be done teyreat vendors. Based
on past experience we expect that by January 2008 we will have l0UbBses tested and available
for shipment to China. The remaining bases could be delivered at a ra@®e#00 units per month
following the initial delivery.

The PMT base printed circuit boards and the housings will be assembleliria @ainly by the
Chinese members of the Daya Bay collaboration. The assembly procebggattachment of the
PMT bases to the PMTs and injecting the housings with potting compound. Thigsultin a sealed
PMT assembly. The procedures and quality assurance steps to paeidesPMT-base assemblies
will be developed during the initial design and prototyping of the baseseidre, an initial 100%
underwater testing program of the first 20-50 assemblies followed hydamasample testing of 5%
of the assemblies should suffice to insure the integrity of the seals.

o Reflector: The reflectors increase the light collection and energy resolution. Towsist of a re-
flective foil sandwiched between acrylic plates. China will design anddate the reflectors for the
antineutrino detector and ship them to Daya Bay.

o Monitoring Instrumentation: The monitoring instrumentation for the antineutrino detector is mostly
commercially available. R&D and testing of this instrumentation is currently beirfgnoeed at the
University of Wisconsin and the Physical Sciences Laboratory. UW#&h to oversee the design of
the instrumentation package and coordinate its procurement and integratidhardetector design.
After an appropriate suite of tests at the University of Wisconsin the institatien will be shipped
to Daya Bay where it can be integrated into the antineutrino detector

The assembly, filling, and installation of the antineutrino detectors is des@ibedhere.
6.11 Quality Assurance During Fabrication and Assembly

The detector will be built in a worldwide collaboration. Fabrication of sutesys is likely to take place
in the US, China, and Taiwan. Some materials may also be procured fromaRUs®nsure the quality
and performance of the assembled antineutrino detector a few guidingppegwill be followed. We dis-
tinguish between the fabrication and assembly phase. During the fabriphatse the manufacturers carry
the responsibility to meet the specifications of the collaboration. The DayarBawngers will oversee the
manufacturing process and enforce quality assurance. In the asgemably, however, the Daya Bay collab-
oration carries the overall responsibility of defining the assembly prame$s$inding a team of scientists,
engineers, and technicians with the right set of skills to perform the aggehhie ultimate responsibility
for the successful detector assembly will be with the L2 managers.

Fabrication of Subsystems

o During the design and R&D phase the Co-L2 managers of the detector wilpeightial vendors,
establish working relationships, and personal contacts. Local codidyerpreferably at the L3 level
will be the point of contact and responsible person for overseeingtinietion of a part or subsystem
in a respective country. In some cases design and fabrication will be idadtifferent countries. In
this situation it is important for the groups responsible to understand the awdnrihg capabilities in
advance and vice versa. The R&D phase will be used to develop a mamirfgglan and establish
working relations between the design groups and manufacturing facilities.
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o The fabrication of all parts and subsystems of the detector will follow detaitéten specifications

and milestones in English. If specifications in languages other Englishgueead a translated doc-
ument will be prepared with the same level of technical detail. Translatiaicesrmay be used for
translating the technical documents.

o Procedures and quantitative measures for the quality assurance aftallapd subsystems will be

developed by the L2 and L3 managers.

o For each part or subsystem a set of milestones will be developed dueiRgtb phase and written

into the manufacturing plan.

o During the fabrication the L2 detector managers together with local L3 dsntalt regularly visit

the fabrication sites to review quality assurance and fabrication progregsilar phone conferences
will aid in updating the task groups on progress and discussing manufectamnd quality problems
as they arise.

o A document summarizing the as-built characteristics and results from difygassurance tests will

be prepared for all subsystems and made available to the collaboration.

Assembly of the Antineutrino Detector

o The assembly of the antineutrino detectors will follow strict written procedlthiat are developed

by the detector group and approved by the L2 managers and the coliabgdor to the assembly
on-site.

o Electronic and paper check sheets will be used to organize the asseflly ef

o A Daya Bay collaborator with scientific and technical experience (paibfgithe L2 managers or des-

ignated representative) will be present on-site during the entire assenaolyss for the antineutrino
detector to discuss and approve any change in the assembly prodédutmavoidable that certain
decisions regarding the assembly have to be taken in real-time and casino¢ filiscussed via phone
or video conference. In addition, we require that L3 managers (dgrked representative) will be
on-site and available for discussion when their respective subsystetagsated into the antineutrino
detector.

o Regular phone and video conferences will be used to monitor the asseroghggs and inform the

collaboration.

6.12 ES&H

An extensive discussion of the hazards and safety consideratiorefantmeutrino detector systems is

given in the separate document “Daya Bay Project: Hazards & Safetgi@rations”.
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7 Calibration and Monitoring Systems

The measurement efn? 26,3 to a precision of 0.01 in the Daya Bay experiment will require extreme
care in the characterization of the detector properties as well as friequoaitoring of the detector perfor-
mance and condition. The physics measurement requires that the neutxirtoe fineasured withelative
precision that is substantially better than 1%. This is accomplished by taking odtibserved event rates in
the detectors at near and far sites to separate the oscillation effect. Thisquille that differences between
detector modules be studied and understood at the leveddf% and that changes in a particular detector
module (over time or after relocation at another site) be studied and unolete0.1%. Achieving these
goals will be accomplished through a comprehensive program of detadibration and monitoring, as
described previously in Section 3.2.2.

7.1 Radioactive Sources

The response of the detectors at the far and near sites may have sneadirdiffs, and these minute
differences can lead to slight differences in efficiency and/or distoitidhe measured energy spectra of
the antineutrinos. Therefore, it is necessary to characterize the depeopeerties carefully before data
taking and monitor the stability of the detectors during the whole experiment. @@ibrsources must
be deployed regularly throughout the active volume of the detectors to sinauldtenonitor the detector
response to positrons, neutron capture gammas and gammas from thareevito

Sources that will be used in the calibrations are listed in Table 7.1. Thesmsaover the energy range

| Sources | Calibrations |
Neutron sources: Neutron response, relative and
Am-Be, 22Cf , Pu(C) absolute efficiency, capture time
Positron sources: Positron response, energy scale
22Na, %8Ge trigger threshold
Gamma sources: Energy linearity, stability, resolution
spatial and temporal variations, quenching effect
137Cs 0.662 MeV
5Mn 0.835 MeV
65Zn 1.351 MeV
40K 1.461 MeV
H neutron capture 2.223 MeV
2Na annih + 1.275 MeV
%Co 1.173 + 1.333 MeV
2087 2.615 MeV
Am-Be 4.43 MeV
B8pyd3C 6.13 MeV
Gd neutron capture ~8 MeV

Table 7.1. Radioactive sources to be used for calibrations.

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

The Am-Be source can be used to calibrate the neutron capture deteéibieney by detecting the
4.43 MeV gamma in coincidence with the neutron. ¥H#u-'2C source will similarly provide a 6.13 MeV
gamma in coincidence with the neutron. The absolute neutron detection efjician be determined with a
22Cf source, because the neutron multiplicity is known with an accuracy oit@8%. In addition, neutron
sources allow us to determine the appropriate thresholds of neutron detactido measure the neutron
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capture time for the detectors.

The positron detection can be simulated b¥?Ba source. When &Na source emits a 1.275 MeV
gamma, a low energy positron will be emitted along with the gamma and then annihiteterimary
gamma and the following annihilation gammas mimic the antineutrino event inside th&odetec

The sources must be encapsulated in a small containers to preventsailylgpacontamination of the
ultra-pure liquid scintillator. They can be regularly deployed to the wholeagtlume of the detectors and
the~-catcher.

7.2 LED Calibration System

LEDs have proven to be reliable and stable light sources that can ¢efespulses down to ns widths
at similar wavelengths (470 nm) to the light propagating in liquid scintillator fronziog radiation. They
are therefore ideal light sources for checking the optical propertignediquid scintillator, the performance
of the PMTs and the timing characteristics of the data acquisition systems. Likers will control
the pulsing of the individual LEDs which are coupled through optical $itierdiffuser balls installed in
the automated deployment system which shall be described in Sec 7.5. flisedifalls and optical fibers
will have to be fully compatible with liquid scintillators. The features of the LED calilon system are
described briefly below.

1. Ty: The diffuser ball on the central axis of the detector module will be lowsaretie level of each
ring of PMTs and then light pulses of around 2 ns are emitted to set the bkewents for that ring
of PMTSs.

2. Optical attenuation length: The calibration PMTs at the top/bottom of thetdet&itl measure the
light intensity emitted from the descending central diffuser ball to monitor thé ditgenuation length
of the Gd-LS. Similarly the diffuser ball and calibration PMT in theatcher will monitor the light
attenuation length of the LS in thecatcher. (see Fig. 3.3.)

3. PMT gains: The quantum efficiency and gain of the PMTs are monitoyddviering the central
diffuser ball to the appropriate rings of PMTs and then flash the light piitsgive single p.e. at the
PMTs.

4. Timing characteristics of DAQ: Double flashes of different intensitiesifthe diffuser ball can mimic
the inverse beta decay. The pulses can be triggered by the muon sysitéme palse separation can be
generated randomly or stepped gradually for checking the perfornadittoe data acquisition system.

5. The controller can be triggered by the muon system to test the detegionsesfollowing muon
events.

7.3 In-situ Detector Monitoring

Each detector module will be equipped with a suite of devices to monitor in-situ ebthe critical
detector properties during all phases of the experiment. The in-situ mongitmétudes load and liquid
sensors for the detector mass, attenuation length measurements of thet@ddi&nd the LS-catcher,

a laser-based monitoring system for the position of the acrylic vesseleemueters, temperature sensors,
and pressure sensors for the cover gas system. A sampler for raxttiaetion of a LS sample complements
this multi-purpose suite of monitoring tools.

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

1. detector filling
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2. data taking

3. detector transport and swapping

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

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

The transport of the filled detectors to their location and the swapping oftdeseover a distance of
up to~1.5 km is a complex and risky task that will require close monitoring of the straidtealth of the
detectors modules during the move. The proposed swapping scheme efeb®ds is a novel method with-
out proof-of-principle yet. While conceptually very powerful, extreraeechas to be taken in the calibration
and characterization of the detectors before and after the move to be aoledot for all changes in the
detector response or efficiencies. The accelerometers, presssmsseand the monitoring of the acrylic
vessel positions will provide critical real-time information during this proceda ensure that the detectors
— and in particular the acrylic vessels and PMTs — are not put at riskori@iggy any changes in the de-
tector modules will also help us understand possible differences in theatetesponse before and after
the move. The acrylic vessel position monitoring system will use a laser bedme#tective target on the
acrylic vessel surfaces. By measuring the angular deflection of thrddeam over the length of the detector,
transverse displacements of the acrylic vessel can be monitored quiiseprec

mass flow automated calibration with
volume flow jv radioactive sources

J‘ attenuation length
measurement in central
target and gamma
catcher

Fig. 7.1. Diagram illustrating the variety of monitoring tools to be integrated into the
design of the antineutrino detector modules.



7 CALIBRATION AND MONITORING SYSTEMS 152

7.4 Detector monitoring with data

Cosmic muons passing through the detector modules will produce useftilishd radioactive iso-
topes and spallation neutrons. These events will follow the muon signat{eetm the muon system as
well as the detector) and will be uniformly distributed throughout the detgotame. Therefore, these pro-
vide very useful information on the full detector volume which is complemeitettye information obtained
by deploying point sources (see Sections 7.5 and 7.6). For examplteggeiats are used by KamLAND to
study the energy and position reconstruction as well as to determine the [fidoiciane. As with Kam-
LAND, the Daya Bay experiment will use primarily spallation neutron captace'3B decay ¢ = 29.1 ms
andQ = 13.4 MeV). The rates of these events for Daya Bay are given in Table 3.5.

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

7.5 Automated Deployment System

Automated deployment systems will be used to monitor all detector modules ortigeréueekly,
perhaps daily) basis. Each detector module will be instrumented with thregalerutomated deployment
systems. Each system will be located above a single port on the top of tteodetedule, and will be
capable of deploying four different sources into the detector voluneKRee 7.2). This will be facilitated

16.000

Calibration unit parting line
i parting _

OO,
N L\

7.832
(Height to make 100 liter volume)

Fig. 7.2. Schematic diagram of the automated deployment system conceptsizingen
are in inches.

by four independent stepping-motor driven source deployment unitsalhted on a common turntable.
The turntable and deployment units will all be enclosed in a sealed stainletvessel to maintain the
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isolated detector module environment from the outside. All internal compomnaus be certified to be
compatible with liquid scintillator. The deployment systems will be operated urmapeter-automated
control in coordination with the data acquisition system (to facilitate separatisousce monitoring data
from physics data). Each source can be withdrawn into a shielded arelos the turntable for storage.
The deployed source position will be known to about 2 mm.

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

o 98Ge source providing two coincident 0.511 Me\rays to simulate the threshold positron signal,
o 59Co source providing a signal at 2.506 MeV
o 252Cffission source to provide neutrons that simulate the neutron captugd.sign

The fourth motor unit will be used to deploy a LED diffuser ball into the dete¢t@onceptual diagram of
the LED coupling to the diffuser ball is shown in Fig. 7.3.

LED pulser

on the wheel
LED coupled

to fiber \

LED
controller

<— QOptical fiber

. o = Weight
Electrical slip ring

() «— Diffuser ball

Fig. 7.3. Conceptual diagram of the LED deployment system.

These sources can be deployed in sequence by each of the systeahatetctor module. During
automated calibration/monitoring periods, only one source would be depioyeath detector module at
a time. Simulation studies are in progress to determine the minimal number of locagicessary to suf-
ficiently characterize the detector (in combination with spallation product dadeéseussed in section 7.4).
At present we anticipate that three or four radial locations will be sufficiéth at least three as follows:

o Central axis

o A radial location in the central Gd-LS volume near (just inside) the inner dsiial acrylic vessel
wall

o Aradial location in they-catcher region.
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An additional radial location may be instrumented if it is demonstrated to be sgyely the ongoing
simulation studies.

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

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

as well as other optical properties of the detector system. Examples ofdfeedetailed in Section 3.2.2.5.
7.6 Manual deployment system

A mechanical system will be designed to deploy sources throughouttilie eslume of the detectors.
The source inside the detector can be well controlled and the position capéated at a level less than
5 cm. The whole deployment system must be treated carefully to prevempatgmination to the liquid
scintillator. The system must be easy to setup and operate, tolerate frexgeeand must have a reliable
method to put sources into the detectors and to take the sources out asheedpdlce for operation should
not be too large. Figure 7.4 shows a schematic view of the manual soytmy/ent system. The phi-
losophy of such a system is taken from the oil drilling system. The supfmetip separated into several
segments. They can be connected one by one to make a long suppoitipgpdesign would reduce the
requirement for large space for operations.

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

7.7 Manufacturing Plan

The automated deployment systems will be fabricated in the Kellogg Laborattting California In-
stitute of Technology (Caltech). Substantial components such as gats,vstepping motors, slip rings,
and stainless bell jar lids are commercially available. Many custom componetiss the pulley wheels,
turntable, and miscellaneous parts will be machined in shops at Caltech.BDgllser units and fiber
optics will be supplied by Hong Kong University and installed at CaltechhEployment system will be
fully assembled and tested at Caltech prior to shipment to China. Afterlaatitree Daya Bay site, the units
will be tested, installed and commissioned on the detector modules.

Radioactive sources will be procured, prepared, and tested at iha Cistitute for Atomic Energy
(CIAE).

The manual deployment system will be fabricated at CIAE. CIAE is resipteafor testing, installation
and operation of the system.

7.8 Quality Assurance

The assembled automated systems will be fully tested at Caltech prior to shipr@ingo Positioning
accuracy of 2 mm, reliability, and fail-safety of interlocks will all be establistiering this testing program.

The manual system will be tested at CIAE prior to shipment to the Daya BayPsis#tioning accuracy
of 2 mm, reliability, and fail-safety of interlocks will all be established during te&ing program.
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Fig. 7.4. Schematic diagram of the manual source deployment system.

Radioactive sources will be tested to certify that they are leak-tight. Thisnegllide soaking in acid
or other solvent and counting the soak liquid. Absolute activity of eachceawill be measured and docu-
mented.

7.9 ES&H

The calibration systems do not involve flammable materials or gases, high vataggner hazards.
The radioactive sources are of very low activity, typically 1000 Bq os,laad will be operated in a shielded
environment so that they do not represent a hazard to humans. Relrgouolved in the installation and
testing of the sources will need to be properly trained and monitored, bdbgesrates will be extremely
low, of orderurem/hr.

7.10 Risk Assessment

The primary risk associated with the calibration systems is the interface with tbetalemodule. In-
terlocks must insure that the pressure in the calibration system is equalthatievdetector before opening
the gate valve and deploying a source. The sources and materials mustieletdoebe compatible with the
liquid scintillator to avoid contamination of the detector.
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8 Muon System

The main backgrounds to the Daya Bay Experiment are induced by coayniouons. These back-
grounds are minimized by locating the detectors underground with maximuribleoggerburden. Back-
ground due to muon spallation products at the depths of the experimentahéalisll as ambient back-
ground due to the radioactivity of the rock surrounding the experimeatsl is minimized by shielding the
antineutrino detectors with 2.5 meters of water. Gammas in the range of 1-2 ideMenuated by a factor
~10 in 50 cm of water [1]. Thus the 2.5 meters of water provides a reductitreirock~ flux of roughly
five orders of magnitude. This “water shield” also attenuates the flux dfereproduced outside the water
pool.

Events associated with fast neutrons produced in the water itself remain apuoggatial background.
A system of tracking detectors will be deployed to tag muons that traversgdtes shield. Events with
a muon that passes through the water less than.@08efore the prompt signal, which have a small but
finite probability of creating a fake signal event, can be removed from ditee shmple without incurring
excessive deadtime. By measuring the energy spectrum of taggedrtmactigevents and having precise
knowledge of the tagging efficiency of the tracking system, the backdréiom untagged events (due to
tagging inefficiency) can be estimated and subtracted statistically with smaitaintg Our goal is to keep
the uncertainty of this background below 0.1%.

The muon system will also have some ability to identify showering muons. Suchaiawe an en-
hanced likelihood to produce other cosmogenic backgrounds, of whicls the most important. This
capacity supplements the ability of the AD to identify such muons. Although, esstied in Section 3.3.3,
we plan to measure and subtract this background, it may also be possihblgpress it without unaccept-
able deadtime by identifying likely parent muons and rejecting subsequesiteayt signal candidates. While
such tagging may help to suppress thebackground, the working assumption is that no extra requirements
are imposed on the muon system in order to reduce this background.

The current baseline configuration for meeting these challenges is sswvematically in Fig. 8.1.
The antineutrino detectors are separated by 1 m from each other and ednes large pool of highly-
purified water. The pool is rectangular in the case of the near halls aagesip the case of the far hall. The
minimum distance between the detectors and the walls of the pool is 2.5 m. Theshiatdris divided into
inner and outer sections of the pool and instrumented with phototubes ta Géteenkov photons from
muons impinging on the water. The outer side and bottom sections of the goblmarthick, read out by
phototubes spaced periodically. The outer sections are separateth&onmer pool by Tyvek film 1070D
reflectors stretched over a stainless steel frame. The frame holds PMialh the inner and outer sections
of the pool. The muon tracker is completed by four layers of Resistive PlaenBers (RPCs) above the
pool. The top layers extend 1 m beyond the edge of the pool in all directiotis to minimize the gaps in
coverage and to allow studies of background caused by muon interaictithesrocks surrounding the pool.

Expected rates of cosmic ray muons in the components of the muon system foamd in Table 9.3.

8.1 Muon System Specifications

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

8.1.1 Muon Detection Efficiency

The combined efficiency of the muon system has to exceed 99.5%, with antainty <0.25%. This
is driven by the need to reject the fast neutron background from mueraations in the water and to
measure its residual level. As can be seen in Table 3.11, without sujppressr simulations predict this
background would otherwise be50 times that of the fast neutron background from muon interactions in
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Fig. 8.1. Elevation view of an experimental hall, showing the baseline desighd
muon system. This includes a layer of RPCs above a water pool with at |&ast 2
of shielding for the antineutrino detectors, two layers of 8” photomultipliers @& th
water, with compartmentalization of the outer 1 m of water for position resolutidn a
redundancy.

the surrounding rock,e. at a level roughly 2% of that of the signal. According to our simulation, tofauf
200 reduction in this rate brings the fast neutron background from tter wafely below that from the rock,
and the total residual fast neutron background down to the 0.1% level€tjuirement on the uncertainty
in the efficiency brings the systematic due to the uncertainty on the fast ndagteiground from the water
to a level at which it is small compared with other systematics.

8.1.2 Muon System Redundancy

It is difficult to achieve the requisite efficiency with only one tagging systemredver it is necessary
to have a method of determining the residual level of background after thesitigmoof the muon rejection
cuts. Therefore it is desirable to have two complementary tagging systenwssgatreck the efficiency of
each system and allow detailed comparison with simulation.

As discussed below, the current baseline design is to instrument the Wwatdras a Cherenkov tracker
by deploying 8" PMTs in the water with 0.8% coverage. Such systems aee&gto have-95% efficiency.

A second tracking system, in our baseline a combination of RPCs [2] [3fesdod outer water sections at
the sides and bottom of the water pool, can give an independent efficiéne90%. The two systems
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compliment each other, with the probability of a muon being missed by both sysetars @.5%.
8.1.3 Spatial Resolution

The fast neutron background due to muons interacting in the water shislchfaidly with the distance
of the muon track from the AD. The spatial resolution of the muon trackesldhme sufficient to measure
this falloff. Measurements from previous experiments show that the cieaistic falloff distance is about
1 meter [4]. A spatial resolution of 50-100 cm in the projected position in th®meof the antineutrino
detectors is necessary in order to study this radial dependence. ThmwltEgies we are proposing are
capable of achieving sufficient resolution in each coordinate.

8.1.4 Timing Resolution

There are several constraints on the timing resolution. The least restiEtn the time registration
of the muon signal with respect to that of the candidate event. To avoid comging the veto rejection to
a significant extent, this resolution need only be in the range of fractioasra€rosecond. More stringent
requirements are imposed by other, technology-dependent, considsrédfite water shield PMTs need
~2 ns resolution to allow spatial reconstruction of the muon trajectory.

If scintillator strips are used, 1ns time resolution will allow the random vetotdaadrom false co-
incidences in that system to be held to the order of 1%. RPCs will R&&dns resolution to limit random
veto deadtime from false coincidences in that system to a similar level.

8.1.5 Water Shield Thickness

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

8.1.6 Summary of Requirements

The requirements discussed above are summarized in Table 8.1

The overall inefficiency for the muon system for cosmic rays should ©&%.

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

Random veto deadtime should be held&i®5% to avoid undue impact on our statistical precision
The uncertainty on the random veto deadtime should be no greatet-thés%

The position of the muon in the region of the antineutrino detectors shouldi&erdeable to 0.5-1 m
Timing resolution oft1, 2, 25 ns for scintillator, water shield, and RPCs respectively

Thickness of the water shield of at least 2 m

Table 8.1. Muon system requirements

8.2 Water Shield

The antineutrino detectors will be surrounded by a shield of water with arteégskof at least 2.5 meters
in all directions. Several important purposes are served by the watst. fast-neutron background origi-
nating from the cosmic muons interacting with the surrounding rocks will befigigntly reduced by the
water. Simulation shows that the fast-neutron background rate is reby@ethctor 1.5-2 for every 50-cm
of water. Second, the water will insulate the antineutrino detectors fromrhreducing background from
the radon in the air as well asrays from surrounding rocks and dust in the air. With the low-energy
flux reduced by a factor 10 per 50-cm of water, the water can very effectively reduce the ectatiback-
ground rate associated with theays. Third, the water shield can be instrumented with PMTs for observing
the passage of cosmic muons via the detection of the Cherenkov light.
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The active inner and outer water shield sections, together with the RR@safoefficient muon tagging
system with an expected overall efficiency greater than 99.5%. The abitdg tmuons with high efficiency
is crucial for vetoing the bulk of the fast-neutron background. Finally,linge mass of water can readily
provide a constant operating temperature for the antineutrino detectbesragar and far sites, eliminating
one potential source of systematic uncertainty.

8.2.1 Water Shield Design

The schematics of the water shield is illustrated in Fig. 8.1 for the water potijooation. The cylin-
drical antineutrino detector modules are placed inside a rectangular c#ettiviith purified waterj.e. a
water pool configuration. The dimensions of the water pool are ¥@8nmx10 m (high) for the far site,
and 16 nx10 mx 10 m (high) for the near sites. The four detector modules in the far site withbeersed
in the water pool forming a 2 by 2 array. As shown in Fig. 8.1, the adjacatettbr modules are separated
by 1 meter and each module is shielded by at least 2.5 meters of water in afiosise¢or the near sites,
the two antineutrino detector modules are separated by 1 meter. Again,@nynseory rays from the rock
must penetrate at least 2.5 m of water in order to reach the antineutrindcdetestiules. The weight of
water is 2170 ton and 1400 ton, respectively, for the far site and fér @fate two near sites.

The water shield is divided into inner and outer sections separated bk pgvttions. The outer sec-
tions are 1 m thick covering the sides and bottom of the pools.

8.2.2 Water Shield PMT layout

In the baseline design the inner water shield will be instrumented with arraysneispheric 8” PMT
as shown in Fig. 8.2. Inward-facing PMT arrays will be mounted on frapteesed at the sides and on the
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Fig. 8.2. Plan view of a near hall configuration.

bottom of the pool, abutting the inner surfaces of the outer sections (whicheacovered with Tyvek).
The PMTs will be approximately evenly distributed forming a rectangular giid & density of 1 PMT
per~4 m?. This corresponds to a 0.8% areal coverage. The total number of RMTise far site and the
two near sites is 415, as detailed in Table 8.2. bottom 23 The outer shield haslifaging PMTs on the
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inner | inner | inner| outer outer outer | grand
Site bottom | sides| total | in-facing | out-facing| total | total
DB Near 23 100 | 123 104 64 168 | 291
LA Near 23 100 | 123 104 64 168 | 291
Far 41 128 | 169 132 80 212 | 381
All three 87 328 | 415 340 208 548 | 963

Table 8.2. Number of PMTs for the water shield.

sides and bottom of the pool and outward-facing PMTs on the side partiifireg, densities of one per
6-7 n¥. The numbers are summarized in the same table. Bases for these PMTs wittwn clesigned and
manufactured potted and encapsulated. The final design will completeavaftthoose a PMT. Figure 8.3
shows the design of a base with the required characteristics that istofffgtéamamatsu.
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Fig. 8.3. Hamamatsu proposal for PMT base suitable for use in ultra-patsz.w

The HV system will be very similar to that described in Section 6.4.5 for the aritine detector
PMTs. One candidate PMT support scheme is shown in Fig. 8.4. The PM3tdomsupported against their
own weight in air but also against a much larger buoyant force wheratteaynder water. In this scheme they
are supported near the widest part of the bulb by pressure betwesftoa backing ring and a transparent
PMMA pressure disk which themselves are affixed via three “legs” to thpatiframes. The pressure disk
is attached to slotted bars at the three points. Bolts through the slots allow ataatiuattachment to the
support legs. One leg is above and two below the PMT. There is also astgdgert (not shown) to relieve

stress on the base.

Efficiency, position resolution, timing resolution, etc. are being further opéichizy Monte-Carlo sim-
ulations now in progress. The baseline and a number of other possiafegaments of PMTs have been

studied so far.

8.2.3 Water Shield Front-End Electronics

Extrapolation of the curves in Figs. 8.9 and 8.17 indicates that although thieamwof photoelectrons
per PMT has a long tail, only about 0.01% of the PMTs see more than 100gbctions. Thus the per-
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Fig. 8.4. PMT support scheme for water pool.

formance of the antineutrino detector electronics, as listed in Table 9.1lldsbentainly be adequate for
the water shield readout. However the reduced dynamic range requireragindicate that less expensive
options should be considered for the pulse height measurement. In additt@pulse height information,
timing information will also be provided by the readout electronics. With 0.5 nd/Bi@s, a timing reso-
lution of 2 ns is readily achievable for a single PMT channel. The enengydithe PMTs as well as the
multiplicity of the struck PMTs will be used for defining the muon trigger (sedi&e®.2.3).

8.2.4 Calibration of the Water Shield PMTs

The gain stability and the timing of the PMTs will be monitored by a system of LEDs sitailthat
for the antineutrino detectors as described in Section 7.2. In this caseftisediballs will be permanently
mounted at several locations within the water shields. No radioactiveesouiitt be required.

8.2.5 Water Conditioning

The pool water needs to be conditioned to meet specifications necessacéptable performance.
These include clarity, radioactivity, long term corrosiveness, and teatye. A preliminary design for the
water conditioning system is shown in Fig. 8.5.

Our clarity specification is a requirement that the attenuation length for Gk®rdight be on the order
of the pool dimensions or larger. For micron sized particles, this translatepadicle density of0'%/m?3
or less. We expect to use a filter stage followed by reverse osmosis to maebfraur specifications. Such
a system has been used to reduce suspended particles down to 1 nitneardissolved solids in water to a
level of 4 ppm [5], far lower than necessary for water clarity.

Most radioactive backgrounds will be carried on suspended paréinksemoved to a satisfactory level
by the filters. Radon presents a particularly insidious background fanti@eutrino detectors, however, and
is dissolved in the water as a noble gas. Estimates of the effectayfs from the?!“Bi daughters indicate
that radon needs to be reduced to a level less than 5B@m 10° atoms/m). The Super-Kamiokande
detector [6] achieved a three order of magnitude lower concentratiog usierse osmosis, followed by
vacuum and membrane degasification stages, which are likely unngctssaur specifications.

Water can act as a corrosive agent, given certain characteristiteiredats “purity” and to the materials
that are submerged in the pool. Of particular interest are the PMT glaasdfjases, given their operational
criticality and high voltage characteristics. One must also take care in theicelet materials used for
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Fig. 8.5. Schematic diagram of a water conditioning system.

support and framing. Aside from potential compromising of their struciatagrity, they could introduce
dissolved solids which may violate other criteria. We are studying thesetagg¢ice problem to understand
if they need to be considered after the other specifications are met.

The water pool will effectively serve as a temperature stabilization mediuthéoantineutrino detec-
tors. Keeping the temperature constanitty C is required by the AD design and equalizing the tempera-
tures between the near and far halls to the same level is necessary tedaleetical” detector pairs. The
cost and challenges of maintaining an overall temperature specificatiortheittater pool in contact with
the cavern walls, is being investigated.

Bacterial growth in the water must also be minimized, at least for the sakerif.cl first approxi-
mation, this is accomplished using an ultraviolet sterilization stage [6,8]. Gava&rmoned at radon, will
also be used to remove dissolved oxygen, and we will aim for as low aatopgtemperature as possible,
given other constraints. We anticipate circulation~af0 gallons/minute in the Far Hall pool are#45 gal-
lons/minute in the near hall pools which will allow one complete turn-around oivetter in about 6 days.

8.2.6 Inner Water Shield
8.2.6.1 Inner Water Shield Simulation Studies

Figure 8.6 shows the simulated distribution of track length of cosmic ray muons indter shield of
the Far Hall. The mean distance traveled through the water is about 5.5 mullfggdmetric coverage with
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inner water shield for the Far Hall. The Fig. 8.7. Total number of photoelec-
edge at around 4.5 m is due to muons trons observed in baseline configuration
that penetrate the water and the ADs in the inner shield of the Far Hall.

approximately vertically while the edge
around 9 mis due to those that miss the
ADs.

a typical bialkali photo-cathode, one would expect about 16,500 pleatoens from a track of this length.
Taking into account the 0.8% PMT geometric coverage, these muons wawdga~130 photoelectrons
in the PMTs from photons collected directly. As can be seen in Fig. 8.7, iowlaion shows that the
average is actually-770 for the baseline configuration. Our simulation verifies that this is dudléried
photons. A photon collection time of 200 ns is assumed. We conservatislyjnasan attenuation length of
20 m. These photoelectrons are spread over an averag8®©PMTs as seen in Fig. 8.8, and the resulting
distribution of photoelectrons in a single PMT is shown in Fig. 8.9. As expdhtedverage for events with
non-zero PMT counts is about 7 photoelectrons, although there is a ibagganential tail.

Muons are identified in the Monte Carlo by demanding a minimum number of PMT&td&#@sults on
efficiency of the inner water shield as a function of the number of PMTs ddathare shown in Fig. 8.10. In
each case a threshold number of PMTs is determined by the requiremehetdaadtime due to random co-
incidences be:1%. Conservatively an effective singles rate (dark current plusaativity) of 50 kHz/PMT
was assumed for this calculation. For the baseline configuration desealiloed, this level was reached at
a threshold of 12 PMTSs, yielding an efficiency of 98.6% as can be seantfre lower curve in Fig. 8.0
The PMTs, bases, electronics and PMT support scheme for this reditve the same as those for the inner
pool. However the outer shield will have its own front-end electronics agger.

8.2.7 Outer Water Shield

Combined with the RPCs to be discussed below, the outer water shield fornaslyamearmetic muon
tagging layer that can determine the path of muons through the region of tihewrino detectors. In
addition, it can measure the efficiency of the inner water shield for muons.

As mentioned above, the water pool is divided into inner and outer sectiomeflecting dividers

*Note that since virtually all muons entering the inner water shield must hevetgated the RPCs or the outer water shield, the
overall efficiency is higher than this.
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ration of the Far Hall.

Fig. 8.8. Number of inner shield photo-
tubes hit in baseline configuration of the
Far Hall.

supported on stainless steel frames as shown in Fig. 8.11. The outensectdl m thick. The dividers are
multilayer films supported by stainless steel frames. Outer layers of Dugwek Tilm 1070D sandwich an
inner layer of thin white plastic. These films separate the inner and outer paiksr optically. Figure 8.12
shows the scheme for constraining the separator panels, and Fig. 8viStstw the panels are attached to
the frames. The frames are also used to support the inner water shielsl &MTsome of the outer water
section PMTs (the rest are supported on the pool side and bottom walls).

8.2.7.1 Performance of the Outer Water Shield

The distribution of track lengths in the outer shield is shown in Fig. 8.14. Herawarage path length
is about half that of the inner shield. However, as shown in Fig. 8.15,uhwer of photoelectrons collected
is about 2/3 of that of the inner shield, because the overall density ofsR8/iigher in the outer shield.

Figure 8.16 shows the number of phototubes excited by the passage ohdhmuagh the outer shield.
This is again about 2/3 of the case of the inner shield. The density of PMifeiouter shield is being
further optimized by simulation. Figure 8.17 shows the distribution of the numbghatoelectrons per
phototube for the outer shield. Once again as in the case of the inner skisddgta long tail. The upper
curve in Fig. 8.10 shows the efficiency of the outer shield as a functioreaiumber of PMTs required in
the trigger. Using the same random rate criterion as for the inner shield,réshtihd number of PMTs is
13 and the outer shield efficiency for tracks that hit the water is 98.8%. tRatehe events missed by both
systems are predominantly corner-clippers that have a very short path e the water. This can be seen
in Fig. 8.18. This implies that the muons missed by the water shield are those waitirthest from the
ADs and therefore the least likely to cause fast neutron background.

8.3 Resistive Plate Chambers (RPC)

The RPC is an attractive candidate tracking detector for instrumenting leegs. &PCs are economi-
cal, and are simple to fabricate. The manufacturing techniques for bo#iiakleveloped by IHEP for the
BES-IlI detector [2]) and glass RPCs (developed for Belle [3]) ae# @stablished.

An RPC is composed of two resistive plates with gas flowing between them. diglge is applied on
the plates to produce a strong electric field in the gas. When a chargedeppatises through the gas, an
avalanche or a streamer is produced. The electrical signal is registegdkup strips placed outside the
plates and sent to the data acquisition system. In our case, the RPCs walieoipethe streamer mode.
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Fig. 8.11. Inner and outer sections of a
near hall water pool.

We plan to use RPCs developed at IHEP for the BES-IIl muon spectroffioetiie Daya Bay Exper-
iment. These RPCs were constructed using a new type of phenolic papeatamaveloped at IHEP. The
surface quality of these plates is markedly improved compared to the Baketés pteviously used to con-
struct RPCs. The resistivity of the laminates can be controlled to any value withimge of.0°—10"2 Q-cm.
These RPCs can operate without linseed oil coating. Applying linseed oietBakelite plates is a time-
consuming step in the production, and presents a major risk factor in the langperation of the cham-
bers.

About 1000 IHEP-style bare chambers1500 nt) have been produced for BES-III. Tests show that
the performance of this type of RPC is comparable to that of RPCs made witadinddreated Bakelite

and glass.

Fig. 8.12. Inner-outer pool separator Fig. 8.13. Anchoring of separator pan-
panel. els.
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The efficiency and noise rate of the BES-IIl RPCs have been meaduarEdy. 8.19, the efficiencies
versus high voltage are shown for threshold settings between 50 ant\25Dhe efficiency plotted does
not include the dead area along the edge of the detector, but does itltbudead region caused by the
insulation gasket. This kind of dead area covers only about 1.25% ofttlel&iection area. The efficiency
of the RPC reaches a plateau at about 7.6 kV, and rises slightly to 98%lat &0a threshold of 150 mV.
There is no discernible difference in efficiency above 8.0 kV for troktshbelow 200 mV.

It is a common practice to subject a new RPC to 10 kV high voltage in Argon feetbr more days, a
process known as “training”, to burn off dust and corona points in fizenber. The singles rate of an RPC
trained for three days is typicallx0.1 Hz/cn?. The singles rate will drop significantly below this if the
training lasts for more than one month. Figure 8.20 show the singles ratescatsvéresholds of an RPC
that had been trained for more than a month.

Although the typical singles rate after training<®.1 Hz/cn? at thresholds above 150 mV, the noise
rate, increases significantly when the high voltage is raised above 8 kV.

In cosmic-ray tests 0£600 BES-11l RPCs, the average efficiency was 97%, and only 2 charhlad an
efficiency less than 92%. Figure 8.21a shows the efficiency distributiereffitiency was obtained without
excessive chamber noise. Figure 8.21b shows the singles rates of @ Rie most probable noise rate
was~0.08 Hz/cm. Only 1.5% of these tested chambers had a noise rate higher than 0.3?°Hz/cm

8.3.1 RPC Design

The above measurements were made with one dimensional readout of tise RI*Ghe Daya Bay
Experiment, we are planning to use RPCs with readout in two dimensions intordet both the x and y
coordinates of the cosmic muons. Four gas gaps will be combined to form alen&dch gas gap will be
read out by x or y strips such that each module provides two x and two yumegasnts of a cosmic muon.
The four layers (a layer is defined as a gas gap with a x or y strip reaai@ut)ectrically shielded from one
another to avoid cross talk. The structure of a single 4-layer module issimdvig. 8.22.

Plastic spacers are placed at regular intervals in the gas gap to precisetgimthe gap distance.
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These spacers are a source of dead space. Therefore, withimedale, spacers in different layers will be
offset, resulting in no aligned dead space. Also, as discussed in Se@i@n®odules will overlap at the
edges, so there will be no inter-module dead space.

Bakelite RPCs as large as 1x48 m are straightforward to manufacture. Two of these will be bonded
side by side to make a single 2@ m unit. The chambers will be read out by strips~a25 cm pitch.
Thus each module will have 32 strip channels, a good match to the frontaeds &ECs) which have 16
channels per card. To provide adequate module overlap and extenddkertan extra 1 m on all sides of
the pool, it will be necessary to cover an area of 1818 m at the far hall and 18 ril2 m at each of the two
near halls. This will require a total of 189 modules, each slightly larger thax2 m to provide adequate
inter-module overlap, and a total of 6048 readout strips. Includingespae will manufacture a total of 200
modules and 6400 readout channels.

RPC front end electronics and trigger system are discussed in Secti8n 9.1

8.3.2 RPC Mounting

Figure 8.23 shows a candidate scheme for mounting the RPCs on a flat stidfrayer the water pool.
The roof will be divided into two sections and the RPCs mounted in a way thatsatiee sections to slide
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Fig. 8.23. Sliding roof mount for RPC modules above the water pool.

independently. A slot in the wall allows the back half of the roof to slide ouhefway to allow access
to the back AD(s) from above. If access to the front AD(s) is requibath sections of the roof are slid
backwards. Figure 8.24 is a closeup of a roof section showing the wivbils are spaced about 1 m apart.
The carriage holds the RPCs about 50 cm above the surface of the WaeRPCs extend 1 m beyond
the edge of the pool in all directions. The primary support elements arc0ak2®0 steel |I-beams spaced
1 m apart connected by cross-members. The 4-gap RPCs modulesedepped to avoid dead regions
associated with the chamber frames. The arrangement is shown in Fige@@bmodule in a row is tilted
to overlap its neighbor sufficiently that the dead regions of the two modulestline up. Alternate rows
are raised to overlap the intervening rows.

8.3.3 RPC Performance

Taking into account inefficiencies due to dead-spaces, we expectdhalefficiency of a single layer
to bee ~96%. If we adopt the definition of a track as hits in at least three out obilnddyers within an area
of ~50 cmx ~50 cm, the tracking efficiency is calculated to be at least 99.1%. Assumintsams@tive bare
chamber noise rate, of 1.6 kHz/n? (twice the BES-IIl chamber measurements), a signal overlap width
of 25 ns (40 MHz clock rate), and a coincidence atéapf 0.25 nt, the accidental rate would be about
6x10~° Hz/n?. For the far hall, this gives a total accidental rate of 0.02 Hz and a negliggiigibution to
the deadtime in the case that a muon signal is defined by a track in the RPCécaldahe cosmic ray muon

TThese are similar to S12x50 I-beams.
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Fig. 8.24. Detail of sliding roof support
over the water pool. Each section moves

. Fig. 8.25. Overlapping RPC modules.
on multiple wheels.

rate of 16 Hz in the Far Hall). A test of a 3 layer configuration with prototygfebe Daya Bay chambers,
using a track definition of two out of three planes hit, found a coincideffimemcy of 99.5+0.25%, which
is consistent with that calculated. The efficiency curves are shown ir8 2.

Initial simulation results based on measurements of radioactivity in the Abefdemel predict singles
rates from radioactivity 0f-650 Hz/n?

Note that when the RPCs are added to the simulation of the veto system effitieycraise the overall
efficiency of the three components of the system in OR to 99.4%. When thalglity of each muon to
create a fast neutron background event as a function of distance ofubn trajectory to the nearest AD is
taken into account, since the muons that are missed are those furthegtdéréis, the effective efficiency
will meet the 99.5% requirement.

8.3.4 RPC Gas System

The RPC gas system will be similar to that used in the BELLE [3] andBBR [9] experiments, in
which a gas mixing systems distributes gas to the individual RPCs through siflgwberésistors”, with the
output flow from each chamber separately monitored by a low-cost ehécdrbubbler [10]. A high-level
diagram of the system is given in Fig. 8.27.

Mixing of the chamber gases is performed with mass flowmeters, as sketcliag. i8.28. It will
be advantageous to use “drop-in” modular mixing components recentlyopexefor the semiconductor
processing industry, such as the Integrated Gas System of Fujikin [12].

The electronic bubbler system [10] monitors the chamber gas flow by cgumdis bubbles in a small
oil bubbler as they pass a photogate, as indicated in Fig. 8.29. Detaileddsisibthe input and output gas
flow will be available via the online slow-control system.

The gas will be input from multiple, switchable sources to minimize interruptiotissogas flow during
chamber operation. However, the gas flow rate will be enlyvolume per day, so that short interruptions
of the flow will be of little consequence.

An extensive safety system with status monitors and interlocks will be implemeiattob\slow-control
system. For a recent example of a muon-chamber-gas safety systefl see [

8.3.5 RPC High Voltage System

The RPC high voltage system is composed primarily of commercial parts froENJA5]. All gas
gaps will be operated with an8000 kV gap. This will be achieved by usings.5 kV positive supply in
conjunction with a~2.5 kV negative supply. The positive supply will be the A1526P model, whiokides
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up to 15 kV at 1 mA in each of six channels. Two cards will be used at eizhAg the near sites each
positive spigot will supply HV to 18 2 m by 2 m RPC planes with an expecteteotidraw of less then
500 1A, while at the far site each channel will supply 28 gaps with a current dfdess then 70Q.A. The
negative supply will be the A1932AN, which has 48 channels at up to 3rid/0a5 mA. Again two cards
will be used at each site and up to 4 RPC planes will be powered by eachetheéth a per channel current
of less than 10Q.A. At each site the high voltage will be powered and controlled by a CAEN maliinbl
power supply mainframe (model SY1527LC) which will house both the pesand negative supply cards.

8.3.6 Plastic Scintillator Strip Backup Option

Plastic scintillator strips serve as a backup option for the top tagging systemrdfyese to use the
extruded plastic scintillator strip technology developed by MINOS, OPER¥odiner previous experiments.
The parameters of this system are shown in Table 8.3.

The scintillators would be arrayed in the manner described above for tGs,R& there would be four
layers mounted on the sliding roof. In this case, as for the RPCs, a tripleidente would be demanded.



8 MUON SYSTEM 172

Pttt
1 Sextant Distribution Manifold !
with safety bubblers and rotamete:r

:Pressure is about 3 inches water)
'

Left Half
Supply from the

Gas Shack; —_—
the pressure is

~ 5 psi using the double
flow resistors

[}

1

1

¥

1

|

1

1

i

(This makes the supply i
line from the gas shack i
to the detector serve as '
a buffer volume) i

1

1

-
Yy

Right Half

—&
M

le+— Teflon Tubing

| Left Side Modules Left Half

| Right Side Modules Right Half

i3

Not Planned for Now
Output vented to Hall

Q@ﬂ

Fig. 8.27. Overall process diagram of the RPC gas system. From [11].

8.3.6.1 Scintillator Strip Design

All the scintillators will be of the same type: 6.02x40.2 mx0.01 m extruded polystyrene, co-extruded
with a coating of TiQ-doped PVC. Five 1 mm Kuraray Y-11(200) S-type wavelength-shifilmers will be
glued into 2 mm deepx 1.6 mm wide grooves in the plastic using optical glue [16]. Six such scintillators
will be placed in a single frame and read out as one 1.2 m-wide unit. FiguresBdB@s the cross section of
one scintillator.

8.3.6.2 Scintillator Strip Photoreadout

A 1%-inch photomultiplier tube such as a Hamamatsu R6095 or Electron Tubes %28 used
to read out 30 fibers on each end of the six-scintillator module. The PMTH&illin at positive HV, via
a system similar to that discussed in Section 6.4.5. Calibration will be via thirtfiAm sources placed
near the ends of the scintillators. The sources provide about 400 H@.6fMeV (visible) signals. Cosmic
ray muons provide supplementary calibration signals. In the worst cas&athHall, the rate of these is
0.3 Hz/counter.

8.3.6.3 Counter Housing and Support

The counters will be mounted on a simple system of strong-backs suppyrtde sliding roof. Six
scintillator strips will be read out together into two PMTSs, one on each enelfiblar ends are dressed to
have an equal length 6§80 cm. They will be routed through a molded cookie, gathered into a singti#dyun
squared off and glued to a transparent cookie that is in turn glued to tie Hiure 8.31 shows the design
of the routing cookie.

8.3.7 Scintillator Strip Performance

We base our expectation of performance on that of the prototype OPEgek teacker scintillators [18].
Figure 8.32 shows the yield of photoelectrons versus distance to the pHtpdierutubes. Note that our
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Fig. 8.28. Process diagram for the gas mixing subsystem. From [11].

counters are 6 m long, 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 twyrithick. The
MINOS GEANT3 Monte Carlo was adapted to compare the two cases. Foctimtiénto the wavelength-
shifting fibers, the fraction of OPERA light collection efficiency for 4, Bdé fibers per 20 cmis 0.74, 0.89,
and 1.02 respectively. OPERA uses Hamamatsu H7546-M64 PMTs, wanehahphotocathode efficiency
about 80% as high as either of the single-anode tube we are planning fthuseany of the 4—6 fiber cases
should achieve performance similar to that of OPERA. Tests on a shddtype indicate performance
consistent with this estimate. We choose 5 fibers, which nominally should digetilnes OPERA perfor-
mance in our system. The single photoelectron pulse height distribution wilteetthe effective number
of photoelectrons by a factor of (1 + the variance of the distribution). WINT® of the type discussed,
this will result in an inefficiency 0f-0.6% in the worst case (hit at one end of the counter) if a two-end
coincidence is required. An upper limit on the position resolution is givend®gthnularity of the counters:
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Fig. 8.29. concept, circuit diagram and photographs of the electrobldrusystem.
From [10].

Lucite Walls
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Name value unit
number of strips 2520
length of strip 6.02 m
width of strip 0.2 m

thickness of strip 1 cm
fibers/strip 5

length of fiber 7.6 m
diameter of fiber 1 mm
strips/module 6

modules 420
phototubes 840

Table 8.3. Parameters of scintillator strip detectors
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Tcm
< 20cm >

Fig. 8.30. Cross-section of a single scintillator strip.

0, = 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 contributel5 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. dé#tese rates were carried
out with a scintillator telescope in the Aberdeen Tunnel in Hong Kong [18]clwvhas similar granite to
that of Daya Bay. A GEANT4 simulation matched the singles and coincidetez ofithe two 2.5 cm-thick
counters to within a factor 1.5. The relativey suppression versus cosmic-ray muon efficiency could then
be predicted as a function of threshold for any configuration of scintillatiamters. Several configurations
were studied. Figure 8.33 shows the result for a configuration of fgersaof 1 cm thick scintillators for a
trigger demanding that three of the layers fire in coincidence. This anaagt matches the baseline RPC
configuration in number of layers, trigger scheme, approximate weighappximate cost. As can be
seen, a threshold of 0.75 MeV on each counteft £2 MeV deposit by a muon), reduces theate by a
factor of more thari0°. This would give ay-induced rate of-10 Hz for the Far Hall, which is the worst
case.

8.3.8 Scintillator Strip Front-End Electronics

Once again, the electronics and readout discussed in Section 8.2.3 woad:tpuate for this system.
However since it is not necessary to measure energies above a fepaldsiédller dynamic range would be
acceptable. Whether it is worth it to develop separate electronics for gessander study. In any case the
readout would be similar to that discussed for the AD.
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Fig. 8.31. Cookie for routing fibers to PMT.
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Component Number Source

PMTs/bases 1400 Hamamatsu/ET/Photonis/in-house
PMT electronics 1400 IHEP

RPCs 800 IHEP

RPC FEEs 6400 USTC

PMT support structure IHEP

RPC roof support IHEP

Table 8.4. Components of muon system

8.4 Manufacturing Plan.
8.4.1 Commercial Components and Where to Get Them

8.4.1.1 Water Shield Commercial Components

The main commercial components are t&00 8-inch phototubes. We are considering the three man-
ufacturers, Hamamatsu (R1512), Electron Tubes (9354KB), and RlqP1806). In addition there ap-
proximately 500 legacy PMTs from the MACRO experiment, most of which camuged in the muon
system. Bases may also be bought from the manufacturers although lsarang toward fabricating them
ourselves. We will test all the MACRO PMTs to determine how many new PMTg bripurchased. A
decision on the type of new PMT to be purchased must be made by OctoBP@06f Since the PMT re-
guirements of the AD system are more stringent than those of the veto, intor@imize the overhead of
having multiple PMT types and to get the benefit of possible volume discouniglinese the same PMTs
as that system, unless these is a significant financial penalty for doifg@opurchase the PMTs (R5912)
and bases from Hamamatsu, they can deliver approximately 200/month tdBagystarting three months
after the order is placed. Thus if the order is placed in October of 20@7TsRwill begin to be delivered
in January of 2008. The complete order for the muon system and the Allg loe completed by April of
2009. Sufficient PMTs for both the ADs and the muon system of the DaydNBar Hall could be delivered
by May 2008. The HV supplies will be commercial (probably from CAEN).
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Fig. 8.32. Number of photoelectrons detected on each side of sever@RXI8-H
plastic scintillator strips versus the distance to the photomultipliers (from Dreicos
al.).

8.4.1.2 Commercial Components for RPCs

The production of the Daya Bay RPC chambers will take place in Beijing, Chinacal company,
called Beijing Gaonengkedi Science and Technology Co. Ltd. (GNK@D) be contracted to produce all
the bare RPCs. This company has the experience of producing 1500 &iangaRPCs for the BESIII muon
detector. The company has started the preparation work for the protdlof@@aya Bay RPCs. A2 m 2 m
RPC prototype module consisting of 4 gas gaps will be produced in Mai@h 20

GNKD will obtain its Bakelite sheets from an outside supplier. Right now, aBakelite production
companies, including the one which produced the Bakelite plates for thelIBFEESC detectors, are under
consideration. Once the Bakelite producer is selected, the productitirited Bakelite plates will take only
about 20 days, tentatively scheduled from May to June 2007.

All the RPC bare chambers will be assembled in GNKD. The assembly pnecedbludes gluing the
spacers between the Bakelite sheets and applying a graphite layer ondaphoBakelite sheet. All the
production fixtures, including a large clean room, are in place. The $t@f&D will test the chambers for
gas tightness and HV integrity. The bare chambers which meet the acaeptaada will be transferred to
IHEP for further testing and assembly into modules. The RPC bare chamdzlrgtion rate will be about
10 n¥ per day day (include the weekends). The Daya Bay muon tracker escalout 3500 iof RPCs;
the bare RPC production can be accomplished in about 1.5 years. (3500 mi/day s = 350 days.)

8.4.2 Components to be Fabricated In-house
8.4.2.1 Components to be Fabricated In-house for Water Shield and Qer Water Sections
8.4.2.1.1 PMT base fabrication

The main components to be fabricated for the water shield are the PMT basedabricate them
ourselves. This fabrication will include the 40-m Teflon cables for transmittiy and signals that are
soldered to the bases - the other end has an SHV connector. The matparts of the water proof potted
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Fig. 8.33. The blue line is the efficiency for a cosmic ray muon as a functidheof
single counter threshold when 3 out of 4 layers of 1 cm scintillator are deedan
The red line is the suppression factor for ambiemays in the same configuration and
threshold.

PMT base housings will be designed and fabricated in UCLA. The desiigocamnmence in April 2007.
We expect to complete the design and prototyping of these bases by theJertgl 2007. Based on similar
designs, the UCLA machine shop has estimated that the production of eablanitat housing will take
2.5 hours. Assuming availability of founding by October 1, 2007, we exjoegroduce 100-200 housings
per month after an initial setup period of 1 month. This will result in deliver§@—200 units per month
starting early January 2008.

The PMT base printed circuit fabrication and the assembly will be done teyreat vendors. Based
on past experience we expect that by January 2008 we will have Bd0Rses tested and available for
shipment to China. The remaining bases could be delivered at a rate-e£@D0nits per month following
the initial delivery.

The PMT base printed circuit boards and the housings will be assemblédtia @ainly by the Chinese
members of the Daya Bay collaboration. The assembly process involvasnagaicof the PMT bases to the
PMTs and injecting the housings with potting compound. This will result in a ddll&T assembly. The
procedures and quality assurance steps to pot and seal the PMadsaseblies will be developed during
the initial design and prototyping of the bases. Therefore, an initial 10@dérwater testing program of the
first 20-50 assemblies followed by a random sample testing of 5% of thebkse should suffice to insure
the integrity of the seals.

The risks involved in the delivery schedule are minimal. The main risk is the delayailability of
funding. The production work will not start without the funding. In addittbere is a minor risk due to the
fact that 50% of the initial production effort coincides with holidays in the Us could reduce the initial
delivery to about 250. Every effort will be made to start the project otoer 1, 2007 to avoid these delays.

Additional risks involve failure of a certain percentage of the PMT/baserablies due to improper
sealing or breakage of PMT bulbs. Based on past experience wetdRpee to be at a level of less than
0.2%. Please note that the PMT failures, while rare, will be detected bibferigases are glued in perma-
nently. This detection will be done in two distinct stages:



8 MUON SYSTEM 178

1. During the initial physical inspection stage after the delivery of the PMTs

2. During the PMT burn-in process. During this period each PMT/baséwilested with LED pulsers
for a duration of 2—4 weeks.

The main ES&H challenge of the base fabrication is the potting compound whécts he be handled under
a hood. The bases need to be tested at high voltage, but the power sdppligput out much amperage so
the electrocution hazard is not high. In addition the connections madelsu8leW and there is no exposure
to open HV during the testing stage.

Since a single cable (RG-303U) will carry both (+) HV and signal, these brisplitters to separate
the two. The components for these will be procured from an outside vamddhe machining of panels and
installation of the electronics will be done at UCLA.

8.4.2.1.2 PMT supports

These will be nearly identical to those in the antineutrino detectors. SedeCltafor a discussion of
manufacturing these.

8.4.2.2 Components to be Fabricated In-house for RPCs
8.4.2.2.1 RPC fabrication

The next level RPC assembly and testing will be done at IHEP. Four gtegs supervised by an IHEP
staff member (or an experienced graduate student), and assisted figisgathand students, are planned:

1. Bare chamber training and testing: the bare chambers will be trained3atalys. The trained RPCs
will be tested for performance including dark current, singles rate, fiiateacy.

2. RPC module assembly: the trained chambers, readout strips, rebabdigrecs (mainly the front-end
cards), and gas and HV connections will be assembled into2z2im modules, each consisting of 4
layers of RPCs and readout strips.

3. Module testing: the performance of the fully assembled modules will be testedull readout
electronics.

4. Pre-installation module testing: simplified testing will be performed on the modétiestransport
from IHEP to the Daya Bay site.

The present manufacturing schedule does not pose any risk to thedl @adredule of the Daya Bay
Experiment which will start taking data in June 2010. The main time bottleneck mtieechamber produc-
tion. The other steps generally proceed faster than the chamber prodadttimugh the testing of chambers
and modules may take some time to set up at the beginning.

The main ES&H challenges of the RPC manufacture will be the adhesive usieel ghambers which
must be handled under a hood, the isobutane component of the gasusstifig the chambers, and the HV
needed in the QA tests. Single RPC panels when assembled weigh abowwo2&kg be handled without
cranes. Gases will be premixed in non-flammable proportions. The fdtoryis level and the building is
well-ventilated, minimizing ODH hazards. Routine testing will involve only one cherraba time, reducing
the electrical hazard. Open HV connections will be avoided and surgeaiilbe built into the circuits.

There are technical, cost and schedule risks associated with the Ri&tian. We assume most of
the technical risks (unacceptable efficiency, stability, noise rate) willimérated by R&D now in progress.
The main cost and schedule risks are related to possible underestimatedaiidhrequired to assemble
and test the chambers. These are unlikely because of the recentrgndlgeant experience of GNKD in
RPC fabrication.
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8.4.2.2.2 RPC support manufacture

=

10.

11.

12.

13.

14.

15.
16.

17
18
19

The RPC support structure will be designed at IHEP and fabricated bytside vendor.
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9 Electronics, Trigger, and Data Acquisition Systems

The readout electronics and the trigger event selection, with estimatedasgsesented along with
the timing synchronization between all of the electronic elements. The progesshe trigger data from the
front-end modules through data storage is discussed, along with the detttiml system. Each detector
module (AD, inner muon, outer muon, RPC) is designed to have a readstatrsindependent of the other
modules, except for a common clock signal. We are building into the systenafabitity to readout a
module based on information within an adjoining module (cross triggers).

9.1 PMT Front-End Electronics

The Front-End Electronics (FEE) readout system is designed to préd3 output signals. Even
though the requirements for the muon system are not as stringent asdahadise AD, we plan to use the
same FEE electronics for both systems. The essential functions are assfollo

o Provide fast information to the trigger system

o Determine the charge of each PMT signal to measure the energy depostliquild scintillator or
water. This will enable us to identify muon events, select neutrino evenst teackgrounds, and
deduce the antineutrino energy spectrum.

o Provide precision timing information (PMT-to-PMT) that can be used to retcoct the location of the
interaction within the detector, to study and reject potential backgroundsparease the precision
of the measured trigger signals.

9.1.1 Requirements for the PMT Front-End Electronics

When a reactor antineutrino interacts within the target volume, its energyusrted into ultraviolet or
visible light, some of which will ultimately be transformed into photoelectrons (ptéhjeaphotocathodes
of the PMTs. Monte Carlo simulations predict (for a given PMT) that the remab p.e. produced per
antineutrino event will range from 0 to 50, depending on the location of tieeaiation within the detector.
The passage of cosmic muons through the detector may produce as m&dPase in individual PMTs.
It seems prudent to provide sufficient headroom to accommodate mote-gleatrons than the current
simulation predicts; as such, we choose a full dynamic range from 1 togl@i@electrons. This range is
more than sufficient to accommodate the needs of the Cherenkov water Bhaider to maintain precision
below 400 p.e., two pairs of amplifiers and ADCs will be used, resulting in aréinge from 0-400 p.e.,
and a course range from 0—4000 p.e.

The intrinsic energy resolution for a single p.e. is typically about 40% with sgariation from PMT
to PMT, while the threshold for a PMT signal is constrained by the dark nyigieally at the level of about
1/3-1/4 of a p.e. The electronic noise and charge resolution of the realéatronics should not further
contribute to these limitations. Therefore, we require the RMS noise due tdettteoaics to be less than
10% of a p.e., and the charge resolution of the electronics to be better thaof20p.e.

In addition to measuring the pulse size and shape, we can determine (wiigrethe arrival time of
the signal from the PMT relative to a common stop signal, for example, the tisggyeal. The time jitter of a
PMT for a single p.e. is about 1-2 ns, caused by the PMT transit time jitterMAeriBe time, and the time
walk effect of the discriminator. The design goal for the time resolution ofélaglout electronics should
therefore be better than 1.0 ns. The dynamic range of the time measurempendsi®n the trigger latency
and the maximum time difference between the earliest and the latest arrivalftiigktdo PMTs. Guided
in part by simulations, this range is chosen to be from 0 to 500 ns. By congg@erarrival time at various
PMTs, we can roughly reconstruct the event within the detector. Althgugh a method is more suitable
for large detectors similar to KamLAND, it provides an independent measmewhich complements the
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charge-gravity method for small detectors with diameters of several meinse it offers a cross-check of
systematic uncertainties and an additional handle for studying background
The requirements for the electronics used to read out the PMTs are surdnarizable 9.1.

| Quantity | Requirement | Primary Justification
Dynamic Range 0—4000 p.e. large enough to accept the signals from cosmic muons
Bit Resolution < 0.1p.e. @ 1 p.e| sufficiently fine to resolve 1 p.e. distribution
Noise <10% @ 1 p.e. | electronics should not contribute to overall noise
Time range 0-500 ns allows for trigger latency and photon propagation
Time resolution <1lns reconstruction of event vertex
Sampling rate >40 MHz accurately determine PMT pulse shape
Channels/module >16 can fit each AD into one VME crate
VME standard VMEG64xp-340 mm| DAQ architecture requirement

Table 9.1. Requirements for the electronics used to read out the PMTSs.

9.1.2 PMT Front-End Electronics (FEE) Boards

The PMT readout electronics for each detector module is housed in a SIUGIME crate with up to
16 FEE boards, one trigger board, and one or two fan-out boardsich an arrangement, moveable boards
can be easily realized, and correlations among modules can be minimizedieintormake the readout
electronic system simple and easy to maintain, the same front-end electrdai)s@ards will be used for
both the Antineutrino Detectors and Water Shield PMTs.

Each FEE board accepts 16 PMT signals and performs the time and chagerements. The number
of channels over threshold and the total charge observed by the R isded to the trigger system for a
fast trigger decision. After collecting information from all readout bsagdtrigger signal may be generated
and distributed to each FEE board and used as a common stop for the TRSs.ihitiates readout of the
ADC and TDC data.

The input PMT signal is immediately amplified and used to drive three distinetitir@a discriminator
(threshold decision and TDC start pulse), an energy summing circuitienergy sum trigger), and a
pulse shaping circuit whose output is used to measure the size and shhpulse. A simplified circuit
diagram of the electronic readout system, showing its main functions, is giveg. 9.1.

A stable threshold is set using a 14-bit DAC (AD7247) [15] controllednfthe VME processor. This
level of precision is required in order to achieve the required TDC timdutgn. The rising edge of the
discriminator output signal is used to start the TDC. The TDC is realized ibg ursternal resources of a
high-performance Field Programmable Gate Array (FPGA) with key compemérnwo ultra high speed
Gray-code counters. The first counter changes at the rising edge iofernal 320 MHz clock, while the
second one changes at the falling edge. Each time bin is 1.563 ns. The RNStione resolution is less
than 0.5 ns. The FPGA also uses the discriminator output to increment the ddidiiter.

To measure the charge of the PMT signal, an ultra low-noise FET input ampif8066) is selected
for the charge integrator. A CR-(RE€¥haping circuit is used to obtain a smooth signal peak after shaping.
An RC time constant of 25 ns is chosen, corresponding to an output sigaid (1% amplitude to 1%
amplitude) of about 325 ns. The RC implemented using discrete surface nmupboents. The shaped
signal is sent into two amplifiers with different gains, a gainxdfO for the fine range and a gain &fl
for the coarse range. These two analog signals are digitized using tib E2sh ADCs (AD9222) with a
40 MHz sampling rate (one for the course range and one for the fine).arite digitized samples go directly
into the FPGA, in which all data processing d.range selection, peak finding, data pipelining, pedestal



9 ELECTRONICS, TRIGGER, AND DATA ACQUISITION SYSTEMS 182

DAQ
'-r—___________” X16
Single channel macro in FPGA | |
L1 stop |
XX Status bits to trigger | _
time
TDC NHIT to trigger || o
K Over threshold start | |
V threshold | |
Calibration in t DATA |
Sinal DAC DLL BUFFER|_ To VME bus ||
ignal from PMT High speed
—_ igh spe 80 MHz Clock : t ™ [ :
o [dWider _ i we ||l
40MHz interface| | |
-5V charge
= coarst
Ro=25ns /_i : DSoae ADC ||
CR-(RC)
shaping | |
fine
Signal width (1%) =325ns ra'nge ADC FPGA H
after shaping
Dual ADC
12bit/40MSPS
CH1
CH2
CH3 SUM Singie- analog sum to trigger
CH4 ended
| to diff.
: single- fast sum to FADC board
| ended
to diff.
CH13
CH14
CH15
—CH16 |

Fig. 9.1. Block diagram of front-end electronics module for PMT readout.

subtraction, nonlinearity corrections, and data buffering) will be implendeiece data manipulation takes
place within the FPGA, we maintain flexibility in choosing how best to record tteessid shape of the pulse.
At this moment, we anticipate saving between 3 and 5 samples of each wavefitiirfyll digitization an
option which would certainly be implemented (at minimum) for a pre-scaled setieéq

We also anticipate saving the time-ordered ADC data inside a buffer for ufete laundred microsec-
onds. This data can be accessed and retrieved on command should we examine the activity within a
given detector module prior to, for example, a signal from a differetgaier module (something we call a
cross trigger). Cross triggers will be used to study backgrounds (plymauon induced backgrounds).

The FEE board has a standard VME A24:D32 interface. Both ADC and d@€&of the triggered event
are saved in a buffer, which can store a maximum of 256 events. The ldte weadout through the VME
backplane by the DAQ system within a reasonable time span.

The last branch is for the energy sum trigger. Signals from all 16 aiammme sent into an analog sum
circuit. The resultis converted into differential signals, one for the tripgard and the other for a 200-MHz
Flash ADC board.

The NHIT information is generated every 100 ns according to the numbevdsRver threshold in
the current 100 ns period. The NHIT can be from 0 to 16, which is eextada five bit binary word that is
sent to the trigger board through five pairs of twisted cable. This informatiased to form a multiplicity
trigger. Overlapping time bins will be employed.

Self testing is accomplished using a programmable pulse generated by a-fasara DAC chip and
sent as a calibrated input to every channel on the board. This may alseteas a calibration.
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Fig. 9.2. Configuration of the RPC electronics & readout system.

9.1.3 RPC Front-End Electronics

We plan to modify the BESIII RPC readout system for Daya Bay RPC rdatibe BESIII RPC readout
system consists of a readout subsystem, a threshold control subsgsttim test subsystem. The readout
system, shown in Fig. 9.2, contains a 9U VME crate located above the detebioh holds a system
Control Module, a Readout Module, an I/O Module, and a JTAG Modute. §ystem clock will operate at
40 MHz.

The Control Module receives the trigger signals (L1, Clock, Chect,Reset) from the trigger system
and transmits them to the Front-End Card (FECs) through the I/0O Modudsolteceives commands (such
as setting thresholds, testing, etc.) and transmits them to the FECs. The Gtodrde is also a transceiver
which transfers the FULL signal between the Readout Module and FECs.

The VME crate contains several I/O Modules, each of which consist2 ¢fdsockets connected by
a data chain. The I/O Module drives and transmits the signals of the clockiggdr to all the FECs, and
transmits control signals between the Readout Module and the FECs.

The Readout Module is responsible for all the operations relative to éatiut. It not only reads and
sparsifies the data from all the data chains (it can read 40 of them in peuedlestructs the sub-event data
to save into the buffer, and requests the interrupt to the DAQ system tegwtite sub-event data, but also
communicates the FULL signals to the FECs to control the data transmission eBldet® Module checks
and resets control signals to the trigger system and the counting and geséttie trigger number.

The FECs are located on the RPC detector. Their task is to transform sigmalghe strips into a bit
map, store the data in a buffer and wait for a trigger signal. Events with &trigij be transmitted in a chain
event buffer in the VME readout modules. Data without a trigger are efeanalog signals from groups
of 16 strips are discriminated and the output read and stored in parallel 1&doa shift register, which is
connected to a 16-shift daisy chain. A total of 16 FECs compose one FEi&y-Qhain, which covers 256
strips. The data from each chain, as position information, are trangfeitrby-bit to the readout module in
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the VME crate through the I/O Modules using differential LVDS signals.hedatum of the chain will be
stored temporarily in the relative data chain buffer of the Readout Mo@ttker. the data sparsification, the
whole data chain will be stored into the sub-event data buffer awaiting DrAQegsing.

The JTAG Module gets the FPGA setting command from the VME BUS, transfitrensommand into
the JTAG control timing, and sends it to the FECs. Each of the JTAG Modate$aslots on the front-panel
of the module, enough to satisfy the requirements of the entire readouinsyste

When a test command is received by the Control Module, it uses the Tewtl S3g@nerator to send
timing signals through an 1/0 Module to a DAC on each FEC. This chip then delavéest signal to each
channel’s comparator.

The threshold-setting system consists of the threshold-setting control nmindokeVME crate, and a
threshold-setting generator on the FEC. The principle of the thresholdgseittiit is the same as the test
circuit. The timing pulses are generated by the threshold controller in thedCdddule and sent to the
DAC to generate the threshold level at each of the input ports of the disctorsra the FEC.

9.2 The Trigger System

The trigger system of the Daya Bay experiment makes trigger decisiottsefantineutrino and muon
detectors to select neutrino-like events, muon-related events, periodjertegents and calibration trigger
events. The primary trigger will be based on the multiplicity of PMTs over thoiglsivithin a defined coin-
cident window. The trigger will have high efficiency for events whichapmore than 0.7 MeV in the AD
enabling a complete energy spectrum analysis that increases our #grisitiy;. We will also implement
an energy sum trigger. The following sections will describe the requirestaamd technical baseline for the
trigger system.

9.2.1 Trigger System Requirements

The signature of a neutrino interaction in the Daya Bay antineutrino detdstarprompt positron
with a minimum energy of 1.022 MeV plus a delayed neutron. About 90% of¢lhé&ons are captured on
Gadolinium, giving rise to an 8 MeY cascade. The lifetime of a thermal neutron in the Gd-doped liquid
scintillator is about 28:s. The main backgrounds to the signal in the antineutrino detectors anetdsins
produced by cosmic muon interactions in the rock or the wéitta’Li, which are also produced by cosmic
muons, and accidental coincidences between natural radioactivityearicbns or beta emitters produced
by cosmic muons. All three major backgrounds are related to cosmic muos. &@irantineutrino event is
a coincidence of the prompt positron followed by a delayed neutron aghé time interval between these
signals is a crucial parameter for the physics analysis. The precisiorsaftérval is linked to the trigger
signal which is synchronized to the 80 MHz system clock. The followinglagemain trigger requirements
imposed by the physics goals of the Daya Bay experiment:

The requirements for the trigger system are summarized in Table 9.2.

| Quantity | Requirement | Primary Justification \
Efficiency >99% reduce systematic uncertainties
Time of Trigger known to 13 ns | measurement of neutron capture time
Energy Threshold ~0.7 MeV high acceptance for prompt signal
Flexibility dynamic algorithmg functionality under a variety of conditions
Reproducibility < afewns consistency between AD modules
Redundancy >1 algorithm ability to measure trigger efficiency

Table 9.2. Requirements for the trigger system.
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Trigger efficiency: In the early stages of the experiment, the trigger efficiency is required &3 begh as
possible for both signal and background, provided that the everisrsti#t acceptable and will not introduce
dead time. After an accurate characterization of all the backgroundsrgreas been achieved, the trigger
system can then be modified to have more powerful background rejedtiomuvany efficiency loss for the
signal. To measure the efficiency variation, the system should provideatigb&rigger algorithm (energy
sum trigger) as well as a random periodic trigger (with no requirementeerikrgy threshold). A precise
spectrum analysis also requires an energy-independent triggesmeffidor the whole signal energy region.
Trigger time stamp: Since neutrino events are constructed offline from the time correlation eetthe
prompt positron signal and the neutron capture signal, each readmetnoust be able to accurately time-
stamp events with consistency from one crate to the next. The trigger boatdonowide a local system
clock and a global time-stamp to the DAQ and FEE readout boards in the Thegterigger board in each
crate will receive timing signals from a global GPS based master clock syst@mscribed in Section 9.3.
Events recorded by the antineutrino detectors and muon systems can thesubstely associated in time
offline using time-stamps. It may be possible to use the PMT TDC data to furtresase the precision of
the trigger time measurement.

Energy dependenceThe trigger is required to independently trigger on both the prompt positgoals
(E>1.022 MeV) and the delayed neutron capture on Gd (photon cascad@ bfeV) with very high ef-
ficiency. In order to avoid potential bias, we intend to use a multiplicity triggeyuagprimary trigger (as
opposed to an energy sum trigger). The multiplicity trigger must have higtiesfély for events with an
energy of 0.7 MeV and above. This low threshold requirement fulfils twgérgoals, allowing the DAQ
to record all prompt positron signals produced from neutrino interactamsfor background, it allows the
DAQ to register enough uncorrelated background events due to eithEldBM noise or low energy natural
radioactivity to enable a detailed analysis of backgrounds offline.

Flexibility: The system must be able to easily implement various trigger algorithms usingntieebsasic
trigger board design for different purposes such as

o Using different energy thresholds to adapt to the possible aging effdijuid scintillator, or for
triggering on calibration source events which have lower energy sigsature

o Using different hit multiplicities to increase the rejection power due to the weleded low energy
background and for special calibration triggers.

o Implementing different pattern recognition for triggering on muon signals imdifferent muon sys-
tems.

o Using an OR of the trigger decision of different trigger algorithms to prosideoss-check and cross-
calibration of the different algorithms as well as a redundancy to achibigharigger efficiency.

Independence:Separate trigger system modules should be used for each of the antinelgt@ctors and
components of the muon system. This is to reduce the possibility of introduadiredat@mns between triggers
from different detector systems caused by a common hardware failure.

9.2.2 The Antineutrino Detector Trigger System

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

o A multiplicity trigger.

o An energy sum trigger.
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In addition to physics triggers, the antineutrino detector trigger systensneadplement several other
types of triggers for calibration and monitoring:

o Calibration triggers of which there are several types:

1. Triggers generated by the LED pulsing system that routinely monitors RMiE @nd timing.
2. Special energy and multiplicity triggers used to test detector respoimgeradioactive sources

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

o An energy sum and/or multiplicity trigger (prescaled with looser thresholdnaultiplicity require-
ments) generated in individual antineutrino detector modules which is initiatadlelay trigger from
the muon system. This trigger records events to study muon induced bankigro

o A specialized readout of a detector module based on information fromemeatitfdetector module.

A VME module with on-board Field Programmable Gate Arrays (FPGA)s is tsé@tiplement the
antineutrino detector trigger scheme outlined in Fig. 9.3 based on expeyigaiceed at the Palo Verde [1]
and KamLAND experiments. We will use a multiplicity trigger or an energy sumb(th) to signal the
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Fig. 9.3. A simplified trigger scheme.

presence of neutrino interactions in the antineutrino detector. These tgersigrovide a cross-check and
a cross-calibration of each other.

The multiplicity trigger is implemented with FPGAs which can perform complicated patteongnition
in a very short time. FPGAs are flexible and can be easily reprogrammaettighigger conditions change.
If necessary, different algorithms can be downloaded remotely dupi@gia calibration runs which make
use of customized radio-active sources or LED based flashers.séslmkd in Section 9.1, each FEE board
delivers to the trigger board a count of the total number of PMTs ovesliotd. While the trigger board
FPGA is capable of complicated pattern recognition algorithms, we expecigin bg implementing a
simple multiplicity trigger decision. The dark current rate for the low activity BMg typically around
5 kHz at 15 C. For a detector withV total PMTs, a dark current rate gfHz, and an integration time of
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T ns, the trigger raté given a multiplicity thresholdn is
1N
R==Y iCi (1 — fr)N T <<1 33
7 L AON(T (=Y g (33)
whereCY; are the binomial coefficients.

To be conservative, we will assume a PMT dark current rate 10 times ldrge expected (50 kHz)
when estimating the multiplicity trigger rate due to dark current. A coincidenceomirad 100 ns will also
be used. The rate thus calculated using Eg. 33 as a function of the nufrtm@ncdent PMTs is shown
in Fig. 9.4. We expect that multiplicities of 10 or more PMTs within a 100 ns coimcidevindow should
occur due to dark currents with a rate less than about 1 Hz.
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Fig. 9.4. Calculated trigger rates caused by PMT dark current as éidoraf the
multiplicity threshold. For this study, we assumed that the maximum number of PMTs
was 200. The PMT dark current rate used was 50k with a 100 ns coimuadendow.

The energy sum trigger is the sum of charges from all PMTs obtained fine FEE boards with a
100 ns integrator and discriminator. The threshold of the discriminator is@edewith a programmable
DAC which can be set via the VME backplane bus. The energy sum is dajitigeng a 200 MHz flash
ADC (FADC) on the trigger module. We plan to have an energy trigger tbidsii 0.7 MeV or less, which
is about & below the positron energy threshold (based on simulations). At such levgyethresholds,
the trigger will be dominated by two types of background: one is naturédaativity originating in the
surrounding environment (shown to be less than 50 Hz in Section 3.3d)thanother is from cosmic
muons (negligible at the far site). At this threshold, the energy sum triggefrom the PMT dark current
with a 100 ns coincidence window is negligible.

Tagging antineutrino interactions in the detector requires measuring the timegation between dif-
ferent trigger events. The time-correlation will be performed offline, éftge each triggered event needs
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to be individually time-stamped. It may become necessary to have a correlaatltrigger in case the
background rate is too high. A periodic trigger to monitor the PMT darkeruriackground activity, and
detector stability will be included.

9.2.3 The Muon Trigger System

The muon system will utilize three separate trigger and DAQ VME crates,areath of the muon de-
tector systems: 1) The inner water shield Cherenkov detector, 2) thevaatiarshield Cherenkov detectors
- which cover the sides and bottoms of the water pool - and, 3) the systétraities muons coming through
the top of the water pool. Two different technologies are being conslderé¢he muon tracker system: four
layers of RPCs on top of the water pool, or Four scintillator strip layers oofttie pool.

The presence of a muon which goes through any of the water Cherdetexstor regions can be tagged
with energy sum and multiplicity triggers using a similar scheme and hardwarelesoas used for the
antineutrino detector. In addition, a more complicated pattern recognitiomschsing localized energy
and multiplicity (e.g. localized to one segment of the outer water shield) informatepnbe used. The
trigger rate in the water Cherenkov detector from cosmic muons is estimatedtbekEz in the far hall
and<300 Hz in the near halls (see Table 9.3). The PMTs used in the water ®berdstectors are assumed
to have a singles rate of 50 kHz per PMT from noise and radioactivityiridgger rates from PMT singles
in the water Cherenkov systems can be controlled by adjusting the multiplicity tiiggairements. The
requirement for the water Cherenkov detector systemsli% trigger deadtime due to radioactivity and
PMT noise. The multiplicity thresholds required for the various proposed Bdhfigurations in the inner
water shield system are discussed in detail Section 8. The random coiceidge in the water Cherenkov
systems is thus expected to be kept&D Hz in each of the detector halls.

In addition to the segmented water shield Cherenkov detector triggers, roogldsalso be tagged by
a system of multiple-layer RPCs or scintillator strip detectors placed abovestiee pool.

The FPGA trigger logic used for the RPC muon tracking system forms muobs'sttom coincident
hits in three out of four layers of RPC modules. Although the readout eldct of RPC is very different
from that of the PMT, the RPC trigger decision board design can still be sitoildae other trigger board
since most of the differences will be implemented in the FPGA logic. As we disdusefore, each FEC
of RPC readout electronics can provide two fast OR signals for the trigge for each 8 channels. All the
fast OR signals will be fed into the trigger board for further decision b@&RARhips. The principal logic
is to choose those events with hits in three out of four layers within a time wind@b-650 ns set by the
40 MHz clock rate, in a localized region of typically 0.25 nThe noise rate of the single gap BES-IIl RPC
chamber is measured to be about 0.8 kHz/Mherefore the accidental rate in an area 0.25within a 50 ns
time window is©Q(10~°) Hz/m?. The accidental rate requiring coincident signals in three out of fogtesin
gap layers is therefore negligible.

The RPC response to radioactivity was measured using several BESdlles placed in the Aberdeen
tunnel (see Section 8.3.3), which is expected to have similar ambient raditydetiels as that in the Daya
Bay site. A simulation of the three out of four layer coincidence rate in the 8B@&@m due to radioactivity
based on the Aberdeen tunnel measurements was carried out. The tatgé&om radioactivity is thus
estimated to be1 Hz/m?. This corresponds to a radioactivity trigger rate of abo800 Hz in the far hall.

An alternative to the RPC tracker system on top of the water pool is digtuissgection 8: four
layers of extruded scintillator strips mounted above the water pool in a simitdigaoation to the four
layer RPC modules. Multiple wavelength shifting fibers embedded in the scintiditxtps collect the light
signals and are readout by PMTs. The AD PMT front end readoutrefécs are well suited for use with
the scintillator strip PMTs. Each scintillator module is readout by two PMTs dt ead. The scintillator
PMTs noise rate is<2 kHz at 15 C. To reduce the accidental rate from PMT noise the scintillator trigger
logic should be flexible enough to allow several schemes for determiningntiandual scintillator module
is hit: 1) A single ended hit with a higher PMT threshold required or 2) a edémt hit on both ends of
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the scintillator strip. The muon stub trigger requirement for the scintillator stripnnttacker is similar
to the RPC tracker system: localized coincident hits in three out of fourdager required within the
100ns coincidence time window. This requirement reduces the fake trigtgefrom the scintillator strip
PMT noise to a negligible level. Measurements of the radioactivity rates in ptastitilators were carried
out in the Aberdeen tunnel. A GEANT4 simulation in reasonable agreementthgti\berdeen tunnel
measurements was used to estimate the trigger rate from radioactivity. Tgressipn factor of ambient
rays requiring a coincidence of 3 out of 4 layers as a function of sirmlater energy threshold is shown
in Figure 8.33. A requirement of 0.75 MeV visible energy in each countgprasses the rate by a factor
of more than109, this corresponds to a radioactivity induced trigger rate-@0 Hz in the Far Hall. In
principal, the same trigger module design can be used for both RPCs atitfasairstrips with different
FPGA software to handle the stub formation in the different geometries.

The global muon trigger decision is an OR of the three muon detector triggensy: RPC/scintillator
strip muon tracker, inner water Cherenkov and outer water Cherenktemss. The muon trigger decision
may be used to launch a higher level delay trigger looking for activity insideutii@eutrino detector at
lower thresholds and/or multiplicities for background studies.

9.3 The Timing System

The design of the trigger and DAQ system is such that each antineutrindatet@d muon detector
system has independent DAQ and trigger modules. In this design it issaegés synchronize the data from
the individual DAQ and trigger systems offline. This is particularly importantdgging and understanding
the backgrounds from cosmic muons. A single cosmic muon candidate wilcbastucted offline from
data originating in three independent systems: the inner and outer watlelsshiel the RPCs. Cosmic
muon candidates reconstructed in the muon detector systems have to then lmtataden] with activity in
the antineutrino detector to study muon induced backgrounds. To this enDaga Bay timing system is
required to provide a global time reference to the entire experiment, incltigéngigger, DAQ, and front-
end boards for each module (AD, inner and out water shield detectatsRBC tracker) at each site. By
providing accurate time-stamps to all components various systematic problemasily be diagnosed. For
instance, common trigger bias, firmware failure, and dead time can all bedraglooking for time-stamp
disagreements in the data output from each component. Furthermorejibyg haultiple sites synchronized
to the same time reference, it will be possible to identify physical phenomehaasusupernova bursts or
large cosmic-ray air showers.

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

9.3.1 Timing Master Clock

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

This GPS receiver can be placed either at one of the detector sites @neshently the mid hall) or
in a surface control building. A master clock generator will broadcastithe information to all detector
sites. If the master clock is located underground, the GPS antenna mage raqwptical fiber connection
to the surface, which again is commercially available. One such possibility isatedtm Fig. 9.5

The master clock will generate a time reference signal consisting of a 10 ditidk signal, a PPS
(Pulse Per Second) signal, and a date and time. These signals can deceanto a one-way fiber optic
link to be carried to each of the detector halls where they are then fanned-adividual trigger boards as
shown in Fig. 9.6

Additionally, the GPS receiver will be used to synchronize a local compLités computer can then be
used as a Tier-1 network time protocol (NTP) peer for all experiment oteng in particular the DAQ,
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Fig. 9.6. Block diagram of the Daya Bay clock system.

Each site will receive the signals from the master clock and use them torsyimd a local 80 MHz
quartz crystal oscillator via a phase-locked loop. This local clock camlibaised as the time reference for
that site. This method allows each site to operate independently of the mastedgtoty commissioning
or in the case of hardware failure, but in normal operation provided ¢jow reference. This clock could
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be used to multiply the 10 MHz time reference to the 40 MHz and 80 MHz requiratid front ends. This
clock will reproduce the PPS, and 10 (or 40/80) MHz signals and supeiy tb the timing control board.

9.3.2 Timing Control Board

The timing control board will act to control the local clock operations (i.e.lévesit to the master
clock or let it run freely) and to generate any timing signals required by idpgetr, DAQ, or front end that
need to be synchronously delivered. Typical examples include kaiffap signals, run start/stop markers,
and electronic calibration triggers. In addition, this board could be usedrtergte pulses used by optical
calibration sources. This board would be interfaced to the detector toamputers.

9.3.3 Timing Signal Fanout

The signals from the timing control board need to be delivered to the indivitktector components:
every FEE board, DAQ board, and trigger unit. This will allow each corepoto independently time-stamp
events at the level of 13 ns.

This fanout system could work, for example, by encoding various Egoma a serial bus, such as
HOTLink. The trigger board in each FEE and DAQ VME crate could themivecthe serial signal and
distribute it via the crate backplane. The crate backplanes will then cagQiMHz clock, the PPS signal
(to reset the clock counters), and the other timing signals (run start/stoemealkibration, etc).

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

9.4 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 the FEE boards into a complete eaémb\ccrate.

3. Perform fast online processing and event reconstruction foremionitoring and final trigger deci-
sions.

4. Record event data on archival storage.

A brief review of the DAQ design requirements is followed by a discussigdh@&ystem architecture,
DAQ software, and detector control and monitoring system. The BESIDBAts as the starting point for
development of the Daya Bay DAQ.

9.4.1 Requirements

The Daya Bay DAQ system requirements are listed in Table 9.3. The total dateytiput rate for all
3 sites is estimated to be about 3000 kB/s. For these calculations, we hakeeabat the trigger rate due
to radioactivity and noise equal the largest estimated value. We also assaintigetionly other significant
contribution is due to cosmic muons, as the rate of anti-neutrino interactiongligibke. The four layer
scintillator muon tracking system alternative to the RPCs would have 240/388 BMhe near/far sites with
the same muon trigger rate as the RPC systemd@iHz of noise from radioactivity. The data throughput
from the scintillator strip muon tracker option is thus estimated to by 90 kB/s.

1. Architecture requirements: The architecture requires separate DAQ systems for the three detector
sites. Each antineutrino detector module will have an independent VMBueathte that contains
the trigger and DAQ modules. In addition, the inner and outer water Chevedtectors and the
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Trigger Rates (Hz) data rate
Detector| Description DB| LA Far| Occ Chsize| (kB/s)
7 module cosmicu | 36 x 2 | 22x2 | 1.2 x4 | 100% 192 x 112 bits 325
Rad.| 50 x 2 | 50 x 2 | 50 x 4 1075
RPC Rad. 160 160 256 | 10% | 1728/2592 x 1 bit 160
cosmicy 186 117 11 74
Inner water shield Rad & noise 50 50 50| 10% | 138/189 x 64 bits 35
cosmicyu 250 160 15| 70% 590
Outer water shield Rad & noise 50 50 50 | 10% | 280/364 x 64 bits 67
cosmicyu 250 160 15| 30% 512
site totals| (kB/s)| 1216] 894 736 | 2850]

Table 9.3. Summary of data rate estimations. kB/s = 1000 bytes per second.

RPC/Scintillator muon tracking detectors will also have their own VME read@ies. The trigger
and DAQ for the antineutrino and muon detector modules are kept separateitioize correlations
between them. The DAQ run-control is designed to be operated both locttly detector hall during
commissioning and remotely in the control room. In addition, run-control wilbé® independent
operation of individual antineutrino and muon detector modules.

2. Event rates The trigger event rates at the Daya Bay, Ling Ao and Far site from v@sgources are
summarized in Table 9.3. The rate of cosmic muons coming through the top ottodete calculated
using Table 3.10. To turn this into a volumetric rate, we use a MC simulation to caltiuatatio of
muon rates entering the top to all muons entering the detector’s volume. Theateafrom cosmic
muons in the inner and outer water shield muon detector systems are showndrdTa At the far
site, the trigger rates in the ADs are dominated by natural radioacti®y (Hz/detector) and at the
near sites both cosmic and natural radioactivity contribute.

The trigger rate in the water shield detectors caused by the singles rat®Wdmmoise andy rays
will be adjusted to be<50 Hz (<1% deadtime requirement) by varying the multiplicity and energy
trigger requirements.

The RPC noise rates are scaled from the BES chamber measurements in &8cBolhe RPC noise
rate when requiring a localized co-incidence in three out of four layessrisidered negligible. The
singles rates shown in Table 9.3 are the natural radioactivity rates in thes{&€ns at the various
sites.

While the trigger rate in the antineutrino detectors at each site is of order B@wz, an OR of the
three muon trigger systems could produce a maximum trigger rate of 1 kHZDaye Bay trigger
and DAQ system will be designed to handle a maximum trigger rate of 1 kHzlditien, to trigger
on the correlated neutrino and fast neutron signals in the antineutrindatetee DAQ needs to be
able to acquire events that occuBOO ns apart.

3. Bandwidth

Table 9.3 summarizes the trigger rates, channel counts and data threaigdguuired at each site and
for each detector system. We have assumed that the largest data bldekl fimeeach PMT channel
is 14 bytes. The PMT data thus assumed (for the water shield) would be:

Address: 8 bits

Timing: TDC + time stamp: 32 bits
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Charge: 6 ADC samples @ 12 bits/sample: 72 bits
For the RPC readout, we assume 1 bit/channel + header (64 bits) + globatiimp-(64 bits).

For our estimates, we assume zero suppression will occur for the indeyugaer water Cherenkov
shields, as shown above. We anticipate reading out all AD PMTs for &Rctnigger. The expected
data throughput from each site is estimated by combining the number of ted@dounels with the trig-
ger rates and occupancies as shown in Table 9.3, and includes a 12&dbr hword for each subsys-
tem per trigger, but does not include trigger words or additional time-stéaspsecessary) which add
only a small overhead. We estimate that the expected data throughputtat8 i¥Bytes/second/site.
These estimates would increase should we decide to implement full waveigitimadion or addi-
tional triggers.

4. Dead-time: The DAQ is required to have a negligible readout dead-tirn@.$%). This requires fast
online memory buffers that can hold multiple detector readout snapshotstivhiéghest level DAQ
CPUs perform online processing and transfer to permanent stotaggy hiso require some low level
pipelines at the level of the PMT FADCs.

9.4.2 The DAQ System Architecture

The main task of the DAQ system is to record antineutrino candidate everivetdsn the antineutrino
detectors. In order to understand the background, other types nfisese also recorded, such as cosmic
muon events, low energy radiative backgrounds... etc. Therefor®ARemust record data from the an-
tineutrino and muon detectors (inner and outer water Cherenkov detacfRPC tracker), with precise
timing information. Offline analysis will use timing information between continuoenvin the antineu-
trino detector and in both the muon and antineutrino detectors to select antinevents from correlated
signals or study the muon related background in the antineutrino detectors.

The DAQ architecture design is a multi-level system using advanced comheantiputer and network
technology as shown in Fig. 9.7. There should be three sets of DAQ systamgor each of the three
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Fig. 9.7. Block diagram of data acquisition system.

detector sites. The DAQ system levels shown in Fig. 9.7 are as follows:

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

The Far and Near detector halls, will have the same DAQ architecture butifféhent number of
VME readout crates to accommodate the different number of readonielsain the Far/Near halls.
Each VME crate holds a VME system controller, some front-end rea@@&iE) modules and at least
one trigger module which supplies the clock signals via the VME backplane &BBenodules. The
VME processor, an embedded single board computer, is used to collmtopess, and transfer data.
The processor can read data from a FEE board via D8/D16/D32/MBlifaé4fer mode, allowing a
transfer rate up to 80 MB/s per crate which is sufficient to meet the bandreigitirement. All readout
crates of the entire DAQ system at a single site are connected via a fashasyous Ethernet switch
to a single local event builder computer.

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

3. Data Storage and Logging:

Data from the Event Builder computer at each site are sent via fast ofitiealink through a ded-
icated switch at a single surface location where it is then transferred tbHaoé disk arrays. The
hard disk arrays act as a buffer to the remote data archival storageadarge data cache for possible
further online processing. Each day will produce about 0.3 Teraliytata that needs to be archived.
Although implementation of data logging has not yet been finalized, there arelivious options:

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

(b) Record the data locally on disk (or tape) and deliver to Hong Kongabywhere they would be
copied and distributed via the GRID.

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

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

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

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

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

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

9.5 Detector Control and Monitoring

The detector control system (DCS) controls the various devices of ferieent (e.g., high voltage
systems, calibration system, etc.), and monitors the environmental paranmetelestector conditions (e.g.,
power supply voltages, temperature/humidity, gas mixtures, radiation, etme Safety systems, such as
rack protection and fast interlocks are also included in the DCS.

The DCS will be based on a commercial software package implementing thevisopg control, and
data acquisition (SCADA) standard in order to minimize development costdépandximize its maintain-
ability. LabVIEW with Data logging and Supervisory control module is a céistéve choice for the DCS.
The BESIII system will act as a model from which the Daya Bay systemusldped.

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

9.6 Manufacturing Plan, Quality Assurance, ES&H (Environment, Saféy and Health) and Risk
Assessment

9.6.1 Manufacturing Plan

The PMT readout electronice.g.FEE boards), are being designed by IHEP and will be manufactured
in China. Front end electronics for the RPCs will be manufactured andltaestee University for Science
and Technology in China. Final stage testing of all components together witRRICs will take place on
site at Daya Bay. The trigger and clock systems are being designed ghtisituniversity in Beijing in
concert with the electronics group at IHEP. These systems will use a misfluemmercial electronics
(including GPS receivers) and custom made boards either purchaseghafactured in China. The DAQ
software is being designed and developed at IHEP, with some supportlie US. The VME crates, power
supplies, processors, cables and other miscellaneous. componevaikatee from commercial vendors, as
are electronic racks and cooling systems. The crates and rack hardhilldre acquired in Asia. Computer
systems are readily available from numerous sources. The monitoringatrdlsystem will use a mixture
of commercial hardware and software, and some custom softwaresiditywresources (students and post-
docs) will be used to develop both hardware and software componehis efectronic systems. Testing and
integration of the system will be done by physicists, primarily in Asia, but aigaimthe US.
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9.6.2 Quality Assurance

The electronic designs will be thoroughly reviewed by experienced elgctengineers not directly
involved with the design effort prior to prototyping and production of eteuts boards. Prototypes will
be tested both in China and in the US. Custom electronics boards will use coianad-the-shelf com-
ponents and products that are available in China. Furthermore, ADCER@G&s will be selected from
pin-compatible family lines allowing for unanticipated upgrades. Full prodnotidl occur only after a
complete system integration test involving all parts. Software will be exerbigseveral groups during de-
velopment to identify problems and bugs, both in China and within the US. Rs#gility for maintenance
and repairs (as needed) will remain with the original design team duringl&tista and commissioning.
Finally, a programmable calibration pulse can be generated by a fast Digtboard the PMT FEE
which is sent to the input of every channel on that board. We will use ¢hitufe as a reliable self test and
calibration for the full readout system.

9.6.3 Environment, Safety, and Health

The principle hazard is exposure to electrical power (220 VAC and wsuitagh-current, low-voltage
DC power lines). Local standards and regulations will be followed fomllaion of AC power into the
electronics racks. Appropriate commercial class-2 cable, outlets, agd will be used throughout. High
current DC power supplies will be mounted inside the racks. Voltage disbibwill use appropriate high
current cables, with all connectors properly covered to prevemti@ai@al human contact or short-circuits.
Custom PCBs will be fused to prevent/reduce fire hazards. Coolingwdhkave appropriate covers to
limit contact with spinning fan blades. Sensors mounted within the rack will adiceig shut-off power
in emergency situations. Hazard and hazard mitigation plans will be reviewsrdaily by engineers not
directly involved with the original design. Written procedures will be drafteddvise people working with
Daya Bay electronics on proper safety procedures.

9.6.4 Risk Assessment

There is a risk that experimental conditions will be different than thoserexpced during integration
testing. A sample of possible risks include:

excess noise

unanticipated cross talk

failure of the GPS clock system
trigger rates larger than anticipated

detector response outside original design expectations

S T S

environmental conditions outside expectations

Mitigation:
To mitigate these risks, designs are being kept as simple and flexible as pes#idbeilt-in redundancies
(e.g.using a precision oscillator as a backup clock), where possible. We wilineethat about 50 percent
of the FPGA resources on each module remain available to accommodatdegpgral modifications for
both the readout and trigger systems. Isolation transformers will minimize thecirapaxternal sources
of electronic noise. The rack environmental design will be flexible endagtiow for improvements and
upgrades should any aspect prove inadequate.
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10 Offline

This section describes the Daya Bay Offline Software and Computing Projee project covers all
developments of offline software for the Daya Bay experiment, the defirgfitre computing environment,
the provision of hardware and manpower resources, and the opevatlumoffline computing systems.

In particular, the Daya Bay Offline Software and Computing Project isoresiple for the provision of
the software framework, computing infrastructure, data managemenbs\amte external software as well
as provision of the hardware and networking required for offlinegssing and analysis of Daya Bay data.

The development of detector-specific algorithmic code for simulation, cibbraalignment, trigger
and reconstruction is under the responsibility of each detector subsysiethe Software and Computing
Project plans and coordinates these activities across detector biesrataat supplies and supports the non-
detector-specific software and tools that the detector subsystems use.

10.1 Offline Requirements

Daya Bay is still in the relatively early stages of the project, and the offligeirements will change
over time. Current requirements for offline focus on the simulation of deteetsigns and physics signa-
tures, and software development. As data taking begins, all softwadeydi@, and networking components
must be in place to ensure calibration of the detectors and rapid first résuiislata. Once data taking
reaches steady-state, the offline requirements will shift towards datageraeat, data processing and ease
of access for the data and software to all Daya Bay collaborators.

10.1.1 Networking, Computing and Software Distribution

Computing hardware, archival storage, and networking requiremeni3dya Bay are not extraordi-
nary for modern physics experiments. However, the international atribdied aspect of the collaboration
impels special attention to networking and data archiving, as well as stoamdination of US and Chinese
resources and ease of access to experiment resources for albcaltab.

Offline software must be easily distributable, installable, and usable fobooti#ors at Daya Bay insti-
tutions. Software and infrastructure must require a low level of long-taaimtenance effort. Offline soft-
ware must run on all validated and supported platforms and must allow itiegod Daya Bay collaborator-
written code specific to the experiment with generic tools and packagessu@bant4 and ROOT.

1. Steady-state Network Bandwidth:End-to-end network bandwidth from the DAQ disk cache at the
Daya Bay reactor site to the data archives in Beijing and Berkeley mustdtoateliver an aggregate
of >200 TB/year of recorded raw data. Sufficient additional bandwidthgsired for remote access
by Daya Bay scientists to the on-site computers as well as normal incideatjussearchers at the
reactor site (e.g. email, web access).

2. Recovery Network Bandwidth: End-to-end network bandwidth from the DAQ disk cache at the
Daya Bay reactor site to the data archives in Beijing and Berkeley musffii@ent to recover from
periodic network outages or interruptions. Surplus bandwidth for secbvery should be approxi-
mately 50% of the steady-state data rate, sufficient to drain the DAQ disl edttiout interfering
with nominal data transfer. This model drains the DAQ disk cache over a tariedawice the length
of the network outage.

3. Network Connectivity: The maximum time to recovery and mean time between failures of the end-
to-end network connectivity from the DAQ disk cache at the Daya Bastoeaite to the data archives
in Beijing and Berkeley must not overflow the DAQ disk cache. The DAQ dathe will be 20 TB,
which is sufficient for~1 month of recorded raw data. In theory, this implies that the maximum time
to recovery of the network must be less than 1 month, and that the aggdeyateime of the end-
to-end network connectivity must not exceed 33%. In practice, the maxitimugrto recovery should
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be less than 1 week, and the aggregate availability should be greater than®& weeks aggregate
outage per year).

4. Computing Power: Dedicated, validated computing resources must be sufficient to allow 2réill p
duction passes through a year’s worth of raw data per year using Es$@6 of the total compute
power. The remaining 50% will be dedicated to user-level analysis and giaorula

5. Software Releases and DistributionDaya Bay software releases must be installed on each of the
three official clusters (BNL, IHEP, LBNL). Software releases mustbailable for download and
installation on other institutional resources running supported operatgignsg and software loads
(i.e. suite of loaded external software versions).

10.1.2 Simulation

Daya Bay simulation, like most modern physics experiments, is done using4GiddnDaya Bay
requires specific physics processes be properly implemented in the pleygjte, the ability to easily
compare alternate detector designs, configurations, and options, atitetbatput of the simulations permit
the development of offline algorithms well before detector turn-on. Otinenlation packages exist (e.g.
Geant3 and Fluka) currently. Some early simulation (e.g. neutron bacidysimulation) is done with a
Geant3 program inherited from Palo Verde experiment. But Daya Bay ffidlally support only Geant4 as
the central simulation engine. Other simulation packages will serve as validagisn

10.1.3 Data Processing and Analysis

Daya Bay offline analysis of data will be mostly done using the ROOT objéettad data analysis
framework [2]. Daya Bay collaborator-written software must integratleavith ROOT’s data analysis,
graphics, and I/O capabilities.

We do not want to preclude the use of other analysis engines and/ordodight coupling between
user code and ROOT classes will be minimized. However, we expect thef asker frameworks and/or
tools (e.g. PAW, JAS, Excel) will not be officially supported by Daya Bdffie.

Some visualization capability is needed for single events. This will either uad@ted visualization
framework or a light-weight custom-built framework tailored to Daya Baiispde geometry and detector
data requirements.

Daya Bay'’s data stream is not triggered like an accelerator detect@rsd;ithe typical HEP analysis
pattern of independent events is not applicable. Instead, analysis wiédeated upon sliding windows on
data within an Anti-neutrino Detector (AD) and between ADs and the vetorsyStke offline framework
must provide a natural interface to this kind of data analysis and allow tesemnfigure the time-window
size and other appropriate parameters without recompiling.

1. ROOT Integration: For the immediate future, ROOT is the most capable analysis toolkit available
to Daya Bay. ROOT must be supported by the offline analysis framewaorkifp@g researchers to
fill with Daya Bay data and manipulate ROOT ntuples, histograms, and othiisenabjects from
within the framework and/or allowing direct access to Daya Bay data fro@RO

2. Data Externalization: Daya Bay data should be accessible from non-ROOT analysis tools @ind en
ronments.

3. Data Processing ModelThe offline analysis framework must read Daya Bay raw data format-as de
fined by the final stage of DAQ merging and permit the time-window data psowgsodel required
by Daya Bay raw data processing. Other data processing models teuisabsequent analysis must
be supported.
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4. Database for Important Quantities: Offline analysis requires efficient access to important but typi-
cally slowly changing data. Examples calibration and reactor power data.

10.1.4 Data Movement and Networking

Daya Bay data will initially be distributed to a few collaboration-funded compcitesters to be cali-
brated, processed, and archived. The processed data are theavadable to all collaborators for analysis
at these official clusters or at local, institutional machines (e.g. locataeslkand/or university clusters).
The Offline subsystem must provide tools for the automatic and manual motvantemanagement of data
coming out of the data acquisition (DAQ) system. Offline must also provide thle for management of
data provided by the utility company (e.g. reactor power levels, etc).

10.1.5 Online Interface

The online system will be responsible for merging the data streams fromtadtdesubsystems (e.g.
ADs, Water Cherenkov and RPCs) and slow controls in a single detedtantoaa single, time-ordered
stream for subsequent offline analysis. Past this point of the expdisndata processing, the management
of data files, tools for data transfer and accounting, and softwaréJa@rid processing are the responsibility
of the Offline group. Before this point in the data flow, responsibility resigith the Online group.

1. Slow Control Data: Detector slow control data are those data which monitor detector and trigger
state and/or configuration. These data change slowly over time and wiltbedesl in the main data
stream. The offline analysis must provide all salient detector state infornfaticletector events in
the data stream.

10.2 Data Management, Networking and Computing

Daya Bay is an international collaboration with commensurately internationdviage resources and
globally distributed scientists requiring access to Daya Bay data, computerces, and software. All
managed data transfers are made via national and international netWierkescpect to make use of Grid
resources and tools for data transfer and job submission where aippeoplowever, the modest data vol-
umes and compute requirements of Daya Bay simulation, processing, dgdisiaa well as the limited
manpower available suggest that more than a small investment in customiziagBagysoftware and/or
hardware resources to a specific Grid is not cost-efficient. Therefm do not expect to fully Grid-enable
our system, rather use a subset of easily adopted tools.

10.2.1 Data Movement

During steady-state data taking mode, data taken by the detectors arermeohdfy network from
the reactor site in China to two permanent data archives (one in China, dhe WBS). The first stage
of data processing (i.e. calibration, reconstruction, and event filtewilgbccur at one or both clusters,
using validated production Daya Bay software running in the Daya Bapefihalysis framework. We may
want to replicate processing at both clusters as a QA measure (i.e. ptaces and compare results to
ensure reproducibility). Results from each stage of data processihgudisequent data analysis steps are
centrally archived and available to all collaborators for local and/or temacessing. Full data archiving,
data processing, and data analysis will be done at the LBNL and IHEfRuBata processing and analysis
will also be done at the BNL cluster and data analysis will be done at oth@utitsal compute resources.

Daya Bay data are recorded by the DAQ system at the Daya Bay re#detand stored on a local disk
cache large enough to holdl month’s worth of recorded raw data (see Data Rate Estimate in Section 9.4.1).
Data are transferred by network concurrently to two major Daya Bay datdvas on NERSC's HPSS
system at LBNL in Berkeley, CA, and on IHEP’s Castor system in Beijifgn&. Integrity of the network
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data transfers are checked by comparing checksums of the data aeeith&ailure of the integrity check
triggers a retransmit of the data file.

Once data are transferred and validated, the original master copy attfeeBay reactor site on the
DAQ disk cache is marked as redundant and deleted using a high-watdawawatermark algorithm. This
scheme can accommodate temporary outages of the network and/or data mig@tavithout impact on
the science output of the experiment.

Most of the data migration effort will be either automated or use tools which minithizenanual
effort involved and reduce the likelihood of human error. Examples ofatrés Bookkeeping for the disk
cache at the Daya Bay site will be done by a database loaded programmatathlly than manually, from
a spyder-like service which will keep watch on well-defined file systenctiirees on the disk cache. All
data migration and high-watermark/low-watermark processes will work thasrbookkeeping database.

10.2.2 Networking

Daya Bay depends upon several externally funded national andatitaral networks and upon one
network link funded specifically for use by Daya Bay.

The network connection from Daya Bay (dubbed DayaNet) will be proved in Fiscal Year 2007
at 155 Mbps which will be dedicated to Daya Bay data transfers and sigsscthis will be more than
sufficient for the Daya Bay steady-state data taking rate (up to 600 GRldaying headroom for recovering
from data migration and/or network interruptions and providing access &itthéor remote monitoring of
the experiment for researchers offsite.

The maximum data rate estimated for Daya Bay is 600 GB per day (see Data $tiatatk in Sec-
tion 9.4.1). Assuming that 66% of the total bandwidth to the site should be reserved for recordedatav
transfer and that the aggregate network availability 8%, this requires provisioning connectivity with
effective instantaneous bandwidth-o100 Mbps.

From China to the United States, Daya Bay will rely on two R&E (Research &cé&titan) networks.
Gloriad [3], which connects to ESNet in Chicago is currently 10 Gbps adiwes Pacific and already in
use by Daya Bay. TransPAC2 [4], which connects to Internet2 in Lagehes, is part of the NSF’s IRNC
(International Research Network Connections) program. This intenatiiversity of connection ensures
that no single trans-Pacific network outage will interrupt data flow to the US.

Once in the US, the DOE-funded Energy Science Network (ESNet) (Miges a high-reliability 10
Gbps IP backbone to all DOE Office of Science facilities including the NERBGF cluster at LBNL and
to BNL where the Coop Cluster is located.

Networking within China and connection to IHEP in Beijing relies on the Chinesemal network
(CSNet) [6] which provides a 10 Gbps backbone and 1 Gbps conitg¢tvHEP.

The final network topography for Daya Bay is not yet settled. The ection from the Daya Bay reactor
site may land in Hong Kong (CUHK) or connect directly to CSTNet in Shenzbeeven to the alternate
Chinese national R&E network, CERNet at Zhoushan University. Thisdejllend upon final negotiations
and costs, but we have vendor quotes for the direct connection to CLikdwise, the second trans-Pacific
network connection via TransPAC2 has not been tested. We are in slmesisvith the Internet2 and IRNC
network operation centers to ensure the connection.

10.2.3 Data Archiving

All Daya Bay data (raw data, calibrations, reactor data, processed atatacollaboration analysis
objects) will be archived at two locations. At LBNL's National EnergysBarch Scientific Computing
(NERSC) [7] Facility we will store our raw data on the HPSS (High Perforcea®torage System) mass
store. This system has a current total capacity of 8.8 PB and is allocatdtevimrmal NERSC allocation
process. At IHEP, the Castor system in use for LHC experiments will plecaged to provide a dedicated
archival storage for Daya Bay.
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Data from these two archives will be available to all collaborators via the@lusendard data transfer
tools such as FTP, scp, and/or GridFTP. A bookkeeping database wil aflers to query all centrally
managed data files.

10.2.4 Database

A single, central database will be used to hold auxiliary data needed tozaerthly detector data. The
data includes items not in the detector data stream such as reactor powkresrderived from the detector
stream such as calibration constants. Certain, important slow control datesode stored in this database.

The main role this database provides is efficient time based random acéessddta. Every entry of
a particular type of data has an associated range of time when it is comki@ddice Given a specific point
in time, the software interface to the database will select the correct entwgn \&htries have overlapping
validity ranges the entry with the most recent creation date is selected. Thisniag mechanism allows
improved quantities to be entered without the need to delete values and gravy to reproduce past
results.

10.2.5 Computing Resources, Operations, and Data Processing

The offline computing resources needed for simulation and for data maeaggrocessing, and anal-
ysis will be met at three officially supported computing clusters at BNL, |-l LBNL and at two tape
archives at IHEP and LBNL. The manpower required to administer ardatgpthe resources will be sup-
plied by the host institutions. Daya Bay operational manpower will be redjuorenanage data files and
batch jobs on the systems, as well as installing and validating the official DayadStware load.

We are currently making use of the BNL's Coop Cluster, LBNL's PDSIg smaller clusters and/or
resources at IHEP and other institutions for detector design and simul&ootis.e

Because of our limited manpower, we will be officially support only one ptatff.e. operating system
+ compiler versions) in Daya Bay. "Officially support” in this context meanBdta Bay software will not
be considered releasable until it runs and has been validated on therteagpatform, 2. bug reports on the
supported platform take priority. The officially supported platform will hegant of Linux and will change
over time. The initial supported platform is not yet chosen, but ScientifieX.81(SL3) is an obvious initial
candidate as this is currently a widely used and supported version of lriridiP (e.g. CERN and FNAL
officially support SL3). As a general principle, Daya Bay will adopivr@atforms as required, external
software become well tested and supported. (e.g. CERN plans to retiran $®r of SL4 by the end of
2007, we would follow when we are assured that SL4 has reachedienftfstability.) We expect that the
official platform will the default installed on Daya Bay clusters or alterradyivthat the cluster managers
will take responsibility for porting releases to their non-standard platform.

In accord with Computing Science Engineering (CSE) best practicesagi Bay produced software
will be intentionally written as portable as possible. Likewise, external dgeries should not unneces-
sarily constrain e.g. our choice of Linux operating system + gcc compitsiore i.e. No artificial barriers
should be erected to porting Daya Bay software to other Linux/gcc platfddhsourse, any other plat-
form may be supported for the collaboration by a motivated volunteer wles tasponsibility for porting
software and responding to bug reports and support requests. dilitjoaal platforms’ releases can be
made available by that volunteer from the official Daya Bay softwarecgodmy sensible code changes to
accommodate additional platforms shall be acceptable in the CVS repository.

10.2.5.1 BNL Cluster

The BNL Cooperative Cluster (coop) [8] is a relatively smalbQ CPU,~8 TB disk) AMD Opteron
based Debian Linux cluster serving the MINOS, Daya Bay and otheribatitrg experiments. US Daya
Bay will add ~40 CPU and 10 TB disk to this shared cluster for use in Daya Bay data anahg offline
processing.
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10.2.5.2 IHEP Cluster and Tape Archive

IHEP has several medium and large Linux clusters for experiments ingl@ifS, ATLAS, BESIII,
Argo, and HXWT (Hard X-ray Modulation Telescope). The BESIII exdment includes a Castor tape
archive system of 4.8 PB capacity.

CAS will standup another cluster ef100—-200 CPUs with-20 TB of disk and another Castor system
with ~200-500 TB tape capacity dedicated to Daya Bay. This system will be méuragarallel with the
other clusters, initially running Scientific Linux 3.

10.2.5.3 LBNL Cluster and Tape Archive

At LBNL, the Parallel Distributed System Facility (PDSF) [9] is used by agpnately 20 different
nuclear physics and high energy physics experiments. These expeyiarerable to pool their resources
allowing a much larger and professionally managed central resourceéhéarcould realize individually.
PDSF supplies currently approximately 600 processors, 150 TB oédlisk space, and 150 TB of local
disk space. All CPUs are running Linux operating system and allow thetasspecify at run time the
software load (via the modules facility) and operating system (via cho$ghvatiows simultaneous usage
by the widest variety of applications.

US Daya Bay will add another 100 processors and 20 TB of sharedalisk PDSF system. This will
guarantee a minimum fairshare of the overall resources. Additional @Bblirces are available depending
on usage by other stakeholder experiments.

PDSF is part of the NERSC facility and well coupled to the HPSS mass stoyates[10]. The
NERSC HPSS system consists of 8 large STK tape robot silos with an adggregpacity of 8.8 PB and
a large (100 TB) disk cache. The maximum throughput for the system isB/@G Users can access the
system through a variety of clients such as hsi, htar, ftp, pftp, and grigtslie

The NERSC facility is operated for the Department Of Energy (DOE) agpan cesource for DOE’s
Office of Science researchers. Allocations of NERSC computer time ahdi/alr storage are awarded by
DOE to research groups whose work reflects the mission of DOE’s QifiG&eience. The allocations are
administered by NERSC and managed by DOE. The research groupsaded project accounts, known
as repositories, from which they draw resources throughout the atinggear.

Requests to use NERSC resources are submitted annually via a web fonm &s the ERCAP (En-
ergy Research Computing Allocations Process) Request Form. ERCAfRdssad through the NERSC
Information Management (NIM) web interface and is available yearaoun

Daya Bay currently has mass storage allocation of 25 TB on NERSC’s BpP8&m and will apply
annually for additional storage up to a maximum~&00 TB to archive all raw and processed data sets.

PDSF and HPSS are administered by computing professionals and addefiménl metrics for avail-
ability, uptime, and performance. The only Daya Bay operations manposesseary is that required to
submit and manage jobs and data files.

10.3 Offline Core Software and Infrastructure

Like most current generation High Energy Physics experiments, DayahBs adopted an object-
oriented approach to software based primarily on the C++ programmingdgadand relies on common
C++ tools, software tools, and programs such as Geant4 and ROOTiag®bxamples.

Offline core software includes frameworks, databases, infrastejcind services which are either not
specific to Daya Bay or are not an explicit step in the physics analysis or siomutd data. Core software
is often differentiated from Physics software which contains details ofetectbr and/or data analysis and
are typically written by research scientists in the collaboration specificallh&experiment at hand.

We categorize core software effort into three general areas:
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1. Simulation: Software frameworks, databases, and tools needed to simulate the detdaataboth
in the design and the data processing and analysis stages of the experimistby necessity tightly
coupled to Geant4 as the main simulation engine for Daya Bay.

2. Processing and AnalysisSoftware frameworks, databases, and tools needed to calibrate and filter

recorded data, reconstruct events, produce processed eteandecommon experiment-wide analy-
sis objects, allow scientists to explore data and produce final physidtsresu

3. Infrastructure: Software services, databases, build systems, and other tools for isottesgelop-
ment, building, testing, and deployment and for data management and movement.

The development of software for detector and trigger studies, and afithignic code for calibration,
reconstruction and analysis is not covered by the core effort, as it igjtihahat these activities fit natu-
rally into what is expected from all physicists who are members of the colifibar These activities are
nevertheless necessary, therefore they are coordinated by the@#@imputing project.

10.3.1 Simulation Software

The Geant4-based simulation framework (g4dyb) currently being usBépg Bay allows researchers
to investigate different detector configurations, but with a relatively aavkvwcombination of hard-coded
constants and external XML files. We plan to move to a system in which thetoetgometry, material
properties, particle properties and physical constants are easily waifig in a manner which allows com-
parison of alternate designs and assumptions and which can be easily negirgathreferenced over the
course of the detector design. These configuration constants mustiladokesto both the Geant4 simulation
engine, and to user code which analyzes simulated data.

10.3.2 Processing and Analysis Software

The primary component of the core software for offline processingaatysis is the offline framework.
The framework provides a common software environment in which usescath and cooperate. It is the
software which controls what code gets called on which data and when.

There are several analysis frameworks in HEP which are well estathi@ttesupported within a single
experiment. There are very few that are used across multiple experirergof those supported across
multiple experiments is the Gaudi [11] framework used by LHC experimentA&T[12] and LHCb [13],
as well as non-LHC experiments like GLAST [14], Harp [15], and BH$16].

We are currently evaluating the Gaudi framework for application to DayasB&ware. Arguments in
favor of using Gaudi:

1. Reduced Developer Burden:Gaudi is an existing and well supported framework which has been
developed and tested in large collaborations with much more manpower tharBagycan bring to
bear on development of our own framework.

2. Collaboration Expertise: Gaudi is used by Chinese collaborators in BES Il and has been used by
US collaborators and potential collaborators in ATLAS. Hence, we deetatdraw upon technical
expertise. This is especially compelling if we are able to incorporate otheA&Tand/or BES Il
collaborators into Daya Bay.

3. Reduced User Burden:Gaudi minimizes user coding. Users generally only have to write Algorithms
that interact with the transient event store for data access and autontatltQla

4. Geant4 and ROOT: Gaudi is well integrated with Geant4 and ROOT, respecting the data objaet ow
ership models of both and integrating seamlessly with ROOT’s introspectioRy#RAOT interface.
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5. Services:Gaudi provides integrated access to many generic services includirigld®properties,
random number generators, ROOT and AIDA histograms and ntuplesTROOPOOL persistency
(Data 1/0), error and message logging.

Our evaluation of Gaudi is focusing on several aspects of usability jpplitability to Daya Bay in-
cluding:

1. Build, Install, Distribute: We have successfully built Gaudi on the IHEP cluster under Scientific
Linux 3.0.4. We must be assured that Gaudi-based Daya Bay softwat@evgiinple to build, install
and distribute to collaboration clusters.

2. Event Processing Model:The processing models for accelerator-based experiments are typically
based upon separate, uncorrelated triggers which are procegsbg-ome. Daya Bay data processing
will involve analyzing together distinct event records within the data stream.

3. Support and Upgrades: Daya Bay is a small experiment relative to ATLAS and LHCb (the main
developers of core Gaudi). We will need assurances that we cactesqrae level of support from
these authors when we find bugs and request or contribute featutiemsld

4. Geometry: We are developing Daya Bay geometry definitions based on AGDD. We ved tebe
able to easily incorporate this work with the integrated Gaudi/Geant4.

Pending final evaluation of the Gaudi framework, we are not certain iNeadopt it or develop a
Daya Bay specific framework. If we do adopt Gaudi, we will certainly itaradopt several of the ATLAS
extensions. Specifically, using Python rather than text-based job optiesgife. program configuration),
and the StoreGate transient data store. The Python configuration langllags much greater flexibility,
capability, and stability. The StoreGate transient data store allows Daya Bagvédop software which
uses any valid C++ class for data object rather than forcing a inheritlependency on the Gaudi IObject
interface.

10.4 Risk Assessment
Offline computing does not pose environmental, health or safety risks.
10.4.1 Schedule

Offline software by its nature is heavily front-loaded in the schedule. dierofor scientists to bring
up, debug, and characterize detectors as they are installed into the Bpyt& the software for reading
and processing detector data must be in place before detector installatisrreduires that researchers
develop, test, and debug detector-specific code, define data steuatalelata 1/0 formats, and are familiar
with processing and analyzing simulated detector data using the offline fiainewd data analysis tools.
This implies that the offline framework and analysis tools themselves (the matrihichwesearchers
develop, test, and debug their own code) have already been develegid, debugged, and deployed to
the collaboration.

Schedule Pipeline: The front-loading of offline software carries risk to the overall schedor detector
specific software and consequently to the ability of the experiment to baneek@at turn-on to bring
the experimental hardware up in a timely fashion.

Mitigation:
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o We are leveraging work done by other experiments with far more resotiraasDaya Bay,
evaluating adopting the HEP Gaudi framework with targeted ATLAS exteasia are drawing
upon Gaudi expertise of LBNL Computing Science Engineers (CSEsgmiy working on
ATLAS.

o We are concurrently prototyping event data model structures with an dptimnld a framework
specific to Daya Bay data analysis or incorporate those data model sésittitithe Gaudi-based
framework.

10.4.2 CyberSecurity

Cybersecurity risks posed to the Offline Software and Computing Pra@éaterto the experiment’s
information and information systems. Much of the computing and data is hotskl@ Chinese national
labs.

Those inthe US are subject to the Federal Information Systems Manag&atéRtSMA). Compliance
with FISMA entails, among other things, enumeration of risks in terms of thesceén the confidential-
ity, integrity and availability of the information and information systems. Risks mashitigated through
security controls and any residual risk must be accepted by the lab’'srBi@é&sentative. Currently one lab
(BNL) has completed the Certification and Accreditation process unddtAISBNL is still in the process
but has gotten good evaluations from past security audits.

The IHEP cluster also is managed with explicit attention to cybersecurity bastiges for WAN-
accessable Linux clusters and is part of the IHEP security enclavé® thBersecurity practices are subject
to the classified criteria for security protection of computer information sy$@B 17859-1999). In or-
der to understand the current status of the information security prognagnesoatrols to make informed
judgments and investments that appropriately mitigate risks to an acceptabléH&rhas completed the
Security Self-Assessments Compliance with GB 17859-1999 entails. IHEERde$ence in depth to elevate
cybersecurity above that required by GB 17859-1999.

Besides the general risks in covered by the above there are speksipoised to this project.

Data transfer: Raw data from the detectors must be transferred from the DAQ disktarcdfgite locations
at IHEP and LBNL for initial processing and subsequent distributiorer&lis a risk of data loss or
corruption during this transfer.

Mitigation:
o File checksums are computed before transferred. The cached file iseemaly after it is

confirmed that the copied files have matching checksums. A corrupt orléost fetransmitted.
o Copies at IHEP and LBNL provide redundancy against loss or cormupfter the initial transfer.

Malicious code insertion: The offline software is developed by many people in parallel and used-on in
formation systems at many institutions. In principle, malicious code can be irtthdéecould alter
results or provide avenues to attack collaboration computing systems.

Mitigation:
o Committing code requires username and password authentication uniqué woe&dboutor.
o The contents of each commit is monitored by the offline group through emailcaditins.

o If malicious code is found it can easily be excised from the repository.

o Elevated privileges are not required to run the software so a local nalditidy must exist for
any attack to spread beyond the account running the code.

o Individual institutions have general mitigations against malicious softwéeetafg their com-
puting systems.
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11 Installation, Testing and Deployment

Careful logistical coordination will be essential for the receiving, sggassembly, installation, and
testing of all detector components and subsystems. This chapter dissossesf the basic considerations
in the installation process and outlines a plan for the assembly, filling, andytdeghd of the antineutrino
detector modules.

The installation of subsystems, system testing of experimental equipment glogirdent of detectors
in their appropriate locations begins as beneficial occupancy of facilitidsricivil construction are com-
pleted. Well-coordinated activities underground and on the surfacesaential for the timely start of the
experiment. While the civil construction of the underground tunnels altslibdeing completed the assem-
bly and testing of the first detectors will be started above-ground so tiyatcdn be deployed as early as
possible.

The Collaboration has a wide range of experience in the installation andtmpeof large detector
systems including underground installations at SNO, KamLAND, GALLEXH@iGran Sasso Laboratory),
IceCube (at the South Pole) and STAR. Members of the Daya Bay Cdliatnohave also been involved
in the engineering and installation activities at MINOS, and Chris Laughtonrestty involved in the
evaluation of the tunnel design and specification for the civil construeti@aya Bay.

All of the assembly work of the antineutrino detector modules except forltimgfivill be performed
above-ground in a Surface Assembly Building (SAB), as describeddtidbel1.1.1 below. This will pro-
vide a facility for the assembly and testing of two antineutrino detector moduletiraeaThe SAB will
also include staging and testing facilities for other subsystems such as thesystem, the calibration
system and PMTs as well as some storage and mixing facilities for the antimedétactor liquids (see
Section 6.3.) A Storage Building (SB) for storage of arriving equipment hidly be provided by the
power plant. If not, we would plan to lease such a building. Some elementsasube mineral oil storage
tanks, will arrive ready for installation on the surface or in the tunnel. Gilements, such as the RPCs will
require brief retesting to ensure that no damage occurred during shipfinvever, elements such as the
antineutrino detector vessels will require assembly under cleanrooniticosdand system testing prior to
transportation underground and filling.

The logistics of assembly and installation of the antineutrino detector include:

1. All detector modules will be fully assembled and tested with inert gas utemoom conditions in
the surface assembly building.

2. Only empty detector modules will be moved down the portal access tunnel tmtlerground facili-
ties. During initial transport from the surface to the underground fillingtha antineutrino detectors
are unfilled and weighing about 20 ton, or 20% of their final weight.

3. All detector liquids will be transported underground to the filling hall incid SO liquid containers
to ensure clean and safe handling of all liquids (see Section 6.3).

4. The detector modules will be filled in pairs in the underground filling hall suemn“identical” target
mass and composition for each pair.

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

6. Once a module is filled with liquid it will only be moved in the horizontal tunnet§.6% grade)
between the experimental halls.

7. The filling hall is designed to allow for the draining of all detector moduleseetid of the experi-
ment.
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The logistics of assembly and installation of the other detector systems (mlibratian, electronics)
include:

o Testing of components and subsystem assemblies in the SAB.
o Preparation of components and subsystem assemblies in the SAB foioitamnsgerground.
o System assembly in underground halls.

The effort of WBS 1.7 supports the overall planning, staging, conindl execution of the final as-
sembly and installation of the experimental hardware on site at Daya Bayglutes labor, materials and
universal (not including any custom installation and test hardwarerezbior individual detector elements)
equipment required to perform these functions. It includes all technitiaes, supervisory and engineer-
ing labor required to install the detector elements, but not the physicistrayideering efforts from the
subsystems supporting the installation and test activities.

The effort of WBS 1.1, 1.2, 1.3 and 1.4 will provide system experts agdizant engineering oversight
along with relevant procedures and installation documentation for assenthilystallation of the subsystem
elements while in the Surface Assembly Building, in the experimental halls asgguént in-situ system
testing.

11.1 Receiving and Storage of Detector Components

The logistics of receiving, storing, staging, assembling, and testing campfor the Daya Bay ex-
periment requires the construction of suitable surface facilities includings &t and SB. As detector
subsystem elements arrive at the Daya Bay site, they will be deliveredetofaihese buildings. Special
arrangements will be made for the handling of the detector liquids: the ud#sleGd-LS, and mineral
oil. The major elements of the experiment (antineutrino detector outer vessgdlc aessels, calibration
systems, muon detectors, PMTs and liquid storage tanks) will arrive ofl aceedinated timeline to avoid
space problems and to allow the assembly of two detector modules at a time in th&s&pace required
for the storage of all components would otherwise quickly overrun thiéade storage space. The storage
building will be of sufficient size to hold the large elements of the antineutrinctigtand muon systems,
but only for a few of these elements and for short periods of time befesedale moved into the surface
assembly building. Space for two steel outer vessels plus two sets of aesgéid vessels as well as several
large muon detector panels and boxes of PMTs will be sufficient. Thisresoabuilding of roughly 200
area and a crane with a 20 ton minimum capacity. A possible layout of the ostaitege and assembly
facilities is shown in Fig. 11.1.

The logistics underground also requires special consideration: thegsttanks for Gd-LS, LS and
mineral oil will need to be in place prior to the arrival of antineutrino deteetements to avoid delay in
filling the antineutrino detectors.

11.1.1 Surface Assembly Building

A surface assembly building of the scale of 25B0 m (1250 M) is required to assemble, survey,
and test two antineutrino detectors at once. This building will be large énimulgouse two detector tanks
and their associated inner acrylic vessels. The rest will be stored in ttagstbuilding. It will also have
a 20-T crane to assemble the nested vessels and to lift the completed (bamiingutrino detectors onto
their transporter. The surface assembly building will require clean asgejmédce for working on the open
vessels to maintain the appropriate surface cleanliness. Once the detedtbesrare assembled and tested
as required, they will be moved underground for filling and subsedunstatilation in the experimental halls.

In parallel with the assembly of the antineutrino detectors, the muon detedtbkevnspected and
tested. A building of this size will allow us to set up several inspection and ¢estiiiions and have a station
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Fig. 11.1. Layout of the surface assembly building and storage facilitieg #h@ road
to the tunnel portal.

for survey and alignment. It is sized to handle the assembly of two antineukeitgators in parallel plus
a short incoming RPC panel test station. If the building is arranged in a Bhgn{, orientation, a single
30 ton bridge crane with rails along the building and a smaller 5-10 ton crane gtittansame rails are
sufficient. This allows for the manipulation of partially or fully completed (dnylieutrino detectors while
moving muon detector panels or staging other structures in parallel.

To accomplish these multiple testing, assembly, and QA tasks, appropriatatestsswill be assem-
bled. We plan to provide appropriate gases and high and low voltage @sveell as a low-noise test
environment with suitable electrical shielding and grounding. Mechandaiaéris expected to play a minor
role in these tests.

The surface assembly building will be designed to ensure several l[dw@éaaliness control. Detector
components arriving on site will be stored under sealed conditions in tfeeswssembly building. During
the assembly of the detector modules stringent cleanliness requirementBayblihe level of particulates
and the environmental air will have to be monitored. Cleanrooms of class-10000 inside the surface
assembly building or movable clean tents with HEPA filters to cover the detectarlesocan be used to
provide the appropriate environment for the detector assembly.

11.2 Detector Assembly, Testing and Transport
11.2.1 Assembly of the Antineutrino Detectors

The major components of the antineutrino detectors will be fabricated atatiffplaces worldwide and
shipped to the Daya Bay site for assembly and testing. The tasks involvedassbmbly 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

. Cleaning and inspection of the acrylic vessel.
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Lifting the acrylic vessels into the detector tank
Connecting all fill lines, calibration, and instrumentation ports
Precision survey of tank and acrylic vessel geometry

Final cleaning throughout the entire assembly process.

© ©o N o O

Pressure/leak testing of acrylic vessels and detector tank after dgsemb
10. Test installation of automated calibration systems (to be removed befospdraunderground)

The entire assembly of the detector modules will be performed in class 10006 tleanroom condi-
tions. This complex assembly and integration task will require close coordinatseveral working groups
(detector design, engineering, calibration, monitoring) and the on-sitempee of key scientific and techni-
cal personnel. The detector assembly is shown in Fig. 11.2.

Fig. 11.2. lllustration of the envisioned detector assembly process in tfi@c8uks-
sembly Building outside the underground tunnel at Daya Bay.

11.2.2 Precision Survey of the Antineutrino Detectors

Before transporting the antineutrino detector modules underground ¢meegisy of the detector mod-
ules will be surveyed to high precision using modern laser surveyingitpegs The precision commonly
achieved in modern equipment over the scale of the antineutrino dete&aon)is of the order 0o&100,m
in both the radial and the longitudinal direction. This will serve as a basedifegzance for the as-built
detector geometry. In-situ monitoring equipment inside the detector modules aiillldb used to track
any changes during the transport or filling of the modules. Relating inteyséém geometries to external
fiducial points in the experimental halls will ultimately allow a precise relative tstdading of detector
geometry to the experimental hall and the outside world. This task will be tip@mebility of the AD
subsystem.
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11.2.3 Antineutrino Detector Subsystem Testing

Following the assembly of detector modules and subsystems, testing beconteskiask to ensure
a smooth turn on and commissioning of the detectors underground. Thecaratiab’s quality assurance
(QA) and quality control (QC) experience, such as from IceCubeSi@, will be invaluable in preparing
subsystems, getting them ready, and finally installing them underground Wig @uccess rate.

Allincoming equipment will be inspected for obvious damage. For system alsriet are completely
assembled and tested to meet specifications at far away sites (the US and, Baijgxample) we require
a limited retest to ensure that no internal damage occurred during shipmeintasdor the PMTs and
calibration modules. Appropriate test stations will be assembled and utilized sutfaee assembly build-
ing. Appropriate infrastructure including low- and high-voltage, labasagases, and other supplies will be
provided for the on-site system tests.

Once the antineutrino detectors have been assembled in the surfacelgdselting we plan to per-
form a suite of tests of their mechanical integrity and functionality including:

1. pressure and leak tests of the detector tank and acrylic vessels witkragas
2. running the PMTs and all cabling with a gas fill inside the detector zones
3. testing the functionality of all ports, calibration, and monitoring equipment

Once a detector module passes these tests it is ready for transpogrondel It will be moved down
the access tunnel into the underground filling hall on transportersyatoxgrspeed.

11.2.4 Antineutrino Detector Transport to Experimental Halls

Detector modules and related systems will be transported to the filling hall aed®ental halls from
the surface assembly building using a self-propelled transporter. Aheseveral issues associated with this
task that make it somewhat more difficult than simply using conventional toaiasion equipment:

1. Due to cost and construction constraints the tunnel itself is not very.larg
2. Entrance to the underground laboratory is through an access tuitimeln incline of 9.6%.

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

Because of this, the transport mechanism should:
1. have a low bed heigh&(0.5 m).
2. be powered by an electric drive or by some very clean burning fioél 8s propane gas.
3. be capable of accurate tracking along an electric, mechanical or titagumiele

Note that the detector modules will be filled in the underground filling station amdwlill only be
transported in the horizontal tunnels between experimental halls after #veyleen filled. During the
transport to the experimental halls the antineutrino detectors are filled ardatatal mass 0f-100 ton.
We have identified a suitable transportation system that meets these requs.eRigure 11.3 shows an
illustration of the transporter we are considering for use at Daya Bay.
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Fig. 11.3.Top: Antineutrino detector on transporter during transport down the access
tunnel.Bottom:lllustration of the Wheelift transporter we consider for the transport of
the antineutrino detectors [1].

11.2.5 Filling the Antineutrino Detector Modules

The underground filling station in Hall 5 is designed to allow the precise fillinthefantineutrino
detectors to the required precision ©f 0.1% in target mass. Hall 5 is designed to accommodate up to
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two detector modules during the filling process. It has not been decidétltiie detectors will be filled

in parallel or sequentially. The three components: Gd-LS, LS formtoatcher, and mineral oil will be
filled simultaneously into each detector module. All three regions of the detewidules will be filled
simultaneously while maintaining equal liquid levels in each vessel to minimize stneskads on the
acrylic vessels. The goal is to fill at least two detector modules from the batoke of liquids to ensure the
same target mass and composition in pairs of detectors. Having one unifbcn dif each type of liquid
will further ensure the identical nature of the different detectors. Hteatiors can then be deployed, either
both at the same near site for a check of the relative detection efficiermyeat the near and the other one
at the far site for a relative measurement of the antineutrino flux.

The filling process of the antineutrino detectors and required instrumengatatescribed in detail in
Section 6.3.10. The filling station will be equipped with a variety of instrumentatidh@storage tanks and
the fill lines for a precise and redundant measurement of the target nchesmposition. In addition, all fill
lines will be equipped with the necessary filtration and liquid handling systeiftes. #lling, the detector
modules will be deployed in the appropriate experimental halls using the trdespystem.

11.2.5.1 Antineutrino Detector Transport from the Filling Hall to the Ex perimental Halls

Once the detector has been filled in Filling Hall it is ready for transport to xperémental halls. In
preparation for the transport to the experimental halls the following stepbeviliken:

1. Review expected temperature in tunnel and experimental halls compaFeding Hall. Discuss
impact of temperature variation on detector. Apply insulation to outside of antine detector if
necessary.

. Program transporter for virtual path magnetic guide from Filling Hall fmeeixnental hall.
. Wrap detector in clean plastic foil to prevent dust and environmentéhoonation.

. Move transporter into Filling Hall and under the antineutrino detector.

o M W N

Raise antineutrino detector from floor using transporter. Monitor thedos the antineutrino detector
with all available detector instrumentation during this initial lift and the subsedtemsport.

o

Move detector out of hall 5 into tunnel.
7. Move detector along tunnel to experimental hall.

8. Move detector into experimental hall paying attention to minimizing the envirotahesntamination
of the experimental hall from the tunnel.

9. Remove dust cover from detector.
10. Lower detector onto floor in experimental hall.

11. Move transporter out of experimental hall.

An antineutrino detector transport team consisting of the following peopleagipiopriate communi-
cation devices will be needed during this operation:

o operators for transporter
o scientific project leads for the antineutrino detector
o personnel for observing the move of the detector through the tunnel

o personnel for monitoring the detector instrumentation including camerasylitaessels, accelerom-
eters, etc.
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11.2.6 Assembly and Testing of Other Subsystems

The logistics of assembly and installation of the other detector systems (mlibrati@n, electronics)
include:

o Testing of components and subsystem assemblies in the SAB.
o Preparation of components and subsystem assemblies in the SAB foioitamnsgerground.
o System assembly in underground halls.

Allincoming equipment will be inspected for obvious damage. For system alsriet are completely
assembled and tested to meet specifications at remote sites (the US and Bsmijgxg@mple) we require
a limited retest to ensure that no internal damage occurred during shipnestingifor broken channels
or shorts in RPC chambers, PMTs, and calibration systems will all be relqliveaccomplish these tasks,
appropriate test stations will be assembled and utilized in the surface asdmuiibigg. The test stations
will be manned by technicians, grad students, post-docs and scientistsllumilize a small set of simple
electrical tests performed to written test specification. Appropriate infretsitre including low- and high-
voltage, laboratory gases, and other supplies will be provided foitersysstem tests.

The pre-assembly and testing of the calibration system will include:

o Mount calibration boxes on AD overflow tank.

o Test functionality and operation of calibration system in the dry AD by moviegsthurces up and
down.

o Testautomated calibration sequence in SAB with dry detector (runninged boxes simultaneously,
go through the sequence of different sources at different posjtions

o Perform visual check of motion of calibration system with cameras inside AD.
o Test for gas leak tightness.
o Test flow and overpressure control of Bover gas system with calibration box and gate valve.
o Install calibration PMTs in AD
11.3 Detector Installation in the Experimental Halls
The Daya Bay experiment consists of several detector subsystems:
1. Muon veto pool and RPC system

2. Antineutrino detectors
The installation procedures of these detector systems are outlined belowiriglla possible time ordered
sequence of this installation task.
11.3.1 Installation of the Muon Veto System

The installation of the muon system begins with a number of parallel effortsitith surface assembly
building and after civil construction beneficial occupancy of accassais and experimental halls.

A. Water pool systems require the following tasks:



11 INSTALLATION, TESTING AND DEPLOYMENT 216

1.

With access to empty water pool, clean and prep wall surfaces andsggpalyon sealant coating
as per manufacturer’s specification.

Deliver water system filtration skids to the SAB, transport undergtdarexperimental halls,
pour concrete pads and anchor skids, then connect electrical utilitgtalllsurface feed water
skid system near portal entrance. See Fig. 8.5 which shows a conladgdigm schematic of the
overall system.

Install supply and return water piping through tunnels between suftsed water skid and
experimental hall skids. Install localized experimental hall piping betwdgation skid and
water pool.

Fill pool with water and run/test filtration systems. Then empty pool foraletesystems instal-
lation.

B. PMT test and assembly in parallel with item “A’.

1.
2.
3.

Setup PMT testing area in SAB.
Start phased delivery and testing of 8" PMT in SAB.
Transport to experimental halls for storage and assembly to suppa@tise as required.

C. Install muon support structure after completion of item “A’.

1.

© N o

Deliver pool floor anchors, bulk PVC piping and fittings, and Tyvekaral and frames to
experimental halls.

. Layout, survey and install structural support floor anchors inmgtel flooring. Re-seal around

anchors and floor as required.

Assemble and glue-up PVC support substructures, attach PMT résippstall PMTs in sup-
ports and attach Tyvek sheet frames to form a complete substructure unit.

Lower by crane support scaffold into water pool onto floor anslaod roll personnel access
bridge across pool span for scaffold access.

Lower by crane and stack bottom course of substructure units owtodif@hors around pool
circumference.

Continue to stack remaining courses of substructure units to the top etevhti@ter pool.
Roll personnel access bridge off of pool and remove by cransujyeort scaffold from pool.
Lower by crane and install lower central course of substructuts anto floor anchors.

Fill pool with water and begin system testing of water muon detector.

D. RPC support structure installation in parallel with item “C".

1.

Deliver disassembled structural framing and rails to the experimentabimalisffload to far end
of hall off of the pool.

2. Install rails, level, anchor and grout on either side of pool.

3. Erectindividual 4 m wide RPC support frames and set on rails o#frid of pool.

4. Connect drive units and test roll each 4 m wide structural spasstite pool and back. Structure

is ready for RPC panel installation.

E. Install RPC on structural supports after completion of item “D”.
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1. Deliver RPC panels to the SAB for storage and testing.

2. Run and test RPC panels then deliver to experimental halls when completeisl support is
complete.

3. With structural supports off the far end of the pool, install individuaCRfanels.
4. Complete a 4 m wide structure and roll over pool for storage and sy$tsiirsg.

5. Complete all (4) individual structures with panels and prep for completenraystem test with
water in the pool item “C-9”.

11.3.2 Installation of the Antineutrino Detectors

After the antineutrino detectors have been filled they will be slowly transpdhnt®ugh the tunnels to
the appropriate experimental hall where they will be deployed into the drauager pool and onto their
stands. The default plan is to lift the detectors from the transporter intodter wool by crane. We assume
that the installation of the muon veto system is essentially complete at this point. Sta#aition of all
detector systems in the experimental halls is a complex procedure that segoir@ coordination between
the various subsystems. Detailed check lists and procedures will be pegdtr this task. We also suggest
to practice the steps in the lifting and installation procedure with a lightweight npdicme that resembles
the antineutrino detector and has the same dimensions. This will help prepayeree for the lifting process
and test the procedures developed for this task. The installation piedlsstrated in Fig. 11.4, Fig. 11.5

L T 4 2 1.1 .4
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Fig. 11.4. Side views of one of the experimental halls with detectors insidedter w
pool and above the floor of the experimental hall with the overhead srineve. In
this deployment scheme the detectors will be suspended on stands or enplatinle
the water pool. The overhead crane lifts the detectors from the transpede the
entrance area and lifts them into to the water pool.

and Fig. 11.6.
The installation of the antineutrino detector will include the following steps. Estsrfatethe time it

will take to perform each step are given.

1. Setting the antineutrino detector down on the floor in the entrance area ekpierimental hall by
lowering the transporter. Removing the transporter from the experimeaaital h
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Fig. 11.5. Side view (left) and top view (right) of the detectors inside the watalt
this default deployment scheme the detectors are suspended fromatanolatform
inside the water pool. The left figure shows support stands for the atriime detec-
tors while the right figure shows the outline of a support platform. Therstdgas and
disadvantages of such a support structure are being evaluated atetdhed design
of the detector support is under development. Also shown is the schematitusgr
and position of the PMT support in the water pool.

Fig. 11.6.Left: Side view of one of the antineutrino detectors in the water pool with
the lifting beam of the overhead crane attached to the detector. The liftimg heeds

to be manually attached and detached prior and after all lifting. The watee qicibl
needs to be drained for this operati®ight: Schematic side view of the detector sub-
mersed in water and supported from stands or a platform. The suppatusé for the
antineutrino detector needs to be integrated with the PMT structure of the peatier
The support stands will penetrate the Tyvek layers separating the saggions of
the water pool veto.

2. Install scaffolding or secure ladder structure around antineutdtextbr to attach the lifting fixture to
the stainless steel tank. Attach the lifting fixture to the stainless steel tank afitihewtrino detector
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paying particular attention to safe work practices 5 m above the {lbalay)

3. Prepare the water pool for the installation of the antineutrino detéttday)

o

@)

o

o

Drain pool.
Complete work on other subsystems and stop any unnecessary activities.

Clear unnecessary personnel and equipment from the water poolegifyl that there is no
obstruction in the lifting path of the antineutrino detector. (We may want to peatttesteps in
the lifting procedure and the installation of the antineutrino detector with a lighhweigckup
frame that resembles the antineutrino detector and has the same dimensions.)

Position a few trained people in the water pool to observe and guide the liftthg antineutrino
detector. Provide good communication with 2-way radios.

4. Lifting the antineutrino detector into the water padk-2 days)

o

@)

@)

Raise the antineutrino detector vertically off the ground, and move it ovavalker pool.

Lower the antineutrino detector onto the support platform in the empty watérdpmechanical
system for guiding the antineutrino detector into place will be needed.

Manually secure the antineutrino detector to the stand in the water pool. Thigsegilire a
specially designed work platform to access the bottom of the antineutrinctolessnd the top
of the support stands or platform.

5. Install scaffolding or a work platform to access the top of the antineuti@tector(1 day)

6. Using the work platform or scaffolding make all the necessary cdimmscto the top of the antineu-
trino detector. During this work all personnel will be secured with a fakkstrharness and protected
by helmet and appropriate other gg2rdays)

@)

(¢]

Disconnect lifting fixture from antineutrino detector and raise it out of thg.w

Lower the automated calibration boxes (200 kg each) from the entrance &xgerimental
into the water pool above the antineutrino detector. A special crane for squaiment may be
needed to avoid use of the large 100 ton crane.

Install automated calibration boxes with sourcas,gas supply lines, and calibration control
cables. Perform a leak and functionality check on each calibration box.

Lower bundle of PMT HV and signal cables from floor of experimentéldrad make connection
at patch panel of antineutrino detector.

Lower readout cables for all other instrumentation of the antineutrino tetand make con-
nection to antineutrino detector.

Install dry boxes around cable bundles and covering selected instratioerand cable ports on
the antineutrino detector.

Perform leak check of dry box areas by using either helium and a lgaktde or by simply
pressurizing the dry box and watching for a slow pressure drop with time.

7. With scaffolding or work platform in place perform a system check ef d@htineutrino detector:
(3 days)

o

Deployment of all calibration sources into the different regions of the antimo detector using
all three automated calibration boxes.
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o PMT HV test.
o Test readout of all other instrumentation of the antineutrino detector.

8. Once the antineutrino detector has been determined to be functionalatfoddéicg or work platform
can be dismantled and lifted out of the water p(olday)

We estimate that it will take at least 1-2 weeks to install a detector in the expéginfiati. This
estimate assumes that the work is not manpower limited.

Special equipment will be needed for the installation of the antineutrino detebte assume that all
of this equipment will be provided by the civil construction or integrationsaskis includes:

o concrete, flat pad for antineutrino detector in entrance area of expeehimall where detector can sit
until it is lifted into the experimental hall

o large 100 ton crane for lifting of full antineutrino detector into water pool
o small 5 ton crane for lifting equipment such as calibration boxes and $diafjdnto water pool
o (re)movable scaffolding or work platform in experimental hall to attach lifstrgcture

o removable scaffolding or work platform in water pool to detach lifting stretinstall calibration
boxes, and make connections for cables and gas lines

o mechanical system that guides the antineutrino detector into the corrépos the support plat-
form in the water pool.

o safety harness and support systems for personnel working at$eigh-8 m above floor of experi-
mental hall or water pool

o secure ladders or scaffolding for personnel and workers to ergetGhm deep water pool from the
experimental hall.

o rescue cage and other provisions to lift injured worker out of empty vpetelr

One of the important elements in this deployment procedure is a work platfatmprbvides access to
the bottom of the detector for securing it to the support stands and at tloé tiog detector for making all
required cable and pipe connections and for performing the necesasdeym checks. A couple of different
options for such a work platform have been considered (see Fig.. TIn@)is a mechanical structure sup-
ported from the detector itself. The other one is a floating platform on the wattee half-filled pool of the
muon veto. Such floating work platforms have been used in other experiswaitsas Super-Kamiokande
and SNO. The water level can be adjusted to allow access to the detectgihatight inside the water pool.
The water and platform would help protect the PMTs but access to séeks of the detector at the same
time is difficult. The operational issues for these solutions still need to beatedlin detail.

Special training and trained personnel is needed for the entire liftingbpeof the antineutrino detec-
tor including the attachment of the lifting fixtures. The safety consideratiod$hazards of the installation
of the antineutrino detectors is described in a separate document. Duringtidiation and final testing of
the antineutrino detectors in the experimental hall we require the preseamoember of subsystem experts.
The personnel needed during this complex installation process includes:

o operators for the transporter and cranes

o lifting and hoisting experts
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Fig. 11.7.Left: Schematic sketch of a mechanical work platform suspended from the
detector itself. It can provide access to the top of the detector during ttadlation

for connecting cables, the automated calibration system, and for perfothenti

nal antineutrino detector system chedRgyht: Schematic of a floating work platform
around the antineutrino detector. The height of this platform can be adjogt@ising

and lowering the level of the water in the pool.

engineering and scientific project leads for the antineutrino detector
calibration subsystem experts for installation and final testing
instrumentation subsystem experts for installation and final testing
PMT and HV subsystem expert for final testing

general technician support

support for installation of work platforms and scaffolding

The open issues in this deployment method include:

o

An installation plan for a work platform in the muon veto water pool without tHeafsdlamaging the
PMTs in the water pool or its reflective structure.

A procedure for the removal of the detector from the far site of the @xatal hall while the detector
in the location near the entrance is still deployed in the water pool. We mighttavegplace only the
far module without disturbing the near module. All utilities, cables, etc. for #a detector would
have to be located to provide clearance for lifting the far detector out afi#tter pool. Some of this
clearance problem will also exist for the alternative concept using nieyddtforms.

A support platform for the detector in the water pool offers structundltechnical advantages over
support pillars. However, such a platform blocks more light in the muon. \aicther muon veto
simulations are required to evaluate the impact of a detector support plaifadetector stands on
the performance of the muon veto.
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11.3.3 Precision Alignment and Survey

Precise knowledge of the ‘global’ location of each hall with respect toghetor cores is important for
the accurate determination of the distances between the reactor coreshmeatrino detector. Permanent
survey markers in each experiment hall will serve as reference markkd positioning of the detectors.
These survey markers will be placed and known to a precision of betteteha of centimeters, with respect
to the outside world, even though the halls are hundreds of meters insidigumahd 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 cpiisgly. The an-
tineutrino detectors will be placed and anchored in precisely known locatidheir stands at the bottom
of each water pool. The knowledge of the location of each antineutrinotdetevith respect to the fiducial
markers in the halls, will be at the sub-mm level. The location of the muon syd@ameets also can be
surveyed and understood at the same sub-mm level. This is both with trésplee antineutrino detectors
and the experimental hall.

With this information the distance between the detector modules and the reae®mngibbe known to
the required precision of better than 30 cm. A summary of the required pasgiancuracy is provided in
Table 11.3.3.

| Element of Experiment | Positioning Accuracy|

experimental hall O(10 cm)
detector position in experimental halll mm
acrylic vessels within detector tank| <1 mm

Table 11.1. Positioning accuracy of the principal elements of the Daya@ayiment.

The Muon System will require survey of PMT locations within each watet psavell as a survey of
the location of each RPC. The positioning requirements are not as sevierglae ADs.

REFERENCES
1. Wheelift Systems Group, ultraheavy capacity transporters, http://wwaehfthcom/
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12 Integration

The scope of effort for this subsystem is to assist experimental debsysind their managers in devel-
oping, defining, and controlling the mechanical systems, electrical systeperimental assembly, safety
systems, and civil construction interface between each subsystem. ®othiise Integration Group will act
as liaisons between each subsystem to coordinate and document eff@ssliring all physical interface
issues. Engineering and design effort is being devoted to ensureuthgtstem hardware can fit together,
be assembled and serviced, and have minimal negative impact on othgstenibperformance. This group
will communicate integration issues and their resolution based on changelquulicy to L2 managers,
project management and the collaboration in general on interface iShedntegration group must ap-
prove and process all Engineering Change Request and Engin€ramgge Notice (ECR/ECN) dealing
with subsystem interface, experimental assembly and physical envelapedrissues. To accomplish this
effort the subsystem has been subdivided into five WBS L3 subcatsgvBS 1.8.1: Mechanical Systems
Integration, WBS 1.8.2: Electrical Systems Integration, WBS 1.8.3: Expetah@ssembly, WBS 1.8.4:
Safety Systems Integration and WBS 1.8.5: Subsystem Management.

12.1 Mechanical Systems Integration

The primary goal is subsystem mechanical hardware interface cobotinby assisting in defining
and developing subsystem component hardware geometry. It is imptartdeielop 3-D envelope drawing
documentation of the maximum dimensional subsystem mechanical hardwdriés aperational location
within the experimental complex. Subsystems nominal dimensional detail aadlalgysdrawings will likely
differ as their designs evolve and mature due to manufacturing and alighofenainces. These integration
drawings will differ as they represent simple geometric volumes that bausdbsystem dimensional hard-
ware limits and stay clear zone. It will also define and document mecharigélbare interfaces between
subsystems where mechanical support connections are required.

An early project effort will be the civil construction of the Daya Bay exmental complex, with its
access tunnels, experimental halls, surface assembly building and utiliiyere@gnts. The integration group
will assist in defining these areas and the development of experimentédeagnts as they pertain to the
civil construction. We will interact formally with the civil contractor in defigiand documenting civil and
experimental interfaces. We will maintain as-built documentation and 3-Diegpwelrawings of the civil
complex when the facilities are complete, and will update the drawings whemegifications are made.

The integration group will assist in specifying and documenting the expetainerechanical utility
requirements for detector installation and operation. Below ground tumadeggoerimental hall ambient
temperature, humidity and air exchange requirements will help determine thepaippe HVAC system to
be installed. Overhead crane requirements in the experimental halls dacesassembly building will be
specified. Antineutrino Detectors (AD), each weighing 100 tons full, wikhi@ be transported from Liquid
Scintillator (LS) filling station to each experimental hall. The AD transporter tadesl for this operation
will have to be specified and an appropriate vendor found that caredétiis specialty equipment. The
Muon system water pools require highly filtered water with excellent clarfig Water filtration and pump-
ing system for each experimental hall pool will be specified along with aetation of capable vendors.
Discussions are underway with CGNPG over the use of ultra-pure watarthe reactor. Experimental gas
systems will need to be defined and documented within each experimentaidhallidace support building
along with compressed gas bottle and dewar storage racks. Mechdiitta$ piping and ducting) routing
for experimental needs through the complex will be defined and documieptie integration group along
with interface mounts to the facility and interconnection points to subsystems.
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12.2 Electrical Systems Integration

Electrical power requirements will be divided into two parts; facility electrjmaher and experimen-
tal electrical power. Facility electrical power is defined as the supply @stdhiition network extending
from the main feeder lines down to and including distribution panels and wadptacles as provided in
the civil construction of the complex. This network will supply both converdlqrotary equipment) and
isolated clean power for experimental use. The integration group willtassiketermining conventional
power requirements for water systems, gas systems, LS filling station, padragntal HVAC systems as
required.

Detector electronics systems used to collect data are adversely affgdtetidiectrical noise generated
by conventional electrical equipment. Therefore an isolated clean mhstebution network is required to
supply power for all subsystem electronics. In conjunction with this nétwagrounding plan for all AC
power systems must be developed and implemented to eliminate clean powet rops and minimize
electrical noise on the system. The experiment is responsible for this kedwdrgrounding plan, and the
integration group will assist in determining and documenting this network @g@amd distribution.

To minimize operational downtime and loss of data caused by electrical utilityrbpseand short term
disruptions &30 minutes), uninterruptible power supplies (UPS) will be used on the isatéead power
network. Integration will assist each subsystem in determining and dodingehe need and capacity
throughout this network.

Emergency power requirements will be needed for the facility electricabpaetwork to maintain life
safety system during long term disruption of utility power. At this time it is notrciethe isolated clean
power network has the same emergency power needs, possibly duriiiijigS but the integration group
will work with each subsystem to make this determination.

Electrical utilities (tray and conduit) routing for experimental needs thraliglcomplex will be defined
and documented by the integration group along with interface requirementghdarility and specific
subsystems.

12.3 Experimental Assembly

Each subsystem is responsible for the delivery to the Daya Bay swasseenbly building of fully or
partially assembled component hardware for installation. It is the installatiosystem that provides the
resources needed to complete subsystem assembly and final operastaidtion in the complex. The
integration group will assist individual subsystems in defining and doctingea hand-off interface with
the installation group. This interface will specify the deliverable hardwandiguration, quantity, timeline,
and initial staging of the hardware when delivered. It should includeragyirements for use of surface
assembly building floor space for additional hardware assembly or ca@nptesting.

The integration group will assist in the development of an overall expetimstallation plan. This plan
will be documented in solid model drawings showing the assembly flow of stérsyhardware through the
complex in a timeline sequence starting at beneficial occupancy of thes@$aembly building. The time
interval will be directly coupled to installation milestone dates through to proguptetion.

12.4 Safety Systems Integration

Environmental, Safety, Security and Health issues for the project will félimthose policies estab-
lished by the host country, China, and must meet minimum standards, asateydfor all collaborative
members working at the experimental complex. These polices will include féyseoncerns for radio-
logical controls, chemical inventory controls (MSDS), emergency esgrd access controls, fire protection
and suppression systems, laser operation, cryogens, oxygen rifiti@zards, fall protection, personnel
protective equipment, electrical and mechanical hazards, and liquid @pfihement and cleanup controls.
The integration group will assist in evaluating, defining and documenting tifessafety hazards as they
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pertain to this project and will work with each subsystem on engineeretis@and/or procedures required
to mitigate these hazards.

Equipment protection systems will also be incorporated into the experimeraedtamal safety en-
velope. A system will be developed using a programmable logic controlleC)REk the heart of a safety
interlocks system to alarm subsystem fault conditions and automatically btpegimental hardware to
a preprogrammed safe state. These fault interlock conditions will automatiedig off liquid and gas
sources and/or turn off electrical power to designated hardware lbassooling water leak detection and/or
detection of flammable gases and liquids. It will also alarm and interlock ACepfov smoke detection
near electronics, and alarm and ventilate for ODH and flammable gas cosdifiba integration group
will assist in developing and documenting these equipment protection andfifiy enterlock systems, and
provide guidance in the implementation of hardware and logic for systenatqer

12.5 Subsystem Management

The integration group will provide the necessary management, enginegesign, and administrative
effort needed to assist all subsystems in fulfilling our project interfdijectives, as outlined herein. To
this end there will be two L2 subsystem co-managers from both the Chindritetl States collaborative
groups whose primary responsibilities will be to ensure subsystem gahtsbgarctives are successfully ac-
complished. They will report directly to project management their subsystaking of schedule and cost
progress. They will work with project management and L2 subsystemgeasnias members of the Techni-
cal Board in reporting, resolving, and documenting all subsystem ioteitsues through the engineering
change control process. They will hire and manage the engineerisighdand administrative resources
needed to develop and maintain this subsystem effort.

The integration group will develop general standards and controls ttlatde engineering document
standards to be used project wide for CAD file exchange, engineadmgrays and design notes, specifica-
tions and procedures, engineering change request and engingwaimge notice (ECR/ECN) process, and a
document numbering system. Engineering design standards will be degtedagining analytical methods
and factors of safety, along with industry standards and codes to bedjmpthe design, fabrication or pro-
curement of both mechanical and electrical experimental componentsnt€geation group will assist in
defining an experimental component reference name and coordinsgesstaindard to identify, by unique
name, designation subsystem components and their operational locationciontipéex. The integration
group will develop and maintain a project wide cable/fiber/connector dsgalvdh unique name designa-
tion along with from-via-to location information. Integration will also maintain all @dmentation related
to alternative value engineering design studies used in the developmeatizdéline project experimental
hardware.



13 VALUE ENGINEERING 226

13 Value Engineering

The Integration Office oversees the value engineering program ai Bay. This group provides high
level systems and value management oversight over all technical asptdwsProject. A number of value
management studies have been undertaken, including an overall detesigpm with the ADs in air (rather
than water), studies of alternatives to large (150 ton) cranes and stiditisrnative layouts for servicing
ADs in the SAB.

13.1 Alternative Designs of the Water Shield

We have chosen a water pool as the baseline experimental design (s2e8Jidhe two near detector
sites have two antineutrino detector modules in a rectangular water pookaghiiwe far site has four an-
tineutrino detector modules in a square water pool. The distance from thesatfiece of each antineutrino
detector is at least 2.5 m to the water surface, with 1 m of water betweerarticbutrino detector.

Our primary alternative to the baseline design is the “aquarium” option. Aegioel design, showing
a cut-away side view is provided in Fig. 13.1. Several views are showigirlB.2. The primary feature of

4

19000

29500

Fig. 13.1. Side cutaway view of a near detector site aquarium with two detedsdr
ble.

this aquarium design is that the antineutrino detector modules do not sit in taewséume, but are rather
in air. The advantages of this design are ease of access to the antindetgotors, ease of connections to
the antineutrino detectors, simpler movement of the antineutrino detectorsflexalodity to calibrate the
antineutrino detectors and a muon system that does not need to be partiaiyedidled or moved when
the antineutrino detectors are moved. The primary disadvantages of tigs desude the engineering
difficulties of the central tube and the water dam, safety issues associtiethevliarge volume of water
above the floor level, cost and maintaining the antineutrino detectors fr@gleh and radioactive debris.
This design will be retained as the primary option for a “dry detector” angkseas our secondary detector
design option. Other designs that have been considered include: skjpriodified aquarium, water pool
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Fig. 13.2. End, side and top views of the conceptual design of a neatalesite
aquarium. All distances are in mm.

with a steel tank, shipping containers, and water pipes, among others.
The cost drivers that we have identified for the optimization of the expetaheonfiguration include:

Civil construction

@]

Cranes for the antineutrino detectors

o

o

Transporters for the antineutrino detectors

o

Safety systems in the event of catastrophic failure

(@]

Storage volume of purified water
o Complexity of seals in water environment

The physics performance drivers that we have identified include:
o Uniformity of shielding againsy rays from the rock and cosmic muon induced neutrons
o Cost and complexity of purifying the shield region of radioactive impurities

o Amount and radioactivity level of steel near the antineutrino detectoriés(aad mechanical support
structures)

o High efficiency of tagging muons and precise measurement of that inafficie
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The primary parameters that we have investigated in the optimization of the detesign are the thickness
of the water shield, the optical segmentation of this water Cherenkov detéwdPMT coverage of this
water Cherenkov detector, the size and distribution of the muon trackensythe number of PMTs in the
antineutrino detector, the reflectors in the antineutrino detector. The exigtirkgfavors the water pool.

13.1.1 Alternate Surface Assembly Building Design

An alternative design for the Surface Assembly Building (SAB) is presentais design like the
present baseline design is located at the portal entrance to the unaetgrocess tunnel. It is a surface
assembly building of the 25-m by 50-m scale as required for the stagisgmady, survey and test of the
larger subsystem components. The building will have the capacity for tharallel staging, cleaning and
assembly of two antineutrino detectors composed of outer vessels, a@ysiels, PMT array structure and
calibration system. To accomplish this effort in this alternative design, thelA& wessels will be staged in
an access trench that runs partially through the length of the SAB and inlin¢h& tunnel portal entrance
(see Fig. 13.3). The vessels will be staged atop support stanchiahe afénch floor to allow access of the
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Fig. 13.3. Plan view of alternative SAB design.

transporter from below to lift and transport an AD. These AD suppgartchions should be used throughout
the facilities where ever an AD must be delivered (filling hall, experimentié&)hdhe depth of this access
trench is approximately 5.5-m so that the top of an AD is level with the SAB flsee Fig. 13.4). This
will allow for appropriate personnel access walkways/railings, andaamai@om tent to be erected above the
top opening of the AD outer vessels at SAB floor height. The width of thessctrench is approximately
7-m and will allow for appropriate scaffolding to be erected around theol2r vessel for access from
either above or bellow. The outer vessel can be cleaned and prepihesl anea and waste solutions easily
contained and removed.

A roll-up door is located opposite the tunnel portal entrance inline with thehrerhis will allow
delivery of large experimental components into the SAB under the gardanedor easy offloading. The
20-ton floor gantry crane that spans the access trench will be ugszhlgdor AD assembly, but to offload
materials, equipment, transporter and experimental components from SéBedle! to the lower trench
at the tunnel portal for transport below ground. For the AD assembdyathylic vessels, PMT support
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Fig. 13.4. Elevation View shows AD staged in trench with clean room above.

structure and top cover can be staged on the SAB floor in the clean robireieond the end of the trench
and then rigged with the gantry crane to an AD vessel located below in thehtrarfully assembled and
tested, but dry AD, will be picked up by the transporter and broughm fiflve tunnel portal access trench,
below ground for filling with liquid and subsequent installation in an experinhéatéa

Stairs from the SAB floor to the bottom of the trench will allow for personiekas to electric powered
vehicles to be used in the transport of personnel and tools from théntpemtal to experimental halls below
ground. During civil construction of the complex the tunnel entranceéapean be fully ramped to the
surface for ease of entry and removal of civil construction materialsstould then be modified for the
trench alternative SAB design.

Advantages to this alternative design are:

o The trench, starting 5.5-m below the ramp design, will reduce the grade atttess tunnel to some-
thing less than the 9.6% slope reducing the tilt of an unfilled AD during trahspor

o This alternative SAB design is not symmetrically located about the portalreetraut shifted to one
side allowing for larger shop areas and not interfere with an existingteraspital structure.

o The floor gantry crane should be less costly than a longer span odebhielge crane that must be
incorporated into the building structure. It also requires less clearaaghktisince the top of the outer
vessel is at SAB floor height when installing inner acrylic and PMT strestur

o AD modules are completely assembled in a common clean room area and theortiesh®elow for
filling and delivery to experimental halls, requiring only one crane lift in thére process, at the
experimental hall.

13.1.2 An Alternative Deployment Method for the Antineutrino Detectors

An alternative deployment method for the antineutrino detectors is the uséraf fifatforms that lower
and raise the antineutrino detector in and out of the water pool, as showg. ih3¥5. The idea is to use
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Fig. 13.5. Model of the movable detector platforms in the experimental haksplEift-
forms are shown in green. All the drive components are shown in reglbltie parts
are supports for the gear boxes and attached to the walls. The watés paderneath
the green support platforms. Only the green platform and its verticalenaegter the
water. The screws (in red) and the nuts (small but visible in magenta at tloé tiop
hangers) stay well above the final water level.

platforms which are moved by a vertical gear system to lower and raise tibg@s in the water pool. This
system is specifically designed to lower and raise the detectors in and thé whter pool. This method
offers some operational advantages and also eliminates the need to dra@ighpool. The lifting platform
can be made from stainless steel plates in an all-welded construction. §easte the platform can also
be made of out steel with a coating against the ultrapure water in the vetoVdeastimate the mass of
the platform to be~12 ton. The lift drive system that is used to lower and raise the platforraigtsnof
commercially available motors, reducers, right-angle drives, and pawews. The parts inside the water
pool can be enclosed so that the moving parts would not come in contact witittita-pure water. It is not
necessary to enclose the drive components as they never enter the water

The lift screws are special items but commercially available. They are 4rbé élsread power screws
with a dynamic capacity of 445 kN. The load on each screw would be al®@uklS. The torque required
to lift the antineutrino detector is about 2900 N-m per screw. The systarbeadesigned for a 1-2 hrs lift
time.

The main gear box in this system is a double-enveloping right angle wornmeghecer which provides
the highest possible torque capacity. This gear box would provide alethgred speed reduction so that
lower torque components can be used in the drive components. A miter bdreassed to drive 90 degrees
with bevel gears at a 1:1 ratio. A double-ended worm gear motor boxeaisdd for the initial reduction.
With such an assembly a motor power~a80 kW is sufficient. Spherical roller thrust bearings with a thrust
capacity of 800 kN can be used. They do not overconstrain the systémtsthe resulting loads are strictly
vertical.

We estimate that the cost of this system is similar to the baseline plan of installingtdwads by
crane once all aspects are taken into account. The cost of this movaiderplaystem is to be compared to
the total of a.) the overhead crane, b.) the lifting structure or beams al®aatineutrino detectors, c.) the
platform at the bottom of the pool, d.) the larger experimental hall requoethé overhead crane, and e.)
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all other special access equipment including the work platform or floatatéppm.
The basic procedure for the deployment of the antineutrino detectorsweaithesplatform is illustrated

below:

1. The transporter moves the antineutrino detectors into the experimentahldatiiaces them on the
platforms shown in green in Figure 13.6. As the platform covers the enteaiog to the water

Fig. 13.6. Transport of antineutrino detectors into the experimental hah.dkxectors
can be moved into the hall above the water pool before they are lowerethéweater
pool. Alternatively, the detectors can be moved into the hall one-by-othdomrered
individually into the pool. During this time the muon veto pool can already be filled
with water. Only the transporter is needed to move the detectors.

pool personnel can easily work on the transporter and the detecmarimeutrino detectors will be
secured to the platform and prepared for submersion in the water.

2. The detectors will then be lowered one by one into the water pool, asnsimoftig. 13.7. When
the detector is half submerged into the water a temporary walkway or platfomrbes placed across
the opening to access the top of the antineutrino detector. Using this tempardayplatform the
calibration boxes can be installed and all cable connections made.

3. As the detector is lowered into the water pool the HV, signal, and corafmes are given out. A
dry box enclosure around the cable can be assembled as the detectarisdamio the water pool.
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Fig. 13.7. lllustration of the main steps of lowering the detectors into the watdr po
First, the detector is lowered far enough that the top of the antineutrinotdetec
at a comfortable working height for personnel on the floor of the expmtal hall.
The calibration boxes can be installed and all cable connections made. Apthts
all system checks for the calibration system can be performed. While mtgnae to
lower the detector into the water pool the dry boxes and waterproof emeksare
installed around the cables, penetrations, and other instrumentation.

During this entire time the installation team and personnel will be working at toe fvel of the
experimental hall. At no point during the installation procedure is the installé¢i@am required to
enter the water pool. The risk of damage to the PMTs in the muon veto is minimized.

4. After the detector is lowered into its final position the top of the water podbsed to be light and
leak tight. The RPC system can now be moved over the water pool. Oneifiysisilbo integrate the
RPC system into this movable detector platform so that it is raised and lowdtethes antineutrino
detector. One can envision suspending$5 m above the green platform so that the RPCs close the
top of the water pool as the detector is lowered into the pool.

For the maintenance of detectors or the swapping of detectors it may Esapct remove the detector
at the far end of one of the experimental halls while the detector near treneatarea is still deployed.
This requires a procedure for the removal of the detector from thetéaofsthe experimental hall without
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disturbing the near module. One approach is to use a portable bridge withcitgan excess of 100 ton for
the transport vehicle and far detector. It would span from the neaioéidie far platform to the near edge
of the water pool, at least 6 meters. In addition, all utilities, cables, etc. éonelar detector would have to
be located to provide clearance for the exiting detector and for the tergdmidge. The same clearance
problem will also exist for the default concept of installation with a craneotAer, simpler approach is
to integrate a platform above the near detector in the movable platform. Bygaddiecond floor to the
platform as shown in Figure 13.8 one creates a flat floor over the nestaliewhen it is in the pool. During

Fig. 13.8.Left: Near platform with two levels, one for the AD and one as a bridge
across the pit for the near detectRight: Engineering model illustrating the removal of
the far detector across the upper platform covering the near detelstonebr detector

is in the pool with a flat floor covering it. In this situation the weight of the negaector

is on the pool bottom. The weight of the far detector is supported by thepregfarm
during the move.

the removal of the far detector the near detector is in the pool with a flat fla@riog it. In this situation
the weight of the near detector is on the pool bottom. The weight of the flactde is supported by the near
platform during the move. Cables, dry boxes, and other service instaiaienoffset to the side to avoid
any “holes” in the muon water shield. At the same time this will allow the far detectoroie across the
platform and exit the hall without interference with the cable installation.

The cost of this system of movable platforms still needs to be compared intddtagl cost of deploying
the detectors by crane but this system offers some operational adesntag

o Safe and repeatable operation with minimum number of expert personnel.
o No need for cranes, rigging, and heavy equipment.

o No need for lifting the antineutrino detector. The detector will be supportad fts base plate and
feet at all times.

o No need to drain and re-fill waterpool to install or service the antineutr@eatiors. No extra water
purification or storage tanks are needed to allow for the radon to be renooveecay away. The
pool can already be filled with water as the antineutrino detectors arerpdepad moved into the
experimental hall.
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o During the installation of the antineutrino detector all personnel will be wagrkinthe floor level of
the experimental. There is no need to enter into the water pool. The risk ofydathe PMTs in the
muon veto is minimized.

o All cable connections to the top of the antineutrino detector can be made aifartable working
height. The calibration boxes can be installed at the floor level of the iexpetal hall.

o All dry boxes and enclosures to the cables and cable penetrations tastdlked as the detector is
lowered into the water pool.

o Such a deployment platform would likely minimize the dimensions of the experimastab extra
overhead room for the cranes are needed.

The open issues in this deployment method include:

o Integration of the RPCs into the platform assembly. They can be suppdrtee ¢ghe antineutrino
detector so that they move into position when the antineutrino detector is loiméoegte water pool.

o Method for making the opening of the water pool light and leak tight. The lightnigss can also
be achieved by switching off the lights in the experimental halls. The leak tightiserequired to
maintain a nitrogen cover gas above the water pool.

We will continue to explore the design of this alternative deployment systeR&&sfunds and the
project schedule permit.
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14 Operations of the Daya Bay Experiment
Operation of the Daya Bay Experiment requires a variety of tasks including
Underground transport of filled detector modules and deployment iatexiperimental halls.
Data taking with the detector modules in the experimental halls.
Frequent automated calibration of each detector module.
Full-volume calibration of the detector modules as needed.
Monitoring of the state of the detector modules and the underground halitions.
Monitoring and maintenance of the muon system.
Maintenance and repair of the calibration systems.

Monitoring, maintenance, and repair of electronics and data acquisystens.
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Monitoring the target liquid and and performing regular chemical assaythe liquid scintillator

samples.

(It would be invaluable to be able to do chemical assays on a regular bakis Gd-loaded liquid

scintillator and the unloaded liquid scintillator in the antineutrino detector. Stgdyasvould com-
plement in-situ measurements with a lasers or calibration sources to chec tpinsparency and
light yield. These assays would have to be done offline in a remote labpr&mpling ports on the
inner vessel containing the Gd-loaded liquid scintillator and the intermediaselvesntaining the
liquid scintillator would be required. However, it is very difficult to access tilrget liquids in the
detector when they are installed in the water pool and we are currentlyirsiuithe feasibility of such
sampling ports in the design of the antineutrino detector.)

The routine monitoring of the experiment and daily maintenance work will biaieed by the sci-
entific members of the collaboration with support from technical persoAnebntrol room will be set up
in the vicinity of the access portal for monitoring and data taking. Daily watksad checks in the under-
ground facility, in addition to regular remote monitoring, will ensure the saéraimn of all underground
systems. The training of the shift personnel will meet the safety requitsneénnderground work in the
vicinity of the Daya Bay power plant.

The operations of the detector will consist of monitoring the detector prdioce and data quality,
routine calibration, and online data analysis. The calibration procedurénalilide automated calibration
runs to be performed by shift members operating the detector. Speciabhalibration runs are to be
performed by expert personnel.

All shift duties related to data taking and monitoring will be shared between thebers of the Daya
Bay Collaboration. On-site shifts as well as remote, off-site shifts will bé& @arunning the Daya Bay
experiment. Groups responsible for specific subsystems will make amargs for the maintenance of
detector subsystems.

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

Operation of the Daya Bay experiment includes data taking with the detectari@sdd different con-
figurations. The default configuration as well as other optional cordtguns are outlined in the following
section. A variety of alternative operations plans are currently beinigiaesl with varying frequency of
detector swaps.



14 OPERATIONS OF THE DAYA BAY EXPERIMENT 236

14.1 Configurations of Detector Modules

This section describes the different possible detector configuratiothe daya Bay experiment and
their possible use during different phases of the experiment. The aiffeleployment options and run
scenarios are currently being evaluated from the point of view of logjstost and physics 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 aratasldes possible. Once a
detector pair has been filled underground there are two options:

(a) the detectors can either be deployed together at the Daya Bay ndar aitommissioning run
and check of their relative detector efficiencies, or

(b) one of them can be installed at the near site and the other one at the migite fo immediately
start data taking with two detectors of the same pair at different distances

A commissioning run of both detectors at the near hall is a unique opporturtiésttohe operation
of each detector module before one of them is deployed at the mid or fafké&entrinsic detector
background, the cosmogenic background at the near site, and theereletéction efficiency of the
detector modules can be checked during this commissioning phase. This siejaligor the first
detector pair, as the default plan for the Daya Bay near site allows for stedlation of two detector
modules. Commissioning of the other detector pairs at the near site requitegidg the detectors
to the other experimental halls immediately after the commissioning run. A drawitige afetector
configuration is shown in Fig. 14.1.

Daya Bay coras '

B
Fig. 14.1. Optional commissioning runs of pairs of detectors at the Daya®&aysite.

With sufficient runtime of several months, systematic checks of the deteandra
relative comparison of the detector response is possible.

Including the time for detector installation and start-up, the total time for suclmantssioning 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 (osit@g o expedite the
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overall experiment. In this second scenario two detectors are assembldified at the same time
and then one of them is deployed at a near site and the other one is immediately tadte far
site. Data taking and a relative measurement of the neutrino flux betweertiweedetectors can then
commence immediately.

2. Using the Mid Site: If sufficient funding can be obtained a mid-site will be constructed at ardistaf
1156 m from the Daya Bay cores and 873 m from the the Ling-Ao coeedigaussed in Section 2.1).
Civil construction of this site would finish earlier than the excavation of thaeuto the far site. By
deploying two 20-ton detector modules at the mid-site along with two 20-ton deteattthe Daya
Bay near-site it may be possible to make a first, “fast” measurement‘@sinat this intermediate
distance. See Chapter 11 for a discussion of the logistical and constrisgites relating to early
occupancy of the near and mid sites. A drawing of this detector configuiiateown in Fig. 14.2.

. : ‘yaBaycores
m l 7 ~a

Fig. 14.2. Optional near-mid configuration of the Daya Bay experimenarfioearly
physics run. With two 20-ton detectors at the near and mid sites a sensitivity of
sin*2613 <0.035 can be achieved inl year of data taking.

One can also envision using the mid-site for systematic cross checks. Bipguhe experiment in
the mid-far configuration it is possible to probe thg oscillation with a different combination of
distances. The ultimate sensitivity of the experiment is somewhat reducéukenattio of the energy
spectra from the mid and far site provide a different oscillation signatuagasction of energy.

3. Default Configuration of Full Experiment: To achieve the best sensitivity in the Daya Bay exper-
iment two 20-ton detector modules are deployed at both the Daya Bay and\bingar sites along
with four 20-ton detector modules at the far site. The total active target andiss far site is 80 tons.
In the default scenario, the mid-site is unused. It is possible to operate ootifiguration either with
or without the swapping of pairs of detectors. A drawing of this detectofigoration is shown in
Fig. 14.3.

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 &#@ipn < 0.01 at 90% C.L. can be
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DaynBaycores
([l

Fig. 14.3. Default configuration of the Daya Bay experiment, optimizeddest fensi-
tivity in sin?26,3. Data taking can occur in a static configuration or with swapping of
detectors.

achieved without swapping detectors. The design of the Daya Bayimgrgrprovides the option of
swapping detectors for systematic checks and to ultimately increase thevitgnsitine experiment

to about sif26,3 < 0.006 (see Table 3.16). 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 optiamalatlation of the ex-
perimental systematics (as described in Table 3.9), or

(b) after an initial static experiment with data taking for 2-3 years that e=attie design goal of
sin22913 < 0.01

The collaboration has not decided yet which approach to choose. ttegi#nd on the outcome of the
design studies of the antineutrino detectors, their transportation systerRg&anon the calibration
and monitoring of the detector response. In addition, the timeliness and pbtewgact of a first
measurement df;; at Daya Bay will drive the detector deployment and run plan.

14.2 Early Occupancy of the Experimental Halls

The civil construction of the underground laboratory including the grpental halls and tunnels will
take about 24 months. The time scale is set by the excavation of the tunne¢éehahg experimental halls.
The Daya Bay near site (and mid site if it becomes part of the baseline optitbievcompleted before
the tunnels to the Ling Ao and far site are finished. Completion of experimeaitaldi the Daya Bay near
site and the mid site suggests the implementation of an early experiment utilizing treesédsv Early
occupancy of these sites would provide the opportunity to commission theatateadules at the near site
and to make a first, “fast” measurement with a sensitivity ot <0.035 (see Chapter 3).

The use of these experimental halls during the ongoing excavation astrwdion of the tunnel to
the far site poses significant but not insurmountable logistical challengésef work underground. Shared
underground occupancy is generally undesirable because of ssiedys (traffic, blasting, explosives, fumes
etc..) and general interference. Other experimental facilities such as Kdblin the Kamioka mine have
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demonstrated that data taking with a sensitive neutrino experiment is possiitéeaniew underground

hall is excavated some few hundred feet away. In the case of KamLANi2w underground hall for a
liquid scintillator purification system was built in 2006. The experiment contirdagd taking and access to
the experimental facilities for scientists was arranged on a specific dehedether with the mining and

construction crews. A similar situation can be found at SNOLab in the Craighine in Canada which is

being constructed during the active phase of the Sudbury Neutrinaalaey.

The possibility of commissioning the detector modules at the near site and makaaglpmeasure-
ment of siff26,3 with detector modules at the near and mid sites may be worth the additional logistical
challenge of coordinating the underground construction work and tkedlaigon of the first detector mod-
ules. In this case, the experiment may start commissioning detector modulesnit&ratier the start of
civil construction and collecting the first neutrino oscillation data about teary after breaking ground.

The planning for this scenario requires that

1. the necessary infrastructure for the operation of the detector mqgolesr, air, etc) can be installed
at the near and mid sites while the construction of the tunnel to the far site is\gngo

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

3. safety issues with respect to escape routes and personnelnauthelgre addressed

This possibility requires further discussion and negotiations with the caotsafor the underground
construction of the tunnel and experimental halls.

14.3 Servicing and Maintenance of the Antineutrino Detector

Once the antineutrino detectors are installed and the pools filled with watertdwaeannot be easily
accessed. Service or repair of the calibration boxes, instrumentatioheattta the antineutrino detector,
cables or gas lines requires that the water pool is at least partially draied work platform is installed.
The basic steps required to access the antineutrino detector, perfosertiee, and ready it again for data
taking are:

o Stop data taking and shut down HV.
o Slide RPCs to the side and open water p¢@b day)
o Partially drain the water pool to uncover the top of the ADdays)

o Install scaffolding or work platform in the water pool to access the top efafitineutrino detector
(1 day)

o Remove dry covers from cables and cable penetrati@bsday)

o Perform service or repair on calibration boxes, patch panels, gasdinestrumentation(1-2 days)
o Perform leak check on dry box systems as described in the installatioedun@x(0.5 day)

o Dismantle work platform and lift out of water po€l.day)

o Refill the water pool(2 days)

o Move the RPCs back into place and close up water g6d.day)

o Ramp up HV and start data taking.
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We estimate that the operational turn-around time for servicing the antined#taotor from the time
we stop data taking to the time we can resume data taking will be of the orderbf @iéys. This is based on
the assumption that the water pool can be drained to a suitable level and félledLibtwo days respectively.
The details of the purification system for the water pool are describedciin8e3.2.5.

In this estimate we do not take into account the impact of the radon backbnotime water pool that
will be introduced in the draining and refilling process. We are mainly corectabout thé!'*Bi ~ ray from
the222Rn decay chain. The half life fo?2Rn is about four days, artd*Bi is shorter. The specification for
radon in the water is less than 5 Bof/ifsee Section 8.2.5). Radon in water varies greatly depending on its
origin. In the Kamioka mine water the background can be as much as 1000 tiges la this worst case
limit we would have to wait about 10 half lives, 6140 days to meet the specification for the water in the
pool. However, we expect that we will have a water supply that is welvib&@00Bg/nt to start with. In
addition, we can filter the radon from the supply water and also store watetgfilling the water pool to
let the radon decay away.

14.4 Detector Swapping

The purpose of swapping detectors has been described in Sectiods32 An overview of the steps
involved in the swapping procedure is given below. Detector swappingiilile the standard transportation
methods developed for the underground movement of the detectorsciAsdgiector swapping uses all of
the same techniques and procedures developed for the initial deployhibatdetector. It is important to
characterize any change in detector performance when swapping,detéttor must be carefully calibrated
both before and after the swap.

14.4.1 Logistics of Detector Swapping

The total estimated time for detector swapping is several days. We anticipatihn¢hmansport of
each detector module in the tunnel can be performed in less than a day. Wathspdrtation 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:

Perform final detector calibration to establish detector response imniggiate to the move.
Shut down HV and DAQ.

Disconnect the RPC system as necessary and slide off away fr@m po
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Drain water pool to a level below the antineutrino detector modul®00-1500 ). (Replace with
fresh, filtered water when refilling.)

Install scaffolding to allow safe access to the top of antineutrino detector
Disconnect PMT HV and signal cables, LS overflow plumbing, etce@sired to prepare for move.
Remove calibration system & piping as required from top of antineutrinctbete

Attach the lifting device to the antineutrino detector.
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Using a 150 ton crane, lift the antineutrino detector vertically out of podltranslate 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 respunséiately after the
move.
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14.5 Maintenance and Operations Costs

At this time, just prior to the CD-1 review, it is approximately four years betbe Daya Bay Collabo-
ration begins operation of the experiment. As we have not yet fully finatized)S Project scope, cost, nor
schedule, it is impossible to provide a formal pre-operations and opesaémpe and cost plan with any
kind of accuracy. But, in the interest of providing some insight into what owayr, or one such scenario,
we are preparing this initial concept for Pre-operations and Operatiossexpected that as we prepare a
complete agreement (MOU) on scope, cost and schedule with the interh&eysBay community, we
will improve our understanding of what this plan entails and the US cost eétitems.

There are many assumptions in this conceptual pre-operations andame@an. The biggest one is
that the DOE base program will support the physicists, postdocs adémidents associated with Daya Bay
to perform detector testing, commissioning and on-going data analysistiatdheir associated travel and
living expenses will be covered as well. This means that the only labor avnel/Aver-diem costs included
here are associated with technical and engineering resources.

14.5.1 Pre-operations

Pre-operations are expected to begin after assembly and initial cheak @othmissioning, of a sig-
nificant portion of the experiment. More specifically, we would like this to oegter initial commissioning
of the two Antineutrino Detectors (AD) and Muon System (Muon) and theioeiated electronics and on-
line system in the Daya Bay Near Hall. It is estimated that this will occur apprdelynaine months prior
to CD-4 approval for operations of the entire three hall, eight AD experimeitial Pre-Operations could
occur as early as late 2009 or early 2010.

At this point in time, we will begin taking physics data but with only a portion of thiére experiment.
But, this will represent an end-to-end slice of the full technical detettoe. offline system (hardware and
software) will be in initial start-up mode and will be capable of sorting, timesond) and processing the
data making it ready for preliminary data analysis. The Daya Bay Projezaulse of its identical detector
systems, in three experimental halls, lends itself nicely to this plan.

Initiating pre-operations could require the project to complete a CD-4a — inéelyg operations —
review.

Pre-operations will require funding for the items shown below. It is enwégiothat the US will be
responsible for maintenance and operations of at least the US scoperalaies or for a large (up to 50%)
portion of the entire experiment.

1. Consumables (gasses, DI filter beds, etc)
2. Spares (breakage and failure of items like PMTs and CPUSs)

3. Maintenance technician labor, travel and living expenses (foramglaonsumables and repairing
failed systems)

Pre-operations Planning and Management labor and travel/expenses
Pre-operations Safety personnel labor and travel/expenses
Computing and software

Office space, supplies and accommodations for US collaborators
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Miscellaneous and unforeseen expenses

These preoperations costs listed above will be associated with the DayReBagrch Program.
The expected monthly cost of these items is $135k. This cost is roughlyetedign the following
manner:
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$20k/mo. for consumables

$10k/mo. for spares

$40k/mo. for technical/engineering labor, travel and per-diem
$25k/mo. for planning and management labor, travel and per-diem
$15k/mo. for safety labor, travel and per-diem

$10k/mo. for computing and software

$5k/mo. for space and supplies
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$10k/mo. for miscellaneous expenses

It is expected that pre-operations would last until the experiment begline§ular operations or ap-
proximately nine months ($1,215k).

14.5.2 Operations

Operations will begin after we have successfully completed DOE CD-4éweand approval — begin
full experiment operations. At this time, we would have completed the cotisinyassembly, installation
and initial check-out of all technical systems — the full, eight AD, three Haiheriment — and the Daya
Bay Research Program will begin. This could occur as early as Jul§. 2Z8tkady-state operations will
evolve over time. Initially, we will be able to leave the detectors alone excejptgdonaintenance and repair
situations. But, after 2—3 years of operation, we may want to ‘swap’ A&&den halls to further reduce
systematic uncertainties. In years where ‘swapping’ will occur, a somelatger Technical and Engineer-
ing labor force may be necessary. The cost estimate below is for a naromas(vapping) maintenance and
operations year. Steady-state operations (non-swapping year) guiltegunding for the following items:

1. Consumables
. Spares
. Maintenance tech and engineering labor, travel and per-diem

. Operations Office labor

2

3

4

5. Safety Office labor
6. Computing and Software

7. Office space, supplies and accommodations for US collaborators
8. Miscellaneous and unforeseen expenses

The expected annual cost for these items totals between $1,650k an@i$get§ear. This is budgeted
approximately in the following manner:

1. $200-300k/yr. for consumables
2. $150-250k/yr. for spares

3. $500-750k/yr. for maintenance tech and engineering labor, tradeder-diem
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. $250-350k/yr. for operations office labor
. $200-250k/yr. for safety office labor
. $100-200k/yr. for computing and maintenance

. $50-100k/yr. for space and supplies
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. $200k/yr. in miscellaneous and unforeseen expenses

At this point no considerations towards an upgrade R&D program hase developed.
14.6 Decommissioning of Experiment

A reverse of the procedures described in Section 14.3 will be usedydinéndecommissioning phase
of the experiment. During decommissioning special attention will be paid to theggte disposal of all
liquids and materials involved.
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15 Environment, Safety and Health

Protecting the environment and personnel safety is of the highest priorithe Daya Bay Project.
This requires an adherence to safety regulations of both the host yamatithose of the U.S. The Project
is integrating safety into all phases of project development and will workgara a positive worker attitude
towards safety.

The project has a U.S. Daya Bay Safety Officer who is responsible tioeattsat all relevant US safety
guidelines are satisfied. The U.S. Daya Bay Safety Officer reportdlgiteche Project Manager and also
serves as the L3 Manager for Safety in the Integration Office and dnawrsthe safety organizations at BNL
and LBNL. The project has a Safety Liaison which is supported by WBS 1®assist in collecting the
necessary safety resources for reviewing the project and assistmgitigation efforts. The international
Daya Bay project has identified a Safety Officer who is also the liaison todwenplant. A chart showing
the organization of the Daya Bay safety responsibilities is shown in Fig. Thel Safety Officers run the
Daya Bay Project Safety Office, which will evolve into the Operationstgadéice.

Daya Bay Safety Organization

(GCNPC Operating
Company Safety
Office
Enviornmental Health & :
Safety Review Committees LR Emergency
Response
Training
Office

Fig. 15.1. Daya Bay Project Safety organization chart.

The Project’s liaison to the power plant has begun discussions to determisedpe of support that
the power plant will be able to provide to the Project through their existingtysafganization during the
construction and operations phases.

The project has three distinct phases. In the first phase of civitrati®n all funding is provided by
China and all personnel working at the site will work safely under guidslimposed by Chinese authori-
ties, including the power plant, and overseen by the international Day#& Beggct Safety Officer. Special
additional guidelines will be put into effect for visits by U.S. personnsbamted with the project. During
the second, detector construction phase, all safety guidelines estdligléhinese and U.S. authorities
will be applied to all personnel working at the site under the direction of ttegriational and U.S. Daya
Bay Safety Officers. Construction of detector components at Universitied Labs will be reviewed by
the Project and will follow all appropriate local safety guidelines. Finallyjry the operations phase the
Operations Office will support the continued presence of the Interrataomd U.S. Safety Officers.

The Project has overseen the development of a hazard analysis da¢baténcludes an identification
and analysis of safety hazards associated with the construction aradiopef the Daya Bay Project. This
document has been developed in conjunction with the appropriate L2 Memnagd is summarized below
(Section 15.1). The Project has consulted with a number of undergemnsdruction and safety experts as
well as with conventional safety experts at BNL and LBNL. An Undeugieh Safety Review Committee
chaired by Howard Hatayama (EHS Division Director at LBNL) has beswvened and has been offering
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advice to the Project on safety issues. A more detailed discussion ofgnoded safety issues can be found
in Section 15.3.

The Project will develop a Training Program and a Job Training Assedgonegram in conjunction
with the power plant, which is very interested in cooperating with the ProjectpekBonnel entering the
facilities will have site training. Short-term access without training will only beweed if the individuals
are escorted by a qualified escort. The training will include how persaeild report and respond to
emergencies, including egress to the safe areas. All personnel gtinthénunderground facility are ex-
pected to sign-out and carry tokens, which are linked to the specificvdrex they will be working. In the
event of an emergency the tokens will provide information on the persontine facility and their expected
locations. The Training Program will likely be tied to the issuance of IdentifinaBadges by the power
plant to allow site access. All work will be planned, with appropriate comatams for “Skill of the craft”
and specialized training as needed.

The experiment will have a designated local emergency coordinator)(lLA&Gualified LEC will be
required to be on site and be able to be immediately contacted if an emergenty afise. The LEC will
be required to be trained in the appropriate response procedure dlueit in the native language. The
primary responsibility of the LEC is to provide information and coordination toeifmergency response
personnel.

We understand that the power plant will provide emergency resportdeding fire, police and emer-
gency medical response. These forces are connected to the loeahgm@nt, but administratively report to
the power plant. The Project will discuss issues regarding mine rescoimgraf the emergency response
teams. We anticipate that the power plant will provide sufficient on-siterisgéor the Project’s needs.

15.1 Identification and Mitigation of Safety and Environmental Hazards

The Project’s hazards analysis and mitigation strategy are described iretimeiRary Hazards Analysis
Document (P-HAD).

15.2 Environmental Stewardship

The Project is committed to protecting the environment. All Project work that rifoqmeed in the
U.S. will be performed in accordance with all applicable local, State andr&eldsvs and regulations.
Project work performed at the Daya Bay site will conform to all applicaliim€se regulations. The primary
environmental concerns are with releases of RPC gases, possible Sljisdscintillator and mineral oil
and the use of cleaning solutions. The filling hall, where LS and mineral eifided into the ADs, will
have a secondary containment vessel to trap any spills. When the expeigifirished these fluids will be
disposed of following Chinese regulations. The amount of RPC gas is smiaV@ anticipate that it will be
below Chinese regulatory concern. The amount of cleaning solution is@ab. We do not anticipate any
radiological issues, but all sealed sources will be inventoried andedeankd radon will be monitored.

15.3 Underground Safety

The Project is learning from the experiences of others in undergrexjperimental physics work. Our
underground safety committee has benefited from the experience dépeaiing at Yucca Mountain, the
Nevada Test Site and has consulted with others involved with safety isstresNuMI tunnel, the Soudan
mine and SNO.

Current priorities include:

o Preparing for a Review of the ongoing final Civil Design activities. Watta understand the safety
standards implemented in the design and to what extent those design stamdgrbe different than
equivalent standards in the U.S. We will evaluate the design to assuedvasrshat safety concerns
are being properly addressed.
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o Working with the power plant to understand the capabilities of the local emeygesponse and what
will be needed to ensure appropriate mine rescue and firefighting traimthgopipment.

o Establishing the appropriate safety design and operational mitigation ¢y sisles associated with
the use of flammable gases and liquids underground.
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16 Manufacturing Plan and Quality Assurance

In this chapter, we disucss the approach to manufacturing each of timécactubsystems, the quality
management system we will employ and the various kinds of tests planneztfosebsystem as well as for
the integrated Daya Bay detector. Section 16.2 provides an overview qtilily management approach,
as well as the design codes and standards utilized, the drawing exarahgechiving system and our use
of design, manufacturing and safety reviews throughout the life of thier

16.1 Manufacturing Plan

Initial detailed plans for manufacturing hardware elements of the technibal/stems are provided in
each of the technical chapters of this CDR. These plans will continue teeeae the designs firm up and
optimal manufacturing approaches are decided.

16.2 Quality Assurance and Testing

The Daya Bay quality assurance program is designed to assure thattdotod performs according
to our specifications. Each institution’s Quality Assurance program will béeimented for procurements
from that institution; however, an overall quality assurance for the [BagaProject will also be applied.
The standard for the Daya Bay quality assurance program will be caleao that of the LBNL or BNL
institutional standard (e.g., BNL-QA-101).

16.2.1 Quality Management Plan

The purpose of the Quality Management (QM) Plan is to implement quality managemeéhodology
throughout the various project management systems and associatedsg® order to:

o Plan and perform project operations in a reliable and effective manmeinimize the impact on the
environment, safety, and health of the staff and the public;

o Standardize processes and support continuous improvement in altsaspproject operations; and
o Enable the delivery of products and services that meet the ProjeatBartents and expectations.

This policy is applicable to all Daya Bay Project activities and items involvingstantion, operations,
maintenance, and research, including the procurement of equipmehésar activities. A graded approach
to quality is used to place the most emphasis on and allocate proper restouticese items and/or pro-
cesses that may have the greatest effect upon personnel, envitpsafety, health, cost, data, equipment,
performance, and schedule. The graded approach is a procedstéomining that the level of analysis,
management controls, documentation, and necessary actions are comatgewgth an item’s or activity’s
potential to:

o Create an environmental, safety, or health hazard;

@]

Incur a monetary loss due to damage, or to repair/rework/scrap costs;

(¢]

Reduce the availability of equipment;

o

Adversely affect the program objective or degrade data quality;

o

Unfavorably impact the public’s perception of the Daya Bay or DOE mission.

This provides a methodology for establishing a level of analysis, docutimntand actions commensurate
with the programmatic and/or ES&H impact. The scope of the quality-related actiigtae function of its
risks and programmatic issues. Quality classification designations, Al (Qrik@a(Major); A3 (Minor);
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and A4 (Negligible), may be used to aid in selecting applicable quality-relatetias, as appropriate. The
graded approach does not allow internal or external requirementsigmbeed or waived, but allows the
degree of controls, verification, and documentation to be varied in meetingrements based on ES&H
risks and programmatic issues. This policy can be found in the BNL Stas\@ased Management System
(SBMS) in the subject area: “Graded Approach for Quality Management”

16.2.2 Design Codes and Standards

Engineering design standards and guidelines that will be applied in thenadggperimental hardware
will be defined in a controlled project document as a collaboration wide pdlionflicts between this
policy and local institutional policies require the more stringent or contieevapproach be taken. The
policy defines design loads to be applied to structural analysis of expadahimandware, fixtures and tooling
including applicable seismic codes. The policy suggests sources forrdataterials selection, certification
and their properties as defined in American Association and Society stisndie policy defines analytical
methods to be used based on load application and failure criteria of the materrajsselected. The policy
defines Factor of Safety and gives specific guidelines for the appliaatifantor of safety used in the design
of project experimental hardware. Lastly it defines a method and fomnatdcumenting all engineering
analysis performed in the design of project experimental hardware.

16.2.3 Drawing Exchange and Archiving

Engineering drawing control systems have been developed for ugetwide and are defined in a
project controlled document. The scope of this system details the engimeawing standards for di-
mensioning and tolerancing, along with a system of units. It defines a commguage for all notes and
specifications, a system for revision, drawing format sizes to be used @aith a global project title box. A
method for handling, transferring and archiving electronic drawingli¢gessbeen defined collaboration wide.
A drawing number scheme along with WBS L2 drawing number assignments iledetad the policy for
released drawings is defined.

16.2.4 Design Reviews

To promote value added engineering in the design process and insuxpaiheental hardware meet
or exceed minimum defined engineering design standards and safetygaisieries of engineering com-
mittee design reviews will be conducted on all experimental hardware depigpr to drawings release
for procurement or fabrication. Each subsystem will undergo in total part a preliminary and final de-
sign review. The project office with chair these engineering reviewsf@ma a committee of appropriate
experts for this peer review process. The preliminary review will be éathe design process when concep-
tual designs have been firmed up based on scientific requirements, enmygrenalysis, conceptual design
drawings, cost and schedule. The outcome of this review and the actiongégrasated should promote and
enhance the design process towards a finished hardware desigimaltiesign review is conducted when
subsystem hardware detailed design drawings and engineering aaadys@mplete and the L2 manager is
ready to release drawings for procurement or fabrication. The etiarghe final design review will insure
that previous action items and issues have been satisfactorily resolvetd, theeéunctional experimental
requirements, is within the integration interface envelope, meets engineesigmand drawing standards
and policies, the hardware can be assembled, installed, tested and @peeatafe manor and it is within
the project cost and schedule definition.

16.2.5 Test Plans

Each subsystem will provide a staged testing plan for all elements. This @sxchu@A test plan for
the manufacturer, testing upon receipt of materials, testing prior to andsaffging to China and testing
prior to and after installation, as appropriate. These plans will continue de\eoped by each subsystem
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as design decisions are made. Preliminary versions or outlines of tesfptsrace described in some detalil
in each of the technical chapters of this document.
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17 Risk Program and R&D Efforts

There are several key aspects of the Daya Bay Risk Program. Fins,ishie early identification of
potential risks in each of the detector elements as well as the system as a 3dwidad, there is an early
R&D program that focuses on understanding, reducing or eliminating théfidd risks. Third, there is the
formal tracking of the remaining risks and mitigation strategies throughout thefli€onstruction phase
of the experiment. And lastly, there is an accounting for technical, coss@meblule risk in developing the
contingency analysis for the experiment. These first three componBnRR&D, tracking) will be discussed
in in this chapter.

17.1 Risk Assessment and Tracking

Subsystem Managers have been asked to perform a risk asses$thent iechnical systems. These
have been gathered by the Project Office and disseminated back outSolikgstem Managers as well as
the key engineering leads and the rest of the project leadership teamohthst currently identified risks
have been collected in our preliminary Risk Assessment and Mitigation Strddegynent. This document
also contains a further assessment of integrated or system level rigke. énd of the document, we include
a summary list of what we believe to be the highest priority (a combination bttty and consequence)
risks. In the future, the risk list will be reviewed and discussed reguiarfubsystem and overall project
meetings. Updates to the risk list and status will occur several times eachs/eare info is gathered or
risk status changes.

17.2 Risk Mitigation

Several key project risks can be addressed in the current R&D plfietse project. Therefore, a sizable
number of our current and planned R&D efforts are directed towardsrstanding and mitigating project
risks. Other risk areas require design and the manufacture of prosotypese are all elements of the
risk mitigation strategy. We will apply the appropriate level of R&D, carefuhpiag, and the judicious
assignment of international labor resources within the Project to adaliébe projects technical, cost and
schedule risks.

17.3 Relevant R&D plans

R&D efforts are focused on development of suitable technologies anthbehe collaboration make
wise technology and cost decisions in designing the Daya Bay experintesse Efforts are also very useful
in understanding and reducing risk. The major R&D efforts are summargledvb

1. Detailed physics simulation of various detector geometries to optimize perfoeniar science re-
guirements while minimizing cost and risk

2. Engineering studies and analysis of various detector geometries amehése

3. AD: including the development of 3-D models of the AD (acrylic vessétldank, drain and fill
ports, overflow tanks), assembly and installation planning, prototypesédhanism, overflow tanks,
calibration ports, feedthroughs and seals), test instrumentation for tfet taass measurement sys-
tem, test survey equipment, conceptual design of filling station, plannindpéoacterization of ADs,
test instrumentation for safety systems (overpressure protection, gaveflammable gas/liquid de-
tection)

4. PMTs: including PMT mount design, characterization and testing plaplisuvalidation, optimiza-
tion of PMT base and magnetic shielding design, production test stand, tialid# cables and
feedthroughs for use under water (and in oil/water interface)
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5.

10.

11.

12.

13.

14.

Gd loaded LS: including recipe and process development and testiteyiatsacompatibility test-
ing, Gd-LS for prototype AD in Hong Kong, procedures for scaling @ groduction to multi-ton
guantities, radio-assay procedures and measurement capabilities.

. Acrylic vessels: prototyping of acrylic vessel elements and full scaleetapdevelopment of a viable

vendor for the acrylic vessels

. Water Cherenkov system: including materials compatibility testing in high puritgrwaater purity

specification development (including attenuation length measurement), wafergtion system pro-
totype tests and water systems design, optimization of PMT count and locatiosimitkation and
engineering studies, optical reflectivity studies of various materials, &afuand characterization
of MACRO PMTs, potted PMT base design and validation in water, PMT maoesigd (10 Ib. buoy-
ancy force vs. 1 Ib. weight), water pool PMT structural support epttal design, water pool cover
systems design (cover and cover gas)

. RPC system: including structural support conceptual design, tapena high humidity environment,

design and optimization of strip size, gas system and HV system

. Calibration system: including simulation of sources and spallation prodiegign development for

automated source deployment system, design, construction and testintgptfjpe automated system,
source design and testing, source shielding design, final automatech slet@n, simulation studies
for detailed calibration plan

Electronics: including design review of key electronics designed inaC{FEE, Clock, Trigger),
construction of a test stand to certify and verify prototype electronics

Software and Computing: including development of software framevesaluation of pre-existing
software framework packages, core software infrastructure gadminagement development, design
and evaluation of network transfer and data archiving, software tigdaacollaboration users

Installation: including the development of as-built 3-D models of facilities subsystems to assist
installation planning and staging and to provide early identification of possibés af interference,
the creation and implementation of project controls and policies for engigegoicumentation and
drawing standards, change control policies, analysis and desigrasian@A and safety policies.

Integration: including the development of installation and test plan fav@eall detector installation,
with a timeline for delivery, storage, staging, assembly, transport, installatidntesting, develop
overall installation and test plan, based on plans from each subsystemesgatirce loaded schedule
and milestones

Project Development: including the development of overall projestt sohedule, risk, hazard analy-
sis and the preparation for CD-1 and CD-2/CD-3a reviews
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18 Organization and Management

The Daya Bay Project (the Project) will be international in scope, fundimdj organization. In this
chapter, we present an overview of the international Project orgamzzs well as some of the management
approaches. We also present a summary of the planning and schedwasggpas well as our proposed
tools. While there will be oversight by many international agencies and neaigws of the Project, here
we only summarize the planned function of the U.S. standing and ad-hoc consnatidethe technical
review process. For example, the function of the Project Advisory|RRA®) as well as the expert ad-hoc
technical reviews, are described.

A detailed project management plan has been included in the Preliminary tHeggsution Plan (or
P-PEP) document. In addition to the management organization and standingttees described here, this
document further describes the management organization details, mamagemcesses, periodic technical
reviews and change control.

18.1 Daya Bay Project Organization

The U.S. Project’s reporting and decision making from the perspectineQE is summarized in
Fig. 18.1

Office of High Energy Physics
Robin Staffin
Acquisition Executive
Randy Johnson

Program Manager Chinese Academy
of Sciences

Berkeley Site Office
Katherine Johnescu

Federal Project Director

Laboratory Oversight Group
BNL LBNL
Peter Bond (Interimn Jim Siegrist MOU IHEP
_ALD Nuclear & ALD General Sciences Hesheng Chen
Particle Physics St
US Project Office Chinese Project Office
Bill Edwards Yifang Wang
Project Manager Project Manager
Steve Kettell
Chief Scientist

Fig. 18.1. U.S. Daya Bay Project reporting and responsibility organizatiart, with
an emphasis on the relationship to DOE.

The Daya Bay Laboratory Oversight Group (LOG) and Internatioiraiece Committee (IFC) will aid
the international oversight of the Project. The IFC will meet at the regutatieduled U.S.-China meetings.

The LOG has among its members Sam Aronson (Director, Brookhaven ldatiaboratory), Hesh-
eng Chen (Director, Institute of High Energy Physics) and Jim Siegristdgéiate Lab Director for General
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Sciences, Lawrence Berkeley National Laboratory). This overgightp will meet regularly with the lead-
ership from the Daya Bay Collaboration and the Project leadership tesagsagress and plans. They will
report their views regularly to the U.S. DOE, Chinese Academy of Scigf@&S), Chinese Ministry of
Science and Technology (MoST), the National Natural Science Ftiondaf China, Guangdong Provin-
cial Government, Shenzhen Municipal Government, China Guangdoalg&iuPower Group and the rest
of the international funding agencies.

The IFC will have representatives from the international funding agerend will meet annually to
receive an overview of Project financial status and future fundiggirements. Both of these groups will
provide reports of project status to the multiple funding agencies.

Figure 18.2 highlights the internal organization of the Project and its overs@ards and panels. The
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Underground
Experinmental
SafetyReview
Comnittee

PAP
A G.Gilchriese |
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| B.Edwards (PM) |.._ PRC Project Offie
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cOnst?uction :F. Wang (Co-SP Civil Constructior
C. Laughton H.Y. Zhang
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J.Cao | |L. Littenterg| | g "\cKeown X.N. Li J.Cao || R.Brown
K. Heeger| | C.G. Yang J. Leung C. White C.Tdl | [H.L. Zhuary

Fig. 18.2. Daya Bay Project organization chart.

Spokespersons are part of the Collaboration’s Executive BoaakéSpersons are Yifang Wang and Kam-
Biu Luk, the rest of the Executive Board is Bob McKeown [U.S.], Chagyang [China], Ming-Chung
Chu [Hong Kong], Yee Bob Hsiung [Taiwan], Alexander OlshevskygRa]) which will help guide the
Project organization in its goal of delivering the experimental apparatdssaftware that will meet the
scientific goals/requirements of the Daya Bay Collaboration. The Projéice@f areex-officiomembers of
the Executive Board.

The Project Advisory Panel (PAP) is a panel with expertise in large piogathered from the relevant
international community. This panel will provide valuable guidance and adwithe Project over the course
of the construction lifecycle. The PAP is charged by and reports to the. LOG

18.1.1 U.S. and China Project Management Offices

Because there are two countries providing the major funding for Dayg®aipna and the U.S.), and
because each country’s funding agencies have their own projecgeraeat and control requirements, the
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plan is to have two Project Offices, one in the U.S. and one in China. Thiseaeal country has an orga-
nization overseeing, and reporting on, their portion of the constructfort & their funding agencies. The
complication of splitting the project office in this way is obvious. The key to makiigwork is agreement

between the two Project Offices on the project scope and goals as vireltjgent communication of issues
and plans. A Memorandum of Understanding (MOU) will be developed éetvthe lead laboratories in the
U.S. and China at CD-2 to define a mutually agreeable set of scope déligifor each country.

The U.S. Project Office personnel includes: Project Manager Billdgds; Chief Scientist Steve Ket-
tell, Chief Engineer Ralph Brown, Safety Officer Dana Beavis (interim)Rrggect Controls Officer Mike
Barry. The Chinese Project Office personnel includes: ProjectaigfenYifang Wang, Deputy Project Man-
agers Changgen Yang and Jun Cao, Chief Engineer Honglin Zhuah8adaty Officer YuQian Ma. This
organization has been in place and functioning well together for more thamosiths now.

The Integration Group, shown in Fig. 18.2, is headed by the two Chief EagnRalph Brown and
Honglin Zhuang, and is responsible to make sure that the design effertgetircoordinated and that plans
for the detector installation are clearly defined.

A Technical Board, composed of the Project Offices and L2 managgesSection 18.1.2) is responsible
for technical decisions regarding the detector design and construction.

The Daya Bay Collaboration holds 4-5 collaboration meetings per yeariahwtatus, issues and
plans are discussed and agreed upon face-to-face. Additionallyotlen@ration’s Technical Board meets
by phone conference bi-weekly. This frequent high-level communicatit provide the connection which
binds the project together and enables joint decision making, problem gealmthplanning.

18.1.2 Project Subsystem Organization

The current roster of U.S. and Chinese Co-Subsystem Managedrs\glt 2 of the WBS) are listed
below in Table 18.1. This table also represents the makeup of our TecBoiaal.

| WBS | Description | U.S. Manager| Chinese Managef
1.1 Antineutrino Detector K. Heeger J. Cao
1.2 Muon System L. Littenberg | C.G. Yang
1.3 Calibration System R. McKeown | J. Leung
1.4 | Trig/DAQ C. White X. Li
15 Offline C. Tull J. Cao
1.6 Conventional Construction —* H.Y. Zhang
1.7 Installation & Test R. Brown H.L. Zhuang
1.8 System Integration R. Brown H.L. Zhuang

Table 18.1. The Daya Bay Subsystem Managetsris Laughton of FNAL has been provid-
ing valuable consultation services to the Daya Bay Collaboration on civéitnggtion issues.

18.2 Cost and Schedule Development Plans and Tools

The Project has undertaken the development of a detailed cost estimasehautlile over the past
several months and continuing through CD-2. Under the guidance apo$wf both Project Offices, the
subsystem managers will oversee the collection of cost estimates in the foekwha detailed WBS (down
to the most appropriate level — probably 5 or 6).

The cost estimates will be gathered from the best available information, femmor quotes based
on detailed engineering specifications to engineering estimates basedgmatewepts. The information
gathered, besides including labor and material base costs, will also indlB&edictionary entries, basis of
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estimate information as well as a detailed contingency/risk analysis on thesedsis. This information
will be ‘rolled up’ and presented in a variety of output reports at anyl le&/BS detail.

Subsystem schedules will be developed concurrently with the costs agchiets into a system sched-
ule to help create a budget/funding profile that will allow the Project to meet itstaniles. Preliminary cost,
schedule and fiscal year budget information will be reviewed and itecatexdhe coming year, leading to a
baselined project plan for the Daya Bay experiment after a succ&SifHICD-2 review.

18.3 Technical Reviews

In addition to the various agency review processes, the Project will htdchial reviews at appropriate
points in the development of the Project and its subsystems. Early in thesseinsgtevelopment process,
requirements reviews will be held to ensure the system scientific requireffemtsown correctly to de-
fine subsystem technical specifications. Additionally, subsystem desiggws will take place at specific
points in the development of the subsystem technical elements. Lastly, pinitidtng large procurement
activities, production readiness reviews will be held. Each of thesewswigll have uniquely assembled
committees, utilizing relevant expertise, both internal and external to the Oodlédin as necessary, to
ensure the subsystem designs are optimal.

18.4 Change Control

The Change Control process is documented in the P-PEP.
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19 Schedule, Scope and Cost Range

In this chapter, the overall project plan is described. This includes erview of the project schedule,
and the concept for the international division of scope and cost. ThmgdaU.S. scope and cost range
is outlined. This is a joint project with an international collaboration, and tfs¢ @ocounting approaches
differ substantially from country to country. Project cost accountingérRoples Republic of China is quite
different from the approach taken in the U.S. For example, in China &sibeall labor costs (Physicist,
Engineer and technician) do not appear in the estimate. The primary costiit€hsa are materials and
equipment. The price of labor for items such as tunnel mining is very much lasghh price in the U.S.
As aresult, it is very difficult to review the cost of a Chinese scope elemeapplying typical U.S. costing
standards. For this reason, while the total project schedule and s@dseussed, the only cost estimate
presented is that for the planned U.S. scope.

19.1 Project Schedule

Briefly, the first significant construction event of the Daya Bay expeamninsehedule begins with the
initiation of civil construction on the tunnels in the spring of 2007. The Pijgoal is to complete the civil
construction of the tunnels, experimental halls and utility infrastructurerééfie@ middle of 2009.

There is an additional goal to complete the Daya Bay Near Hall (and Filling &séarly as possible —
approximately 12 months earlier than the final (far) hall. The schedule datdétector elements is therefore
driven by the completion of the first two antineutrino detectors and one thitteanuon system hardware
by the fall of 2008 in order to deploy these in this first experimental hall. Diaiga Bay Near Hall will be
used as an early opportunity to install, test and begin partial experimerdtimpes — a chance to debug
and gain insight into detector operations. This would occur in the early sumi2809. The next hall to
follow would be the Mid Hall, if the fast results option is adopted. This hall anddtectors will most likely
be available for installation tasks 3—4 months after the Daya Bay Near HdJl (racalendar 2009). This
would then allow us an opportunity to install and begin measurements fy late summer of 2009.

The remainder of the detectors will be installed and commissioned in the Ling Acdde Far Halls by
early summer of calendar 2010 so that the full complement of near anétistdrs can begin data taking.
A more complete view of the project schedule is shown in Fig. 19.1 below.

19.2 Project Scope

The project’s entire technical scope has been described in the prehapsers. The total Daya Bay
project includes the civil construction of the experimental facility at theaDBary nuclear reactor complex
as well as the construction of the detector elements (antineutrino detectans,syatem, calibration sys-
tem, DAQ/Trigger/Online and offline). Crucial to all of these activities arepitogect integration elements:
Installation and System Test, System Integration and Project Management.

19.2.1 U.S. Project Scope Range

The U.S. Project scope will not be finalized until a formal MOU is developed signed between
the U.S., China and other countries. Most likely this will be done at the Latmgréo Laboratory level.
Therefore, the scope and possible range of U.S. costs shown in Bablaré based on the current status of
discussions within the Collaboration. The major elements of U.S. scope @gligsrinclude:

1. Parts of the Antineutrino Detector:

(a) Design and 50% of the fabrication costs of the Acrylic Vessels,

(b) Critical expertise, materials and processing equipment for the piiodwsf Gadolinium loaded
Liquid Scintillator

(c) PMTs (w/bases, cables and high-voltage)
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(d) PMT support structure
(e) AD safety systems

2. Significant portions of the Muon System:

(a) Water Cherenkov PMTs (w/ bases and HV)

(b) PMT support structure

(c) Water Pool liner, N cover gas system

(d) high-voltage and gas mixing/control system for Resistive Plate Chan(iREXC)
(e) key elements of the Muon safety systems

3. Major portion of the Calibration system:

(a) automated deployment system
(b) monitoring system.

4. Front-end, DAQ and trigger electronics design (as well as portiooslofe software).
5. Off-line software and simulations effort (jointly with China)

6. Transporter system for moving the assembled, and then filled, antinedeitiextors as well as Electric
Vehicles for moving personnel within the tunnels

7. Installation and test planning and equipment
8. Design integration activities
9. US Project management

19.2.2 U.S. Project Cost Range

The U.S. Cost associated with the above scope is shown in Table 19.1rdjeeted funding profile
is shown in Table 19.2. The TEC cost range for the proposed U.S. scdp¥07 U.S. dollars, is $24M to
$26.6M. This equates to a range of from $25.5-28.2M of then-year dolla&e total includes such items
as System (or design) Integration and Project Management. Installatibtesinis included, but the U.S.
contribution will primarily be used for installation/system test planning and sdraelimited travel and
execution funds. It is possible to cap the U.S. contribution in Installation astlas China can supply the
vast majority of the technical resources necessary for assembly aatiatisn. Finally, the total includes
contingency at the level 6£30% of the total U.S. base cost. Contingency is currently estimated at L3 or
below of the WBS. It is based on the level of design maturity and the levakbfassociated with the
element, the level of cost basis and the level of risk associated with the eleFhercontingency percents
can be seen in the table along side the element base costs.

The cost estimates for most elements have been developed in some detail wdtmantary basis of
estimate, etc., but are still evolving somewhat. We will continue to refine theestistates, cost basis and
resource loaded schedule in the near future as the design and U.8 nsatpes. We will utilize an Excel-
based cost estimating tool, previously developed and utilized in other prdgcegpture and build our cost
book. We'll also utilize MS Project for building our resource loaded deite escalating to now-year dollars
and capturing performance for earned value management once \as&kred.
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| WBS || Description | Subtotal| % Contingency| Contingency| Total |
1.1 Antineutrino Detector 8,456 36% 3,050 11,506
1.2 Muon System 3,700 22% 806 | 4,507
1.3 Calibration System 1,940 22% 429 || 2,369
1.4 Electronics 213 12% 27 239
15 Offline 1,365 19% 253| 1,618
1.6 Conventional Construction — — — —
1.7 Installation 1,961 19% 374 2,335
1.8 Integration 1,028 20% 203 | 1,231
1.9 Project Management 1,766 8% 133| 1,899
Management Reserve — — 854 854
| Subtotal TEC | 20,428 30% | 6,128 26,557
| 1.10 || Preliminary Design & Development (OPC)|  3,571] 5% | 179 3,749]
] Total Project Cost (TPC) | 23,999] 26% | 6,307 || 30,306

Table 19.1. U.S. Daya Bay Project cost estimate with contingency in FY07 k$.

|

[ FY07 [ FY08] FY09| FY10[ Total]

OPC

1,700

1,700

200

3,600

TEC

7,000

11,000

10,000

28,000

[TPC [ 1,700] 8,700] 11,000] 10,200] 31,600]

Table 19.2. Projected U.S. Daya Bay funding profile in at-year k$.
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5/1 @ CD-1 Approval

CD-2/3a Approval

ID |Task Name ; Start § Finish [2007
|

1 Conceptual Dsgn & R&D Activities T Fri 3/17/06 1 Tue 3/27/07 %
2 CD-1 Approval Fri 5/11/07 Fri 5/11/07
3 Preliminary Dsgn & R&D Activities Wed 3/28/07 Tue 10/2/07
4 Begin Civil/Tunnel Construction Mon 7/2/07 Mon 7/2/07
5 CD-2/3a Approval Thu 11/15/07  Thu 11/15/07
6 Prototyping Fri 8/4/06 Thu 4/26/07
7 System Test (prototype elements) Fri 3/2/07 Thu 8/30/07
8 Finalize Detail Dsgn & Prep for Construction Wed 10/3/07 Tue 3/18/08
9 Procure materials for Gd loaded LS Fri 11/16/07 Thu 3/13/08
10 Ship elements and produce Gd Loaded LS Fri 3/14/08 Thu 8/28/08
11 Deliver Gd Loaded LS to Site Fri 8/29/08 Fri 8/29/08
12 Contract & Procure PMT's & Bases (200 per mo) Fri 11/16/07 Thu 1/1/09
13 CD-3b Approval Thu 3/20/08 Thu 3/20/08
14 PMT Deliveries 1-4 to China Wed 3/19/08 Fri 10/31/08
19 Fab & ship AD Steel Vessels (China) Mon 10/1/07 Tue 9/30/08
20 Fab & ship AD Acrylic Vessels (Taiwan) Mon 10/29/07 Fri 9/26/08
21 Surf Assy Bldg Beneficial Occupancy Fri 4/18/08 Fri 4/18/08
22 1st Pair of Steel & Acrylic Vessels at SAB Mon 6/9/08 Mon 6/9/08
23 Fab & Assemble Calibration Syst Elements Thu 3/20/08  Wed 12/24/08
24 Construct Muon Syst Elem for D-B & L-A Cavern Thu 3/20/08 Wed 1/21/09
25 Ship Muon Syst Elem for D-B Near Hall Thu 7/10/08 Wed 10/1/08
26 Assemble 1st AD Pair in SAB Fri 6/27/08  Thu 10/30/08
27 DB Near & Filling Hall Beneficial Occupancy Mon 9/1/08 Mon 9/1/08
28 | Test First 6 Calibration Boxes Thu 8/7/08 Wed 10/1/08
29 Ship Calib Sys Elems for 1st AD Pair Fri 10/31/08  Thu 11/27/08
30 Fill 1st AD Pair in Filling Hall Fri 10/31/08  Thu 12/25/08
31 Assemble Muon elements and install AD's in DB Nez¢ Mon 9/1/08 Fri 1/16/09
32 System Test (in-situ in D-B Near Hall) Mon 12/15/08 Fri 5/1/09
33 CD-4a Daya Bay Near Site Ready to Take Data Mon 11/30/09  Mon 11/30/09
34 Assemble remaining AD Pairs in SAB Fri 10/31/08 Thu 10/1/09
35 Fill 2nd AD Pair in Filling Hall Fri 1/23/09 Thu 3/5/09
36 L-A Hall Beneficial Occupancy Wed 4/1/09 Wed 4/1/09
37 Assemble Veto & AD Elems in L-A Cavern Thu 4/2/09 Wed 7/22/09
38 System Test (in-situ in L-A) Thu 7/23/09  Wed 10/14/09
39 L-A Site Ready to Take Data Wed 10/14/09  Wed 10/14/09
40 Construct Veto Syst Elem for Far Cav Thu 1/22/09 Wed 8/5/09
41 Crate & Ship Veto Elements Thu 6/11/09 Wed 9/30/09
42 Far Hall Beneficial Occupancy Wed 7/1/09 Wed 7/1/09
43 Assemble Veto & AD Elems in Far Caverns Thu 8/20/09 Wed 1/6/10
44 System Test (in-situ Far Caverns) Thu 12/24/09 Wed 3/31/10
45 CD4b - Far Site Ready to Take Data Wed 9/1/10 Wed 9/1/10
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B ACRONYMS

B Acronyms

AC
Access
AD
ADC
APS
BES
BINE
BNL
Bugey 3
CAS
CDR
CcC
CCD
CCG
CD-1
CD-2
CD-3a
CD-3b
CD-4a
CD-4b
CERN
CGNPC
C.L.
CcpP
CPT
CSE
CVS
DAC
DAQ
DB

DC
DCS
DOE
ES
ES&H
FADC
FEC
FEE
FET
FPGA
FY
FWHM
Gallex
Gd-LS
GEANT

alternating current
database program from Microsoft Corporation
Daya Bay antineutrino detector
analog to digital converter
American Physical Society
Beijing Spectrometer at the Beijing Electron Positron Collider
Beijing Institute of Nuclear Energy
Brookhaven National Laboratory
Reactor antineutrino experiment in France
Chinese Academy of Sciences
conceptual design report
charged-current neutrino interactions
charge coupled device
central clock generator
Critical Decision #1 — Site Selection (CDR)
Critical Decision #2 — Cost/Schedule/Scope well defined (TDR)
Critical Decision #3a — Long lead procurements
Critical Decision #3b — Start of Construction
Critical Decision #4a — Initiate early operations
Critical Decision #4b — begin full experiment operations
European Organization for Nuclear Research
China Guandong Nuclear Power Group (Daya Bay owner)
confidence level
charge, parity symmetry
charge, parity, time reversal symmetry
Computing Science Engineering
code versioning system
digital to analog converter
data acquisition
Daya Bay
direct current
detector control system
U.S. Department of Energy
elastic neutrino scattering
environment, safety & health
flash ADC
front-end card
front-end electronics
field effect transistor
field programmable gate array
fiscal year
full width at half maximum
Gallium Experiment
Gd loaded liquid scintillator
detector description and simulation tool
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GNO
GOC
GPS
GWin
H/C
H/Gd
HOTLink
HV
HVPS
IBD
IFC
IGG
IHEP
ILL
ISO
IRNC
JINR
JTAG
KamLAND
K2K
KARMEN
KEK
Kr2Det
L/E
L3C

LA

LAB
LabVIEW
LBNL
LEC
LED
LENS
LIGO
LMA
Ln
LOG
LS
LSND
LVDS
MBLT
m.w.e.
MC
MIE
MINOS
MoST
MOU
MSB
MSPS
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Gallium Neutrino Observatory

global operation clock

Global Positioning System

reactor’s thermal power in GigaWatts

ratio of hydrogen to carbon

ratio of hydrogen to gadolinium

bus for clock distribution

high voltage

high voltage power supplies

inverse beta decay

International Finance Committee

Institute of Geology and Geophysics

Institute for High Energy Physics
Institut Laue-Langevin

International Standards Organization

International Research Network Connections

Joint Institutes for Nuclear Research

electronic standard for testing & downloading FPGA's
Kamioka Liquid Scintillator Antineutrino Detector
KEK to Kamiokanda neutrino oscillation experiment
Karlsruhe Rutherford Medium Energy Neutrino experiment
High Energy Accelerator Research Organization in Japan
Two Detector Reactor Neutrino Oscillation experiment at Krasrsya
distance divided by energy

L3 cosmic ray experiment
Ling Ao
Linear Alkyl Benzene

Laboratory Virtual Instrument Engineering Workbench
Lawrence Berkeley National Laboratory

Local Emergency Coordinator

light emitting diode

Low Energy Solar Neutrino Spectrometer

Laser Interferometric Gravity Observatory
Large Mixing Angle solution

lanthanides

Laboratory Oversight Group

liquid scintillator

Liquid Scintillator Neutrino Detector

low voltage differential
Multiplexed Block Transfer

meters of water equivalent

Monte Carlo

Major Item of Equipment

Main Injector Neutrino Oscillation experiment
Ministry of Science and Technology of China
Memorandum of Understanding
1,4-bis[2-methylstyrl]benzene

mega-sample per second
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NC neutral current neutrino interactions

NHIT counter for number of hits

NSFC Natural Science Foundation of China

NPP nuclear power plant

NTP Network Time Protocol

NuSAG Neutrino Science Assessment Group

NWW North-West by West

ODH oxygen deficiency hazard

OPC Other Project Costs (Project costs not in TEC)
OPERA Oscillation Project with Emulsion-tRacking Apparatus
p.e. photo-electrons

P-HAD Preliminary Hazards Assessment Document
P-PEP Preliminary Project Execution Plan

PAP Project Advisory Panel

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
QA quality assurance

QC quality control

QE guantum efficiency

QM guality management

REE rare earth elements

R&D research and development
RPC resistive plate chamber

RPVC rigid polyvinyl chloride

RQD Rock Quality Designation

RS Richter scale

SAGE Soviet American Gallium solar neutrino Experiment

SBMS Standards Based Management System

SCADA supervisory, control, and data acquisition

s.p.e. single photo-electron

SNO Sudbury Neutrino Observatory

SNO+ proposed solar and geo-neutrino experiment using liquid scintillatbeiaexisting SNO detector

SS stainless steel
SAB surface assembly building
TDC time to digital converter

TEC Total Estimate to Complete (total cost of project funded by MIE)
TPC Total Project Cost (total cost of project including OPC)

TSY Fourth Survey and Design Institute of China Railways
UCT Universal Coordinated Time

uv ultraviolet light

VME Versa Module Europa

WBS work-breakdown structure

YREC  Yellow River Engineering Consulting Co. Ltd.



