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Executive Summary

Recent discoveries in neutrino physics have shown that the Standatel lgfoparticle physics is in-
complete. The observations of oscillations of neutrinos have unequlivateamonstrated that the masses
of neutrinos are nonzero. The smallness of the neutrino masdes\() and the surprisingly large mixing
angles provide important clues and constraints to extensions of the Staviddel.

One of the three mixing angléss is small and has not yet been determined; the current experimental
bound is siA20;3 < 0.10. It is important to measure this angle to provide further insight on howtéme
the Standard Model. The value @&f; is also vital to resolving the neutrino mass hierarchy ambiguity and to
attempts to measure CP violation in the lepton sector.

We propose to measure this mixing angle by using antineutrinos from nuelgetors in Daya Bay,
China. The Day Bay Nuclear Power Plant is one of the most prolific sewftantineutrinos in the world.
We plan to deploy large antineutrino detectors, in an experimental hall d80® m from the reactors,
inside the adjacent mountain. The overburden will suppress the bagidjto an insignificant level. The
statistics will reach 0.2% in three years of running. To mitigate and contrtersyic errors to a comparable
level, we will also deploy detectors in experimental halls near the reactdrhedexperimental halls are
interconnected via a horizontal tunnel, which will provide opportunities librede the far detectors in the
near experimental halls.

This proposal details our current design of the Daya Bay experimertdhaeach a sensitivity of 0.01
or better in sid26;5 < 0.10.
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1 Physics

Neutrino oscillations are an ideal tool for probing neutrino mass. This intiggohenomenon depends
on three mixing angles. The goal of the Daya Bay experiment is to determinasthenknown neutrino
mixing angled, 3 with a sensitivity of 0.01 in sif26,3, an order of magnitude better than the current limit.
This section provides an overview of neutrino oscillations, the key featfreeactor neutrino experiments,
and the Daya Bay experiment.

1.1 Neutrino Oscillation

The last decade has seen tremendous advances in our understdriimgeutrino sector [1]. There
is now robust evidence for neutrino flavor conversion from solar, spieric, reactor and accelerator ex-
periments. The only consistent explanation for these results is that neulid@ve mass and that the mass
eigenstates are not the same as the flavor eigenstates (neutrino mixingjdescillations depend only
on mass-squared differences and neutrino mixing angles. The maasdglifference scale probed by an
experiment depends on the rafig /, whereL is the baseline distance (source to detector) &nd the
neutrino energy. Solar and long-baseline reactor experiments aiiiveettsone mass-squared difference
scale, while atmospheric, short-baseline reactor and long-baselineratoceexperiments are sensitive to a
larger mass-squared difference scale. To date only disappeargra@aeents have convincingly indicated
the existence of neutrino oscillations.

The SNO experiment [2] measures high-enetBysolar neutrinos via charged current (CC), neutral
current (NC) and elastic scattering (ES) reactions. The CC reactioms#ige only to electron neutrinos
whereas the NC reaction is sensitive to the total active solar neutrinaflux(andv;). Elastic scattering
has both CC and NC components and therefore serves as a consigieokyThe neutrino flux indicated
by the CC data is about one-third of that given by the NC data, and the td@ida agrees with the standard
solar model prediction for th&B neutrino flux. Since only.’s are produced in the sun, the SNO data can
only be explained by flavor transmutation— v,, and/orv,. Super-Kamiokande has also measured the ES
flux ¢rg for the®B neutrinos [3] and their data agree with the SNO results.

Radiochemical experiments can also measure lower-energy solar nspimiaddition t6°B neutrinos.
The Homestake experiment [4] is sensitive’Be and pep neutrinos using neutrino capture’®l. The
SAGE, GALLEX and GNO experiments [5] are sensitive to all sourcesolEraeutrinos, including the
dominant pp neutrinos, using neutrino capture t@a. A global fit to all solar neutrino data yields a unique
region in oscillation parameter space, known as the Large Mixing Angle (Lébhution.

The KamLAND experiment [6], which measured electron anti-neutrinas freactors with arl./E
sensitive to the mass-squared difference indicated by the solar neuwtencotdserved a flux deficit is con-
sistent with neutrino oscillations. Furthermore, KamLAND has also obserggctral distortion in oscil-
lation probability that can only be explained by neutrino oscillations. The ocillparameters indicated
by KamLAND agree with the LMA solution, as they shouldifPT is conserved. Since they were done in
completely different environments, the combination of solar neutrino and K&l data rules out exotic
scenarios such as nonstandard neutrino interactions or neutrino magetentia].

Super-Kamiokande atmospheric-neutrino indugdike events show a depletion at long distance com-
pared to the theoretical predictions, while #iike events agree with the non-oscillation expectation [7].
The detailed energy and zenith angle distributions for both electron and nveaiseagree with the os-
cillation predictions if the predominant oscillation channeljs— v,. More recently, the long baseline
accelerator experiments K2K [8] and MINOS [9] have measuggdurvival that is consistent with the at-
mospheric neutrino data. The mass-squared difference indicated byrtbspderic neutrino data is about
30 times larger than that obtained from the fits to solar data. The existence imfdependent mass-squared
difference scales means that three neutrinos are required to explaitheatblar and atmospheric data.

The Chooz [10] and Palo Verde [11], which measured the survivadéadtor anti-electron neutrinos



at anL/E sensitive to the mass-squared difference indicated by the atmospherinoela#ta, found no
evidence for oscillations, consistent with the lackofnvolvement in the atmospheric neutrino oscillations.
However,v. oscillations for this mass-squared difference are still allowed at rougbl§@Pro level or less.

There exists another set of neutrino oscillation data from the LSND slasghne accelerator exper-
iment [12], which found evidence of the oscillationn — 7. A large region allowed by the LSND data
has been ruled out by the KARMEN experiment [13] and astrophysicasorements [14]. The remaining
allowed region is currently being tested by the MiniBooNE experiment [£6prfirmed, the LSND signal
would require the existence of new physics beyond the standard thtggao oscillation scenario.

1.1.1 Neutrino Mixing

For N flavors, the neutrino mass matrix consists\omass eigenvaluesy (N — 1)/2 mixing angles,
N(N — 1)/2 CP phases for Majorana neutrinos (@ — 1)(N — 2)/2 CP phases for Dirac neutrinos.
The mass matrix is diagonalized by the mixing matrix which transforms the mass taigsn® the flavor
eigenstates. For three flavors, the Maki-Nakagawa-Sakata-Porddt6f mixing matrix which transforms
the mass eigenstates (1, v3) to the flavor eigenstatesy, v, v-) can be parameterized as

1 0 0 013 0 S’fg 012 512 0 ewl
0 023 523 0 1 0 —512 Clg 0 6i¢2 (l)
0 —Ss3 Cas ~S13 0 Ci3 0o 0 1 1
Cr2Ch3 C13512 St en
= —512C23 — C12513523  Ch2Ca3 — 512513523 C13523 elo2 2)
S12523 — C12513C23  —C12523 — 512513C23 C13C03 1

whereCj = cos b, Sjx = sin by, S35 = €¥cP sin fy3. The ranges of the mixing angles and the phases
are:0 < 0, < 7/2,6cp > 0,1, ¢2 < 2m. The neutrino oscillation phenomenology is independent of the
Majorana phaseg; and¢s, which affect onlyneutrinolesslouble decay experiments.

For three flavors, oscillation experiments can only determine three mixing ahgle&s, 023, two
mass-square difference&m3; = m3 — m?, Am3, = m% — m?, and one CP phase angdlep. It should
note thatAm?,= Am3,+Am3,.

1.1.2 Current Knowledge of Mixing Parameters

Various solar, atmospheric, reactor, and accelerator neutrino expegindata have been analyzed to
determine the mixing parameters separately and in global fits. In the threefflamework there is a gen-
eral agreement on solar and atmospheric parameters. In particuldoliat §ts in the2o range, the solar
parameter\m2, has been determined to within 9% asid? 61, within 18%, while the atmospheric pa-
rameter\Am@2 within 26% andsin? f»5 within 41%. Due to the absence of a signal, the global fit§,gn
are upper bounds which vary significantly from one fit to another. TXte parameter, i.e., the CP phase
angledcp, is inaccessible to the present and near future oscillation experiments.

We quote the result of a recent global fithe range [17]:

Am3, = T7.92(1.0040.09) x 1079 eV?  sin?615 = 0.314(1.00751%) (3)
|Am3,| = 2.4(1.0070%) x 1073 eV? sin? o3 = 0.44(1.00793}) (4)
sinf13 = (0.9723) x 1072 (5)

A collection of fits ofsin? 6,3 with different inputs as given in [17] is reproduced in Fig. 1.1. Note
that fits involving solar or atmospheric data separately laye= 0 coinciding with the minima of the
chi-square. However global analyses taking into account both salaterospheric effects show chi-square
minima at non-vanishing value éfs. More fits oné;3 under different inputs can be found in another very
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Fig. 1.1. Global fits tain? 6,3, taken from [17].

recent global fit [18], in which the fits of other oscillation parameterslapesignificantly with the above
results even ato, signifying the convergence to a set of accepted values of neutrilatisn parameters,
in Am3,, ]Am§2 , sin? 019, andsin? fos.

At 20, the upper bound df; 3 extracted from Eq. 5 is about 10T his corresponds to a valuegfi? 263
of 0.12, which should be compared to the upper limit of 0.17 at 90% C.L. obthin€thooz (to be discussed
in Sec. 1.3.5). We can conclude that unlike andf,3 the mixing anglé, 3 is relatively small.

1.2 Mixing Angle 6,3

As one of the six neutrino mass parameters measurable in neutrino oscill&tiprssimportant in its
own right and for further studies of neutrino oscillations. In additiyn,is important in theoretical model
building of the neutrino mass matrix which can serve as a guide to the theoretamistanding of physics
beyond the standard model. We elaborate these points below:

On the experimental side:

o The mixing matrix element which provides the information on the CP phase é&nglppears always
in the combinatiorl/,; = sin ;3¢ ~*cP. If §;5 vanishes then it is not possible to probe leptonic CP
violation in oscillation experiments.

o The future generation of neutrino oscillation experiments has several tamp@oals to achieve: to
measure more accurately the mixing angles and mass-squared diffeteroede the matter effect,
to determine the hierarchy of neutrino masses, and very importantly to detaimi@® phase. The
association of3 with dcp as described above indicate that we need to know the valde;db
a sufficient accuracy in order to design the future generation of empets to measurécp. The

3



matter effect, which can be used to determine the mass hierarchy, alsaldepethe size of3. If

613 > 0.01, then the design of future oscillation experiments can be a straightforwgedston of
current experiments [19]. However, for smaltes new experimental technologies are likely required
to carry out the same sets of measurements.

On the theoretical side:

o A vanishing6;3 indicates that the neutrino system is not a genuine 3-flavor mixing. Togeitter
the large mixing angleg;> andf,s (possibly maximal) it poses a serious challenge to the theoretical
understanding of the physics of neutrinos. On the other hand their @readises can serve as a guide
in the construction of the neutrino mass matrix, which, in turn, will have strondjdatfpns in the
model building of physics beyond the standard model.

o The actual value o3, together with the question whether or b is maximal, can put strong
constraints on theoretical models in grand unification models. In geneéad, i not too small i.e.,
close to the upper bound of the existing limit0f? 26,5 ~ 0.1 andfy; # 5, the neutrino mass
matrix does not have to have any special features (sometimes referre@nmarghy models) to give
rise to large mixing angles, and the smaller valuggfas compared with the other mixing angles,
e.g.,sin? 20;3 ~ 0.1, can be understood as a numerical accident. However, for much snzlierof
6,3, say, an order of magnitude smaller than the current upper boundie?®¢;5 < 0.01, a special
symmetry on the neutrino mass matrix will be required. More discussions ardmets can be found
in references [20] and [21]

o As an example of the special symmetry feature needed, the investigationtafpdiva [22] shows
AW]‘gol

that forf,3 < < 5°- ~ 0.03 ap andr lepton flavor exchange symmetry is required for a theoretical

explanation. It disfavors a quark-lepton unification type theory basedazlels ofSU,.(4) or SO(10).
For a larger value of,3, it leaves open the question of quark-lepton unification.

1.3 Determining 6,3 with Nuclear Reactors
1.3.1 Energy Spectrum and Flux of Reactor Antineutrinos

A nuclear power plant derives power from the fission of uranium antpium isotopes (mostly?>U
and?3°Pu) which are packed into rods in the core or the reactor. The fissiclupes daughters, many of
which beta decay because they are neutron rich, Each fission psociueserage approximately 200 MeV
of released energy and six antineutrinos. The majority of the antineutranasvery low energies; about
70% of the antineutrinos have energies below 1.8 MeV, the threshold ofwaesenbeta-decay reaction to
be discussed in Section 1.3.2. A 3 GWeactor emit$ x 102° antineutrinos per second with antineutrino
energies up to 8 MeV.

Many reactor neutrino experiments to date have been carried out atipres! water reactors (PWRS).
The neutrino flux and energy spectrum of a PWR depend on sevetaidathe total thermal power of the
reactor, the fraction of each fissile isotope in the fuel, the fission ratecbffessile isotope, and the energy
spectrum of neutrinos of the individual fissile isotopes.

The antineutrino yield is proportional to the thermal power, while other theparameters such as the
temperature, pressure and the flow rate of the cooling water, play negligielehe reactor thermal power
is measured continuously by the power plant with a typical precision of)¢a—2

Fissile materials are continuously consumed while new fissile isotopes ar&dmmedther isotopes in
the fuel (mainly?38U) by fast neutrons. Since the neutrino energy spectra are slightlyedifféor the four
main isotopes, the fission composition and its evolution over time are thereificaldo the determination
of the neutrino flux and energy spectrum. From the average thermal podéehe effective energy released
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per fission [23], the average number of fissions per second of eadpéscan be calculated as a function of
time. Fig. 1.2 shows the results of computer simulation of the Palo Verde reacésr[24].
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Fig. 1.2. Fission rate of each isotope as a function of time from a Monte Canldes

tion [24].
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Itis common for a nuclear power plant to replace some of the fuel rods me#wtor periodically as the
fuel is used up. Typically, a reactor core will have 1/3 of its fuel chdreyeery 18 months. At the beginning
of each refueling cycle, 69% of the fissions are fréftJ, 21% from?*°Pu, 7% from***U, and 3% from
241py, During operation the fissile isotop&8Pu and®**'Pu are bred continuously frof®U. Toward the
end of the fuel cycle, the fission rates frdMiu and?3°Pu are about equal. The average (“standard”) fuel
composition is 58% of3°U, 30% of?3?Pu, 7% of**%U, and 5%**'Pu [25].

The energy spectrum of the emitted from the fission reaction depends on the fuel composition. The
composite antineutrino spectrum is a function of the time-dependent contrnibudiothe various fissile
isotopes to the fission process. The Bugey 3 experiment compared tfieeend models of the antineu-
trino spectrum with its measurement. Good agreement was observed with tieéthetdnade use of the
ILL 7. spectra [28]. The ILL measured spectra for isotopes), 23?Pu, and**!Pu are shown in Fig. 1.3.
However, there is no data fét®U; only the theoretical prediction is used. The possible discrepancy betwe
the predicted and the real spectra should not lead to significant emoestee contribution from¥*8U is
never higher than 8%. The overall normalization error of the ILL meakspectra is 1.9%. A global shape
uncertainty is also introduced by the conversion procedure.

A widely used three-parameter parametrization of the antineutrino speatruaheffour main isotopes,
as shown in Fig. 1.4, can be found in [26].

1.3.2 Inverse Beta-Decay Reaction
The reaction employed to detect thefrom a reactor is the inverse beta decay- p — e™ + n. The
total cross section of this reaction, neglecting terms of ofggM,, is

ol = oo(f2 +3g%) EOp©), (6)

whereEéO) = E, — (M, — M,) is the positron energy when neutron recoil energy is neglectedpgg)nd
is the positron momentum. The weak coupling constantsfarel andg = 1.26, andoy is related to the
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Fermi coupling constarn®' i, the Cabibbo anglé-, and an energy-independent inner radiative correction.
The inverse beta decay has a threshold energy in the laboratory ffame[(m,, + me)? — mf)]/Qmp =
1.806 MeV. The leading-order expression for the total cross section is

o%) = 0.0952 x 10~2em2 B p©), )

e

whereEéO) andpéo) are in units of MeV. Vogel and Beacom [29] have recently extendeddloalation of the
inverse beta decay total cross section and angular distribution to bfdlerFig. 1.5 shows the comparison
of the total cross sections obtained in the leading order and the next-iageader calculations. Noticeable
differences are present for high neutrino energies. We adopt tiee bf)\/ formula for the cross-section
calculation. In fact, the calculated cross section can be related to neugtimi, whose error is only 0.2%.

The expected recoil neutron energy spectrum, weighted by the antireeatrargy spectrum and the
v, +p — e +n cross section, is shown in Fig. 1.6. Due to the low antineutrino energy eetatihe mass
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 titeams is strongly forward peaked,
as shown in Fig. 1.7.

1.3.3 Observed Antineutrino Rate and Spectrum at Short Distance

The observed antineutrino spectrum in the liquid scintillator at short basglnproduct of the reactor
antineutrino spectrum and the cross section of inverse beta decay.gstpaivs the differential antineutrino
energy spectrum, the total cross section of the inverse beta-decéipmeaad the expected count rate as a
function of the antineutrino energy. The differential energy distributidghéssum of the antineutrino spectra
of all the radio-isotopes. It is thus sensitive to the variation of thermal pang composition of the nuclear
fuel.

By integrating over the energy of the antineutrino, the number of eventsecdetermined. With one-
tonne of liquid scintillator, a typical rate is about 100 antineutrinos per dayspé,; at 100 m from the
reactor. The highest count rate occurdzat~ 4 MeV.
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1.3.4 Reactor Antineutrino Disappearance Experiments

In a nuclear reactor experiment the measured quantity is the survisalmtivy for 7, — 7, at a short
baseline of the order of hundreds of meters to about a couple hunivetekers with thes, energy from
about 1.8 MeV to 8 MeV. The matter effect is totally negligible and so the vadoumula for the survival
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probability is valid. In the standard notation of Eq. (2), this probability hamale expression

Psur = 1- CilS sin2 2912 sin2 Agl — 0122 sin2 2013 sin2 Agl — S%Q sin2 2913 sin2 Agg, (8)
where
L(km)
— 2 2 3
Aijk = mJ2 —mi.

L is the baseline in km/Z the neutrino energy in MeV, anda; the j-th neutrino mass in eV. The, — v,
survival probability is also given by Eqg. (8) when CPT is not violated.(Byis independent of the CP phase
angledcp and the mixing anglé,s.

To obtain the value dfy3, the depletion of, has to be extracted from the experimemalisappearance
probability below the: production threshold,

Pdis = 1- B
= Cf3 SiIl2 2912 SiIl2 A21 + 0122 Sin2 2913 sin2 A31 + S%Q SiIl2 2913 sin2 A32 . (10)

Sinced; 5 is known to be less than 10we define the term that is insensitiveg as
Py = Cil:; sin® 2615 sin® Agq & sin? 26015 sin® Aoy . (1)
Then the part of the disappearance probability directly relatégsts given by

Pis = Pais — Pi2
= —|—C%2 sin? 2643 sin? Az + S%Q sin? 2013 sin? Aso (12)

The above discussion shows that in order to obdainwe have to subtract thg 3-insensitive contribu-
tion P> from the experimental measurementiéfs. To see their individual effect, we pldt 3 in Fig. 1.9
together withPys and Pjo as a function of the baseline from 100 m to 250 km. The neutrino energy is
integrated from 1.8 to 8 MeV. We also take? 26,3 = 0.10, which will be used for illustration in most of
the discussions in this section. The other parameters are taken to be

10 = 34°, Am3, =7.9x 107°eV?, Am3; = 2.5 x 107 %eV2. (13)

The behavior of the curves in Fig. 1.9 are quite clear from their definitiggs, (10), (11), and (12).
Below a couple kilometer$’5 is very small, andP;3 and Py track each other well. Beyond the first
minimum P;3 and Py;s deviate from each other more and mord.aacreases whei;, becomes dominant
in Pyis.

In the range of baseline that is insensitiveR, at the first maximumpPy;s is close toP3|vax ~
sin® 2015. This suggests that the measurement can be best performed at thediliation maximum of
Py3. Since the location of the maximum &3 is determined byAm32, ~ Am3, and the energy of the
anti-neutrino, the best possible distargg, for the far detector is determined by taking advantage of the
energy spread of the, beam so as to provide a range of valued.gf .

In Fig. 1.10P;5 integrated over E from 1.8 to 8 MeV is shown as a functio.gf for three values of
Am3, that cover the allowed range &fm3, in 20 as given in Eqg. 4. The curves show thay is sensitive
to Am3,. ForAm3, = (1.8, 2.4, 2.9) x 1073 eV?, the oscillation maxima correspond to a baseline of 2.5
km, 1.9 km, and 1.5 km, respectively. From this simple study, placing the factdeteetween 1.5 km and
2.5 km from the reactor looks to be a good choice.

9
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In the literature, a simplified expression for oscillation probability involving dwlg neutrino flavors
is often used for describing reactor neutrino experiment at short distan

P2 = sin2 2913 sin2 A31 . (14)

The difference between the two-flavor expressiénand the three-flavor expressidh;s could be large,
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especially for smalkin? 26,3. However, when we are interested in extractig’ 26;3, we should take out
the contribution ofP;, before fittingsin? 26,3. The magnitudes of these oscillation probabilities are shown
in Fig. 1.11 for a smallefl;3, sin® 26,3 = 0.01. Although Py, is significantly larger thai®, at short distance,
P53 is almost the same as the two-flavor expression. Therefore, the two-fgpression is valid for most
physical purposes, e.g. baseline optimization, sensitivity estimation, etc.

Current determinations df;» and Am3, carry large uncertainties?;s itself is insensitive taAm3,
andsin? 20;,. However, since we calculate it by, — P2, the error off;, and Am3; will propagate to
Py3. For the analysis of experimental data, this systematic error must be takeacogont, and the two-
flavor expression is no longer adequate. It is easy to check that, tjiedmest fit values in Eq. (3), when
sin® 26,5 varies from 0.01 to 0.10 the relative sizelf, to the value ofP; 5 is about 25% to 2.6% at the first
oscillation maximum. Yet the uncertainty in determinisig?® 26,5 due to the uncertainty aP,, is always
less than 0.005.

Let us summarize with the following remarks:

o The disappearance probability directly relatedigis insensitive t@;» and Am3, at short distance.
The mixing angle&),3 can be unambiguously determined by reactor neutrino experiment.

o Itis interesting to note that the useful region of the reagt@nergy spectrum is sufficient to cover the
20 allowed range ofAm3, which is the focus of our discussion. And we determine that the optimal
choice ofLy,, to be between 1.5 km to 2.5 km.

o The disappearance probability is sensitivéMi@3, . On one hand it creates a challenge in the selection
of baseline of the far detector. On the other hand, the wide neutrinoyespagtrum will provide
information of Am3;.

o The simplified two-flavor oscillation expression is a very good approximatidheothree-flavor ex-
pression, except that errors &f and Am3, cannot be taken into account in the former. These sys-
tematic errors may have a significant impact on the data analysis.

Finally, we conclude from this phenomenological investigation that the clobiée,. be made so that
it can cover as large a range &fn?, as possible.

1.3.5 Past Measurements df;3

In the nineties, two reactor-based neutrino experiments, Chooz [1(Palodverde [11], were carried
out to investigate neutrino oscillation. Baseddm3, = 1.5x 10~2 eV? as reported by Kamiokande [30], the
baselines of Chooz and Palo Verde were chosen to be about 1 km. Tthiscdisorresponded to the location
of the first oscillation maximum af. — v, when probed with low-energy reactar. Both Chooz and Palo
Verde were looking for a deficit in the. rate at the location of the detector by comparing the observed rate
with the calculated rate assuming no oscillation occurred. With only one detbotbrexperiments must
rely on the operational information of the reactors, in particular, the composifiohe nuclear fuel and
the amount of thermal power generated as a function of time, for calculagn@té of, produced in the
fission processes.

Chooz and Palo Verde utilized Gd-doped liquid scintillator to detect the reactaa the inverse beta-
decayv,.p — me™ reaction. The ionization loss and subsequent annihilation of the positverrige to a
fast signal obtained with photomultiplier tubes (PMT’s). The energy aasatwith this signal is termed
the prompt energyfy,. As stated in Sec. 1.3.%, is directly related to the energy of the incidept After a
random walk of about 30s, the neutron is captured by a Gd nucléesnitting several gamma-ray photons
with a total energy of about 8 MeV. This signal is called the delayed enékgyThe temporal correlation

*The cross section of neutron capture by a proton is 0.3 b and 50,003
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between the prompt energy and the delayed energy constitutes a pdaelrfar identifying ther, and for
suppressing backgrounds.

The value ofsin? 26,3 was determined by comparing the observed antineutrino rate and enexgy sp
trum at the detector with the predictions that assumed no oscillation. The noftetected antineutrinos
Nyt 1S given by

NP
Naw = 113 / 0 Py SdE (15)

whereN,, is the number of protons in the targét,s the distance of the detector from the reactas the
efficiency of detecting an antineutring,is the total cross section of the inverse beta-decay proggsgsis

the survival probability given in Eq. 8, arftlis the differential energy distribution of the antineutrino at the
reactor shown in Fig. 1.8.

Since the signal rate is low, it is common to carry out reactor-based neetpeiments underground
for reducing the dangerous cosmogenic background events, sugutions and radioactive isotopki.
Gamma rays originated from the natural radioactivity in materials and theuswliray rock are also prob-
lematic. For Chooz, their background rate wasl + 0.24 events per day in the 1997 run, ah@2 + 0.14
events per day after the trigger was modified in 1998. The backgrowrdsswere subtracted fromie
beforesin? 26,5 was extracted.

The systematic errors and efficiencies of Chooz are summarized in TablasdL1.2 respectively.

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

Table 1.1. Contributions to the overall systematic uncertainty in the absoluteatior
ization in Chooz [10].

| selection | € (%) | relative error (%)]
positron energy 97.8 0.8
positron-geode distance | 99.9 0.1
neutron capture 84.6 1.0
capture energy containment94.6 0.4
neutron-geode distance 99.5 0.1
neutron delay 93.7 0.4
positron-neutron distance | 98.4 0.3
neutron multiplicity 97.4 0.5
combined 69.8 15

Table 1.2. Summary of the anti-neutrino detection efficiency in Chooz [10].

Neither Chooz nor Palo Verde observed any rate deficitinrhis null result is used to set a limit in
the neutrino mixing anglé;s, as shown in Fig. 1.12. Chooz obtained the best limit of 0.17 if28ig for
Am3, = 2.5 x 1072 eV? at the 90% confidence level.

12
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Fig. 1.12. Exclusion contours determined by Chooz, Palo Verde, andealloggion

obtained by Kamiokande [10].

1.4 Synergy of accelerator and reactor experiments

The three parameters that are not determined by the solar, atmosphédricamb AND data aré; 3,
the sign ofAm3,, which fixes the hierarchy of neutrino masses, and the Dirac CP phase

Long-baseline accelerator experiments, in addition to improving the measuseaigAm3,| andfs;
via v, survival, will also be able to search for appearance in, — v, oscillations, which is very sensitive
to these unknown parameters. A measurement of bpth- v, andv, — 7. oscillations allows one to
measurd; 3 and test foiC' P violation in the lepton sector, provided thag is large enough. However, there
are potentially three two-fold parameter degeneracies, for which the saam@@ter sets are consistent with
the same data, which lead to ambiguities in the measured valdgs afiddi-p [1,31]:

1. the §cp, 013) ambiguity,
2. the ambiguity due to our lack of knowledge of the mass hierarchy (the Bignd, ambiguity), and

3. the#y3 ambiguity, which occurs because oBiyi? 26,3, not f23, is measured i, survival in atmo-
spheric neutrino experiments.

All three parameter degeneracies can lead to different inferred vidues p andf,3, and they can all
be present simultaneously, leading to as much as an eight-fold ambiguity intdreng@tion off;3 and
ocp. Another problem is that Earth-matter effects can induce fakeviolation, which must be taken into
account in any determination éf; anddc-p. One advantage of matter effects is that they may be able to
distinguish between the two possible mass hierarchies,

There are experimental strategies that can overcome some of thesenw.dbte example, by combin-
ing the results of two long-baseline experiments at different baselinesiginef Am3, could be determined
if A13 is large enough [32]. By sitting near the peak of the leading oscillation withraweband beany;
can be removed from thé{ p, 613) ambiguity [33]. However, neither of these approaches resolve®the
ambiguity, andd;3 may not be uniquely determined.

The 7. survival probability for reactor neutrinos depends primarily on ohly and Am3,, and is
independent of-p and insensitive t@;» and Am3, at short distance. Furthermore, matter effects are
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negligible due to the short baseline. Therefore, a short-baseline rresaitrino experiment is an ideal
method for measurinfy, s with no degeneracy problem.df; can be unambiguously determined by a reactor
neutrino experiment, then there is N p, #13) ambiguity, and long-baseline accelerator experiments can
more easily measuré& p and determine the sign akm3, [34]. Figure 1.13 is an illustration of how a
reactor experiment can resolve the ambiguityf for a hypothetical case thain? 26,3 is known to be
0.95 £+ 0.01 [35].

60—y
- Nova (v+V) 1
3 90% CL

o. @D i

- -
~i

T 8 §
40+ ‘- -
- [ Reactor w 100t (3 yrs) + Nova .
30— [ Nova only (3vr + 3yr) —
- eewss Reactor w L (3vrs) + Nova 1
o 'l 'l 'l : A . - | A J. 'l 'l A A ]

0 0.05 5 0.1 0.15

sin"20,

Fig. 1.13. Resolving thé,, ambiguity withsin? 26,3 determined by reactor experi-
ments forsin? 26,3 = 0.95 + 0.01 [35].

1.5 The Daya Bay Reactor Neutrino Experiment

As discussed in Section 1.3.4, the mixing angjle plays very important roles in further studies of the
neutrino and a precise determination of its value is crucial to both experinsrtdaheoretical programs.
Experimentally, a precise value féy; will help resolve parameter degeneracies; theoretically, it would pro-
vide a strong constraint on model building. Probig’ 26,5 down to the 0.01 level will be an important
milestone in the development of neutrino physics. There are proposaltetonifeesin? 26,3 with sensitiv-
ities approaching the level of 0.01 [21]. The goal of the Daya Bay éxert is to determingin? 26,5 to
0.01 or better.

In order to reach the designed sensitivitysim? 26,3, it is important to reduce both the statistical
error and systematic uncertainties as well as suppressing backgrotiedlDaya Bay neutrino oscillation
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experiment.
1.5.1 The Daya Bay Site

This experiment will be located at the Daya Bay nuclear power facility in gwot@hina. Its geographic
location is shown in Fig. 1.14. The experimental site is about 55 km nortHreas the Victoria Harbour
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Fig. 1.14. Daya Bay and the vicinity. The nuclear power plants are lochtad 85 km
from central Hong Kong.

of Hong Kong. Fig. 1.15 is a photograph of the facility. The complex consistee Daya Bay Nuclear
Power Station, the Ling Ao Nuclear Power Station, and the Ling Ao Il NudReawer Station which is
under construction and will be operational by 2010-2011. There aréd@wtical reactors in each station.
Each reactor can generate 2.9 GWuring normal operation. The Ling Ao reactors are about 1.1 km east
of the Daya Bay reactors. The Ling Ao Il reactors are about 400 mfems the Ling Ao cluster. There
are mountain ranges to the north of the nuclear power plants and caneguffitient overburden to cut
down cosmogenic background at the underground experimental hatlsn\& km of the site the elevation

is generally 185 m to 400 m.

The six reactors can be roughly grouped into two clusters. We plan toydejantical detectors at a
distance between 300 m and 500 m from the respective reactor clustenimnibe characteristics of the
anti-neutrinos and a group of identical detectors, called the far deteappoximately 1.5 km north of the
two near detectors. Since the overburden of the experimental sitessesreéh distance, the cosmogenic
background decreases as the signal decreases, hence keepiagkmund-to-signal ratio roughly con-
stant. This is beneficial to controlling systematic uncertainties. With such arimgntal setup, the Daya
Bay experiment will determingin? 26,3 to a sensitivity of 0.01 or better by comparing the antineutrino
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Fig. 1.15. The Daya Bay nuclear power facility. The Daya Bay NucleareP®lant
is in the foreground. The Ling Ao Nuclear Power Plant is in the backgtolihe
experimental halls of the proposed experiment will be underneath the hills tefth

fluxes and energy spectra between the near and far detectors. Détslelthe optimization accounting
for statistical and systematic errors, backgrounds, and topograjpiicahation will be discussed in the
following chapters.

It is possible to instrument a mid detector site between the near and far sieemidletectors along
with the near and far detectors can be used to carry out measuremesystéamatic studies and for internal
consistency checks. In combination with the near detectors close to theBagyaiclear power plant, they
could also be utilized to provide a quick determinatiosiaf 26,5 in the early stage of the experiment.
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2 Experimental Design Overview

In order to establish the presence of reactor neutrino oscillations, aredenrine sif26;; to a value

of 0.01 or better, statistics 050,000 events are needed in a far detector and systematic uncertainties in
the ratios of near/far detector acceptance, expected flux and backighave to be controlled at a level
below 0.5%, an improvement of almost an order of magnitude over previpesiments. From recent re-
actor experiments such as Chooz, Palo Verde and KamLAND, there aeertain sources of systematic
uncertainty: 1) reactor-related uncertainty of (2—3)%, 2) backgtewetated uncertainty of (1-3)%, and 3)
detector-related uncertainty of (1-3)%. Each source of uncertaintpedurther classified into the corre-
lated and uncorrelated uncertainty. Hence a carefully designed expérimeuding the detector design,
configuration, and background control, are required. The primarngiderations driving the improved per-
formance are listed below:

o identical near and far detectorsUse of identical detectors at the near and far sites to cancel reactor-
related systematic uncertainties, a technique first proposed by Mikadlgari@ the Kr2Det exper-
iment in 1999 [1]. The event rate in the near detector will be used to normthkzgield in the far
detector. Even in the case of a multiple reactor complex, reactor relatedainties can be controlled
to negligible level by a careful choice of locations of the near and far.sites

o multiple modules Employ multiple, identical modules at the near and far sites to cross checkdretwe
modules at each location and reduce detector-related uncorrelatathintas. The use of multiple
modules in each site enables the measurement of systematic uncertainties at tbé diatistics.
Multiple modules implies smaller modules which are easier to move from the near sée i,
or vice versa. In addition, small modules have less cosmic-ray flux, egadifimpler muon tagging
resulting in less dead time, backgrounds and systematic uncertainties. Adafarost, complication
of calibration system, and risk results in a design with two modules for eacisiteand four modules
for the far site.

o three zone detector moduleEmploy a newly designed antineutrino detector with substantially re-
duced detector-related systematic uncertainties compared to past experitagget volume and
mass, position cut, positron energy threshold, scintillator aging, etc. Thésideuse a three zone de-
tector module, in which the inner most layer is filled with Gd-loaded liquid scintillatth@seutrino
target, the middle layer is filled with normal scintillator to fully contain the energyeaitrino events
even at the target edge, and the outer most layer is filled with transpaoerscimtillating liquid to
shield gamma backgrounds from PMT glass and other environmentalroackts.

o sufficient overburden and shieldingEnsure sufficient overburden and shielding at all detector sites
to reduce backgrounds to the level that they can be measured with gotadsteeuncertainty. For
radioactive backgrounds from rocks and other environmental matesigf&cient passive shielding
of the antineutrino detectors is needed. For cosmic-ray-induced fasbneébackgrounds, a cosmic-
muon detector with sufficient internal passive shielding is needed. Boniceray induced radioiso-
tope backgrounds good muon tagging and sufficient overburdersseatel.

o multiple muon detectors The muon detector has to be sufficiently efficient (with a small uncer-
tainty in that efficiency) to control the cosmic-muon-induced neutron lrackgls to a negligible
level. Monte Carlo study shows that the efficiency has to be better than qi&oan uncertainty
less than 0.25%). The muon detection system is designed to have two sotpidetene utilizes the
water shield as a Cerenkov detector, and the other is a muon tracking detébta good position
resolution. Each muon detector can easily be constructed with an effiadr{@9—95)% and their
combined efficiency (OR of both) will be better than 99.5%. They can bsscarbecked with each
other to measure the uncertainty to better than 0.25%.
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o movable detectorsThe detector modules are movable such that swapping of modules between the
near and far sites will cancel all detector-related uncertainties that remeliranged before and after
swapping. The residual uncertainties, being secondary, are dayifeelenergy scale uncertainties, as
well as other site dependent ones. The systematic uncertainties are sooglhesuch that swapping
of the detectors is not necessary. However, it is quite likely that swappithgllow even further
reduction in systematic uncertainties and sensitivity.

With these improvements, the total detector-related systematic uncertainty itezkpe be~0.2%
in the near/far ratio per detector site which is comparable to the statisticaltaintgrof ~0.2% at the
far site. Using a globak? analysis (see Section 3.5.1), incorporating all known systematic and stétistica
uncertainties, we find thatn? 26,3 can be determined to better than 0.01 precision with 90% confidence as
discussed in Sec. 3.

2.1 The experimental layout and site optimization

Taking currentthe best fit value dfm3, = 2.5 x 1073 eV2 [?], the maximum of reactor neutrino
oscillation occurs at-1800 m. The oscillation probability is the most important parameter in the baseline
optimization. Considerations based on statistics alone will result in a shogeliri® especially when the
statistical uncertainty is larger or comparable to the systematic uncertaintthd-Draya Bay experiment,
the overburden influences the optimization since it varies along the badeliaddition, a shorter tunnel
will decrease the civil construction cost.

The Daya Bay experiment will use identical detectors at the near anddarts cancel reactor-related
systematic uncertainties, as well as part of the detector-related systenitaimties. For a reactor with
only one or two cores, all uncertainties from the reactor, correlatech@oreelated, can be cancelled pre-
cisely by using one far detector and one near detector. The Daya Bayusigmtly has four cores in two
groups: the Daya Bay nuclear power plant (NPP) and the Ling Ao NR&h&r two cores will be installed
adjacent to Ling Ao, the Ling Ao Il NPP, which will start to generate electriit010-2011. Figure 2.1
shows the locations of the Daya Bay cores, Ling Ao cores, and the fuinigeAo Il cores. The distance
between the two cores in each NPP is about 88 m. The Daya Bay NPP is 1ft6thrthe Ling Ao NPP,
and the maximum distance between cores will be 1600 m when Ling Ao Il sggetation. The experiment
will require detectors close to each reactor cluster to monitor the antineutrimitiee from their cores as
precisely as possible. At least two near sites are needed, one foryad3ag cores and another for the Ling
Ao—Ling Ao Il cores. The reactor-related systematic uncertainties cabencancelled exactly, but can be
reduced to a negligible revel, as low as 0.04% if the overburden is not iaceziccount. A global optimiza-
tion taken all factors into account, especially balancing the overburdgémeattor-related uncertainties,
result in a residual reactor uncertainty<00.1%

Three major factors are involved in the near site determination. The firds@werburden. The slope
of the mountains near the cores is around 30 degrees. When we putéhtodsite closer to the cores, the
overburden will be significantly reduced. The second concern is dsmilltpss. The oscillation probability
is appreciable even in the near sites. For example, for near detectoes jplaapproximately 500 m from
the center of gravity of the cores, the integrated oscillation probabilidylis x sin? 20,5, computed with
Am3, = 2.5 x 1073 eV2. The oscillation contribution of the other pair of cores, which is around 110
away, has been included. The third concern is the near-far cancelbtieactor uncertainties. As discussed
above, the cancellation is not exact if detectors are too close to the cores.

After careful study of many different schemes, the best configuratidhe experiment is shown in
Fig. 2.1 together with the tunnelling scheme. A glokalfit (see Eqn. 26) for the best sensitivity and
baseline optimization is made, taking into account backgrounds, mountaile pdefiector systematics and
residual reactor related uncertainties, the result is shown in Fig. 2.2.

Each near detector should be positioned equidistant from the cores fti@titbrs to cancel uncorre-
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Fig. 2.2. Site optimization using the globgl analysis. The optimal sites are labelled
with red triangles. The stars show the reactors. The contours showtsig\ssy when
one site varies and the other two are fixed at optimal sites. The red line withatieks
the perpendicular bisectors of the reactor pairs. The mountain conteustsa shown
as background of the plot.
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lated reactor uncertainties. Optimizing the experimental sensitivity, includiagarden and statistics, the
Daya Bay near detector site is best located 363 m from the center of tleeB2gycores where the overbur-
den is 98 mi: The Ling Ao near detector hall is optimized to be 481 m from the center of tigeAdncores,
and 526 m from the center of the Ling Ao Il cofashere the overburden is 112 m.

The far detector site is north of the two near sites. Ideally the far site sheuddjbidistant between
the Daya Bay and Ling Ao—Ling Ao Il cores; however, the overburdenld be only 200 m (520 m.w.e).
At present, the distances from the far detector to the midpoint of the Dayad@as and to the mid point
of the Ling Ao—Ling Ao Il cores are 1985 m and 1615 m, respectivelye dlerburden is about 350 m
(910 m.w.e).

It is possible to install a mid detector hall between the near and far sites safcit 11156 m from
the midpoint of the Daya Bay cores and 873 m from the center of the Ling lAog-Ao Il cores. The
overburden at the mid hall is 208 m (540 m.w.e.). This mid hall could be useadaick measurement of
sin? 20,5 and to carry out measurements to study systematics and for internal coogistecks.

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 295 m. It has a graded® 8% and 12% [2]. A sloped
access tunnel will allow the underground facilities to be located deeper with overburden.

2.2 Detector

As discussed above, the antineutrino detector employed for the néasi{éahas two (four) modules
while the muon detector consists of a cosmic-ray tracking device and aciiee ghielding. There are sev-
eral possible configurations for the water shielding and the muon trackiegtdr as discussed in section 7.
The baseline design is shown in Fig. 2.3.

RPC
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Detector Detector
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Fig. 2.3. Layout of the baseline design of the Daya Bay detector. Fdumeairino
detector modules are shielded by 1.5 m-thick active water buffer. Outsitteaoé
Water cerenkov tanks serving as muon tracker, together with RPC’s tafzhe

ST IR

The water shielding in this case is a water pool, equipped with PMT’s to seraeCarenkov detector

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

TThe Ling Ao near detector site is about 50 m west from the perpendicigiectbr of the Ling Ao-Ling Ao Il clusters to avoid
installing it in a valley which is usually geologically weak, and to gain more avelén.
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of cosmic muons. The outer region of the water pool is segmented into waksrteade of reflective PVC
sheets with a cross section of Ixth m and a length of 16 m. Four PMT's at each end of the water tank are
installed to collect Cerenkov photons produced by cosmic-muons in the taaterThe water tank scheme
was first proposed by Y.F. Wang for very long baseline neutrino é@xgeits as a segmented calorimeter [3],
itis a reasonable choice for its cost and technical feasibility as a muorngadétector in a large water pool.
Above the pool the muon tracking detector is made of RPC, which is light weigghtgood performance,
excellent position resolution and low cost. The antineutrino detector modwdesubmerged in the water
pool for background shielding.

Other possible water shielding configurations will be discussed in section 2.3

2.2.1 Central detector

Antineutrinos are detected by an organic liquid scintillator (LS) with high hyeinocontent (free pro-
tons) and large uniform volume, via the inverse beta decay reaction:

De+p—>e++n

The prompt positron signal and delayed neutron capture signal constitigetrino event with timing and
energy requirements on both signals. In pure LS, neutrons are cayiityrieee protons in the scintillator
emitting 2.2 MeV~-rays with a capture time of 18@s. On the other hand, Gadolinium (Gd), with its huge
neutron-capture cross section, and high energy release of gamméatay energy of about 8 MeV), is an
attractive dopant for the LS. The much higher gamma energies separaigrthfrom natural radioactivity,
which is mostly below 3.5 MeV. Both Chooz [4] and Palo Verde [5] used 0.1%4Gped LS that yielded a
capture time of 28:s, about a factor of seven shorter than in undoped liquid scintillator.daakds from
random coincidences will thus be reduced by a factor of seven.

Based on experience of past experiments such as Palo Verde, GltbiamLAND, the central detec-
tor has to follow the following guidelines:

o Employ three-zone detector modules partitioned with acrylic tanks as showg 2¥fi The target

Fig. 2.4. Cross section of a 3-zone detector module showing the acrylelséséding
the Gd-doped liquid scintillator at the center, and liquid scintillator between tiygéac
containers. The PMT's are mounted inside the outer-most stainless steel tan
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volume is physically well defined by a central region of Gd-loaded scintill@&amrounded by an
intermediate region filled with normal scintillator to catch the gammas leaking out afehtal
region, and further surrounded by mineral oil to separate the PMara the scintillator, reducing
natural radioactivity background from the PMT’s. In this design, th@bgeneous target volume can
be well determined without the position cut, since neutrino capture in nornrdllistor will not
satisfy the energy selection. The neutron spill-in and spill-out acrossatnedary between the two
regions will be cancelled out by the use of identical detector modules ag#reand far sites. With the
shielding of normal mineral oil, the singles rate will be reduced substantialiyilze threshold can
thus be lowered to below 1.0 MeV, producing essentially 100% detectiomeeffic for the prompt
positron.

o The Gd-loaded liquid scintillator, which is the target material, should have tine samposition,
and the fraction of hydrogen (free protons), for each pair of rexadétectors. Other detector compo-
nents shall be measured in advance of assembly, and divided amon@detedules to equalize the
properties of the modules.

o The energy resolution should be better than 15% at 1 MeV. Good eresglution is desirable for re-
ducing the energy-related systematic uncertainty. Good energy resakiéitso important for study-
ing the spectral distortion as a signal of neutrino oscillation.

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

Detector modules of different shapes, including cubical, cylindrical,spirical, have been consid-
ered. From the point of view of easy construction, cubical and cyliatisicapes are particularly attractive.
Monte Carlo simulation shows that modules of cylindrical shape can prowttertenergy and position
resolutions for the same number of PMT’s. Figure 2.4 shows the structirecgindrical module. The
PMT'’s are arranged along the circumference of the outer cylindersiifiaces at the top and the bottom of
the outer-most cylinder are coated with white reflective paint or otherct@iéematerials to provide diffuse
reflection. Such an arrangement is feasible since 1) the event verteteisnihed only with the center of
gravity of the charge, not relying on the time-of-flight informatioR) the fiducial volume is well defined
with a three-layer structure, thus no accurate vertex information is require

Details of the central detector will be discussed in Chapter 5.

2.2.2 Muon detector

Since most of the backgrounds come from the interactions of cosmic-raggmwvith nearby materials,
itis thus desirable to have a very efficient active muon detector couple@walcker for tagging the cosmic-
ray muons. This will provide a means for studying and rejecting cosmogackgbound events. The three
types of detectors that are being considered are water Cherenkmercaasistive plate chamber (RPC), and
plastic scintillator strip. When the water Cherenkov counter is combined witltlketrghe muon detection
efficiency can be close to 100%. Furthermore, these two independewtate can cross check each other.
Their inefficiencies and the associated uncertainties can be well deterbyiredss calibration during data
taking. We expect the inefficiency will be lower than 0.5% and the uncertaintiye inefficiency will be
lower than 0.25%.

Besides being a shield, the water buffer can also be utilized as a watarRbercounter of the muon
system by installing PMT’s in the water. The water Cherenkov detector isdbas proven technology,
and known to be very reliable. With proper PMT coverage and diffuecteon on the inner wall of the

iAlthough time information may not be used in reconstructing the eventwattwill be used in background studies. A time
resolution of 0.5 ns can be easily realized in the readout electronics.
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water buffer, the efficiency of detecting muons should exceed 95%cUinent baseline design of the water
buffer is a water pool, similar to a swimming pool with a dimensions of 16 m (length$ m (width) x
10 m (height) for the far hall containing four detector modules, as showigir2.5. The PMT’s of the water

Fig. 2.5. The water pool with four center detector modules insidex i water tanks
are used as outer muon tracker.

Cherenkov counters are mounted facing the inside of the Water Pool. Baigple and proven technology
with very limited safety concerns. This shield design will effectively shieldathiéneutrino detectors from
radioactivity in the surrounding rocks and from Radon, while also beimpls, cost-effective and with
relatively short construction time.

The muon tracking detector consists of water tanks and RPCs. RPC’sgreconomical for instru-
menting a large area, and simple to fabricate. The bakelite based RPC @evblofHEP for the BESIII
detector has a typical efficiency of 95% and noise rate of 0.1 Hzfmmlayer. [6]. A possible configuration
is to build three layers of RPC, and require 2 out of 3 layers hits within a timeomiraf 50 ns to define
a muon event. Such a scheme has an efficiency of 99% and noise raté éf0*. Although RPC's are
an ideal large area muon detectors due to their light weight, good perfoenaxcellent position precision,
and low cost, it is hard to put them inside water to fully surround the water pbe best choice seems to
use them only at the top of the water pool.

Water tanks with a dimension of 11 m and a length of 16 m as the outer muon tracking detector
has a typical position resolution of about 30 cm. Although not as good &s ditoices, the resolution is
reasonably good for our needs, in particular with the help of RPC’s abfhé most cases. Actually the
water tank are not really sealed tank, but reflective PVC sheets asskombéestainless steel structure, so
that water can flow freely among water pool and water tanks, and onlyates purification system is need
for each site. Water tanks can be easily installed at the side of the watebpotd, be cut into pieces at
the bottom to leave space for the supporting structure of antineutrino detectiules. Each tank will be
equipped with four PMT’s at each end to collect Cerenkov photonsuygeatiby cosmic-muons. A few more
PMT'’s are needed for bottom tanks to take into accounts the blocked qmuittelby the supporting structure
of the central detector modules. A detailed Monte Carlo simulation and a 13 npfotaype has been built
and tested [3]. Results show that the total light collected at each end isientffas will be discussed in
detail in Chapter 7. The technology employed in this design is mature, andtdwates relatively easy and
fast for construction.
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2.3 Alternative Designs

We have chosen a water-pool as the baseline experimental desigiigisexZ=3). The two near detector
sites have two central detector modules in a rectangular water pool, whbeeéar site has four central
detector modules in a square water pool. The distance from the outeresoffaach CD is at least 2.5 m to
the water surface, with 1 m of water between each CD.

Our primary alternative to the baseline design is the “aquarium” option. Aegioel design, showing
the side view is provided in figure 2.6. The end view is shown in figure 2.@. grimary feature of this

Fig. 2.6. Side view of the conceptual design of a near detector site aguaith two
detectors visible.

aquarium design is that the central detector modules do not sit in the whiere/dout are rather in air. The
advantages of this design are ease of access to the CD, ease oftmmstecthe CD, simpler movement of
the CD, more flexibility to calibrate the CD and a muon veto that does not needpartially dissambled
or moved when the CD’s are moved. The primary disadvantages of thisndesigde the engineering
difficulties of the central tube and the water dam, safety issues associdltethevlarge volume of water
above the floor level, cost, maintenance of the CD’s free of radon alholaetive debris. This is preserved
as the primary option for a “dry detector” and serves as our secoa@tegtor design option. Other designs
that have been considered include: Ship-Lock, modified agaurium, watéwith a steel tank, shipping
containers, water pipes, ...

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

Civil construction

o

@]

Cranes for the CD

o

Transporters for the CD

(@]

Safety systems in the event of catastrophic failure
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Fig. 2.7. End view of the conceptual design of a near detector site aquaiithh one
detector visible.

o 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 agains{’s from the rock and cosmic muon induced neutrons

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

o Amount and activity of steel near the CD (walls and mechanical suppadistes)

o Efficiency of tagging muons and measurement of that inefficiency

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

the central detector, the reflectors in the central detector. The studgaéngy but existing work favors this
water pool.
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3 Sensitivity & Systematic Errors

The control of systematic errors is critical to achievingshe 26,5 sensitivity goal of this experiment.
The most relevant previous experience is the Chooz experiment [7hveti@inedsin® 26,3 < 0.17 for
Am3, = 2.5 x 1073eV? at 90% C.L., the best limit to date, with a systematic uncertainty of 2.7% and
statistical uncertainty of 2.8%. In order to achiever 26,5 sensitivity below 0.01, both the statistical and
systematic uncertainties need to be an order of magnitude smaller than CH@®ZArdjected statistical
error of the Daya Bay far detectors is 0.2% with three years data takingidrsection we discuss our
strategy for achieving the level of systematic error comparable to that stdhistical error. Achieving this
very ambitious goal will require extreme care and substantial effort #raboly be realized by incorporating
rigid constraints in the design of the experiment.

There are three main sources of systematic uncertainties: reactorriaatigand detector. Each source
of error can be further classified into correlated and uncorrelatedserr

3.1 Reactor related errors

For a reactor plant with only one core, all errors from the reactoretaied or uncorrelated, can be
canceled precisely by using one far detector and one near detecdamiag the average distances are
precisely known) [22]. In reality, the Daya Bay Power Plant has fawes in two groups, the Daya Bay
Plant and the Ling Ao Plant. Another two cores will be installed adjacent to Rmgcalled Ling Ao I,
which will start to generate electricity in 2010. Fig. 2.1 shows the locationseoDdya Bay cores, Ling
Ao cores, and the future Ling Ao Il cores. Superimposed on the figwréhe tunnelling scheme and the
proposed detector sites. The distance between the two cores at ectoh séa, called a pair here, is about
88 m. The Daya Bay pair is 1100 m from the Ling Ao pair, and will be 1600emfthe Ling Ao Il pair.
Reactor systematic errors are associated with uncertainties in the powsiothes different cores and the
effective locations of the cores relative to the detectors.

3.1.1 Power fluctuations

Typically, the measured power level for each reactor core will havereleted (common to all the
reactors) error of the order of 2% and an uncorrelated error of sisidar Optimistically, we may be able
to achieve uncorrelated errors of 1%, but we conservatively assuahedhh reactor has 2% uncorrelated
error in the following. (We note that both CHOOZ and Palo Verde achievadreactor power uncertainties
of 0.6 — 0.7%. The appropriate value for the Daya Bay reactors will need to be studigetail with the
power plant personnel.) If the distances are precisely known, thelatad errors will cancel in the near/far
ratio. In the multiple-reactor{ 2) case one cannot separately measure the event rate from edoh i&ac
will measure the following combination of ratios in the event rates of the fanaad detectors:

p= O‘Z LDB LLA ]/Z (16)

whereg, is the antineutrino flux at unit distance from cetd./ is the distance from reactotto the far site,
LPB (LEAY is the distance from reactorto the near Daya Bay (Ling Ao) site, ands a constant chosen to
minimize the sensitivity op to the relative reactor power levels. The optimal choice of the weightingrfacto
is determined by Monte Carlo simulations and will substantially reduce the systamati@ssociated with
uncorrelated reactor power levels while introducing only a slight increasd % fractional increase) in the
statistical error. The correlated errors of the reactors are common téheotiumerator and denominator of
the ratiop, and therefore will cancel.

We assume a detector configuration shown in Fig. 2.1, with two near sitesh8) m baselines to
sample the reactor cores and the far site at an average basetin@89) m. For an uncorrelated error of
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2% for each core and optimal choice ®f Table 3.1 shows the estimated reactor power contributiar), to
(i.e., the error in the ratip) for the two cases of four reactor cores and six reactor cores.

3.1.2 Location uncertainties

The location of the reactor cores will be determined to a precision of alffocin3 We assume that the
location errors are uncorrelated, and so their combined effect will dhécesl by~ /N, whereN,. is the
number of reactor cores. The resulting error in the far/near eventisagiimated to be 0.08% for the near
baseline ot 500 m.

| Number of coreg o,(power) | o,(location) | o,(total) |

4 0.035% 0.08% 0.087%
6 0.097% 0.08% 0.126%

Table 3.1. Reactor-related systematic errors for different reactdigcoations. The
uncorrelated error of a single core is assumed to be 2%.

3.1.3 Spent fuel uncertainties
3.2 Detector related errors

For the detector-related errors, we consider the CHOOZ results agrameg, and then compute 2
values for the Daya Bay case: baseline and goal. The baseline valuaiswetexpect to be achievable
through essentially proven methods with straightforward improvement initpediand accounting for the

fact that we need to consider onBlativeerrors between near and far detectors. The goal value is that which

we consider reachable through improved methods and extra care biolestel of previous experiments
of this type. The results are summarized in Table 3.2 and discussed in tloétr@stsection.

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

Table 3.2. Comparison of detector-related systematic uncertainties (alldaneper
detector module) of CHOOZ experiment and projections for Daya BaelBasval-
ues for Daya Bay are achievable through essentially proven methoessagthe goals
should be attainable through additional efforts described in the text.
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3.2.1 Target mass and H/C ratio

The antineutrino targets are the free protons in the detector, so the ater tthe detector is pro-
portional to the total mass of free protons. The systematic error in this quatgntrolled by precise
knowledge of the relative total mass of the central volumes of the detectanlesods well as filling the
modules from a common batch of scintillator liquid so that the H/C ratio is the same tpi&gision.

The mass of the central detector is accurately determined in several kiesighe detector modules
will be built to specified tolerance so that the volume is knowr-10.1% (typically <1 mm dimension out
of a radius of 1.6 meters). We will make measurements of these volumes aftgrumion to characterize
them to higher precision than 0.1%. We plan to fill each module from a commoreststeel tank at a
controlled constant temperature. We will measure the fluid flow using premiade grecision flowmeters
with a repeatability specification of 0.02%. Several flowmeters will be runriesér redundancy. Residual
topping up of the detector module to a specified level (only abo@0 kg since the volume is known and
measured) is measured with the flowmeters as well. We aim for a goal of 0€lafive precision on the
central detector mass based on the specification of the flowmeters. Weagbasgeline of 0.2%, which
should be fairly straightforward even if we rely on the absolute calibratidlowmeters alone.

The absolute H/C ratio was determined by CHOOZ using scintillator combustioaraigsis to 0.8%
precision based on several laboratories. We will only require thatellaéive measurement on different
samples be known, so an improved precision of 0.2% or better is expected.

We are presently engaged in a program of R&D with the goal of measuringeliigve H/C ratio
in different samples of liquid scintillator te- 0.1% precision. We are exploring two different methods
the achieve this goal: precision NMR and neutron capture. The neutptareanethod would need to be
utilized before the introduction of Gd into the scintillator, but could be usedéoigely characterize the
organic liquids used in the liquid scintillator cocktail. In principle, the NMR methodld be used on the
final Gd-loaded scintillator.

In addition, we will need to determine thelative H/C ratio in the gamma catcher liquid scintillator to
about 1%. This is to control the relative amount of “spill-in” events whemewron generated in the gamma
catcher is captured in the Gd-loaded scintillator after thermal diffusionei®iffces in spill-in and spill-out
fractions between different detector modules must be understood, emtiGhratio in the gamma catcher
must be determined to 1% to insure that we can achieve the baseline systeroaiit Eble 3.2.

As discussed in 3.3.1 below, we intend to deploy the detector modules in desigrars. For each
of the 4 pairs, one detector will be at a near site and one at a far site. Wioplifl the detector module
pairs simultaneously from the same batch of scintillator (for Gd-loaded amdhgacatcher as well). Thus
each pair should have identical H/C ratio, and the event ratio of this pair awé ho contribution from this
potential source of error.

3.2.2 Position cuts

Due to the design of the detector modules, the event rate is measured wéboritto reconstruction
of the event location. Therefore the error in the event rate is related fihisical parameters of the central
volume. We do not anticipate employing cuts on reconstructed position to seérus.

3.2.3 Positron energy cut

Due to the high background rates a low energy, CHOOZ employed a positengy threshold of
1.3 MeV. This cut resulted in an estimated error of 0.8%. The improved shietllinign of the Daya Bay
detectors makes it possible to lower this threshold to below 1 MeV while keeprwrelated backgrounds
as low as 0.1%. The threshold of visible energy of neutrino events is 1.@2 BDue to the finite energy
resolution of~ 12% at 1 MeV, the reconstructed energy will have a tail below 1 MeV. The syatie error
associated with this cut efficiency is studied by Monte Carlo simulation. Theftttileosimulated energy
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spectrum is shown in Fig. 3.1 with the full spectrum shown in the inset. Forithidation, 200 PMTs are
used to measure the energy deposited in a 20-ton module. The energyioaess ~ 15% at 1 MeV. The
inefficiencies are 0.32%, 0.37%, and 0.43% for cuts at 0.98 MeV, 1.0 kled,1.02 MeV, respectively.
Assuming the energy scale error is 2% at 1 MeV, this inefficiency variatiirppreduce a 0.05% error in
the detected antineutrino rate. The upper energy cut for the positraad gigirbe £ > 8 MeV and will also
contribute a negligible error to the positron detection efficiency.
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Fig. 3.1. Spectra of prompt energy for true energy, simulated energgntG&nergy),
and reconstructed energy at around 1 MeV. The full spectrum isrshowhe inset,
where the red line corresponds to the true energy and the black oesponds to the
reconstructed energy.

3.2.4 Neutron Detection Efficiency

The delayed neutron from the inverse beta decay reaction is produited W0 keV of kinetic energy.
The neutron loses energy in the first few interactions with H and C in the sdioitjlnd reaches thermal
energy in a few microseconds. The neutrons can capture on either 8idurihg or after the thermalization
process. We will detect the neutrons that capture on Gd, yielding atdedst of visible energy from the
resulting capture gamma rays, during the time pefidd< T' < 200 usec.

The efficiency for detecting the neutron is given by

€n = Poaeper (17)

in which Pgq is the probability to capture on Gd (as opposed todg)is the efficiency of theZ > 6 MeV
energy cut for Gd capture, arw is the efficiency of the delayed time period cut. In order to measure
the rates for two detectors (near and far) with a precision to reaci20;5 = 0.01 we require that the
relative neutron detection efficiencies be known to better h&6%. Thee,, for neutrons at the center of a
detector module can be determined directly by using a tagged neutron geitmee?>>Cf or AmBe, or both

can be used) and counting the number of neutrons using the time and ene&s@jfter neutron producing
event. (Corrections associated with uniformly distributed neutrons aredtudgth spallation neutrons, as
discussed in Chapter 6.) This will require measurement of order 1 million oregtptures, and would
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likely require several hours of measurement. In addition, the individbaponentsqy, ¢z, ander can be
monitored separately as an additional check on the measuremgnt of

H/Gd ratio

Neutrons are thermalized during their fii$tus of existence in the detector central volume. Thus for
times longer thanOus the delayed neutron capture events will exhibit an exponential time cénstan
related to the average concentration of Gd in the detector module. The ratptofe]’ = 1/, is given by:

I'=Tgq+T'yg= [nGdaGd—i—nHaH]v. (18)

The fraction of neutrons that capture on Gd rather than H is then

1

_ 19
14+TH/Tad (19)

Pca
and we would like to know thiselative fraction between different detector modules~td).1%. Thus we
must measure the time constamtéor different detector modules toralative precision of 0.2usec. The
value ofr is expected to be about 3&ec , so we need to measure it to about 0.5% relative precision. Such
a measurement requires measuring about 30,000 neutron capturdscasiioe done in a few minutes with
a neutron source. The CHOOZ experiment measuredahgo{ut¢ ~ 30usec capture time te-0.5usec
precision.

Energy cut efficiency

Another issue is the neutron detection efficiency associated with the signatfpture of neutrons on
Gd in the central detector volume. An energy threshold of about 6 MeV wikdaployed to select these
delayed events, and the efficieney 93%) of this criterion may vary between detector modules depending
upon the detailed response of the module. However, this can be calibrededtitthe use of radioactive
sources (see Chapter sec:cal) and spallation neutron captures. eAK® detector gain is routinely
(every 2 weeks) monitored with sources, and a relative long-term géirofii~ 1% is readily monitored
with a precision 0.05%.

We have performed Monte Carlo simulations of the detector response tomsotirces and spallation
neutrons. The results of these studies indicate that we can indeed edfablistative value of ; t0 0.1%,
even for reasonable variations of detector properties (such as scingitsgnuation length). As an example,
Figure 3.2 shows how the source data can be used with uniform spallatitom®to bootstrap a non-linear
energy scale that corrects the spectrum, independent of attenuatitmdergthe extreme range of 4.5 - 18
m.

Time cuts

The time correlation of the prompt (positron) event and the delayed (mgwvent is a critical aspect of
the event signature. Matching the time delays of the start and end times of thisitidewbetween detector
modules is crucial to reducing systematic errors associated with this adpeet antineutrino signal. If
the starting time 4 0.3usec) and ending time~( 200usec)of the delayed event window is determined to
~ 10 nsec precision, the resulting error associated with the lost event frastior).03%. We will insure
that this timing is equivalent for different detector modules by slaving allotietelectronics to one master
clock. We estimate that with due care, the relative neutron efficiency fi@relift modules due to timing is
known to~ 0.03%.

3.2.5 Neutron multiplicity

CHOOZ required a cut on the neutron multiplicity to eliminate events where it apgdhat there
were 2 neutron captures following the positron signal, resulting in a 2.6%cieeicy and associatetd5%
systematic error. These multiple neutron events are due to muon-indudidi@paneutrons, and will be
reduced to a much lower level by the increased overburden available &aya Bay site. For the near
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Fig. 3.2. 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 efferiergy thresh-
old produces a constant valueaf = 93% to within 0.4% over this extreme range of
attenuation length.

site at 500 m baseline, the muon rate relative to the signal rate will be more fhatoa9 lower than for
the CHOOZ site. Therefore, events with multiple neutron signals will be retlgehis factor relative to
CHOOZ, and should present a much smaller problem for the Daya Bay site.

3.2.6 Trigger

The trigger efficiency can be measured to high precision (0.01%) usidigstwith pulsed light sources
in the detector. (We note that KamLAND has used this method to determine 99 SStutgbtrigger effi-
ciency [21].)

3.2.7 Livetime

The detector live time can be measured accurately by counting a 100 MHgz wdatg the detector
electronics, and normalizing to the number of clock ticks in a second (agddiina GPS receiver signal).
The uncertainty associated with this procedure should be extremely smatlegathly negligible relative
to the other systematic errors. For example, SNO measured the relative ligdaintieeir day/night analysis
with a relative fractional uncertainty &fx 10~7.

3.3 Cross-calibration and Swapping of Detectors
3.3.1 Detector Swapping

The connection of the two near detector halls and the far hall by horizwmaéls provides the Daya
Bay experiment with the unique and important option of swapping the detdttween the locations. This
will enable the further reduction of detector-related systematic errors im#@surement of the ratio of
neutrino fluxes at the near and far locations.

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

Ny e\ N
R e 2
Fy (62) F (20)
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By swapping the two detectors and making another measurement, we cameneasu
N 62) N
2 (z2) L 21
== (2)F (21)

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

1 /N1 Ny N 52
=+ =) ==(1+— 22
2(F2+F1) F<+2> (22)
where we have defined .
§=2_1. (23)

€1

Note that even if the detector efficiencies are different by as much asvg&%an determinéV/F' to a
fractional precision better thar)—*.

The layout of the Daya Bay experiment involves 2 near sites with 2 detezdiots and a far site with
4 detectors. The simplest plan is to designate the eight detectors as 4 haxs(3,4), (5,6), (7,8). Using
4 running periods (designated I, Il, I, 1V, separated by three aeteswapping events) we can arrange
for each detector to be located at the far site half the time and a near site hatfi¢hey swapping 2 pairs
between running periods, as shown in Table 3.3. Ratios of event ratbs cambined in a fashion analogous
to the above discussion to provide cancelation of detector-related systematic and also reactor power
systematic errors. Careful calibration of the detectors following eaclp svilabe necessary to insure that
each detector’s performance does not change significantly due tatielodn particular, all the parameters
in Table 3.2 need to be checked and, if necessary, corrections appliestdce the detection efficiency to
the required precision through, e.g., changes in calibration constants.

| Run Period| Near(DB) | Near(LA) | Far |

I 1.3 5,7 2,4,6,8
Il 2,3 6,7 1,458
[ 2,4 6,8 1,3,5,7
v 1,4 5,8 2,3,6,7

Table 3.3. Swapping scheme with 4 running periods. The detectors (latielidre
deployed at the Near(DB), Near(LA), and Far sites during eachgesandicated in
this table.

3.3.2 Detector Cross-calibration

Another important feature of the design of the Daya Bay experiment is #sepce of two detector
modules at each near site. During a single running period (I, 11, lllVdreach near detector module will
measure the neutrino rate with 0.23% statistical precision. If the systematis areosmaller than this, the
two detectors at the near site should measure the same rate, giving a dasyohonetry of0 + 0.34%
(statistical error only). Combining all the detector pairs in all 4 running pleriwill yield an asymmetry
of 0 + 0.04% (statistical error only). These asymmetries are an important check thaetbetat-related
systematic errors are under control. In addition, this analysis can prinfitenation on the the degree to
which the detector-related systematic errors are correlated or untedrsiathat we know how to handle
them in the full analysis including the far site.
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Finally, the near detector data can provide important information on the rgami@r measurements.

We will measure the ratio
Spas

Spa
whereSpp (S1.4) is the detector signal (background subtracted, normalized to the rgewter) for the
Daya Bay (Ling Ao) near site. If the reactor powers are correct (aadetector systematic errors are under
control) then we expecR,.., = 1.0 + 0.24% + 0.51%, where the first error is statistical (only 1 of the
4 running periods) and the second error is the detector (baselinejnatsteerror. Note that these errors
are small relative to the expected 2% uncorrelated reactor power untgrs® measurement @t will
provide an important check (and even perhaps additional informatiotijeoreactor powers. Furthermore,
studies of the measured neutrino spectra in the different near detectorg different parts of the reactor
fuel cycle can help provide constraints on the fuel cycle effects ongbetizim.

Rnear = (24)

3.4 Backgrounds

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

There are three important sources of backgrounds in the Daya Bayiment: fast neutron§He/ L,
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 detkeetozcoil proton generates
the prompt signal and the capture of the thermalized neutron provides ltygedesignal. ThéHe/ °Li
isotopes produced by cosmic muons have substantial beta-neutrontdenaking fractions, 16% fdiHe
and 49.5% fo’Li. The beta energy of the beta-neutron cascade overlaps the posdra sf neutrino
events, simulating the prompt signal, and the neutron emission forms the delggatl Fast neutrons and
8He/ “Li isotopes create correlated backgrounds since both the prompt émgkdesignals are from the
same single parent muon. Some neutrons produced by cosmic muonstaredapthe detector without
proton recoil energy. A single neutron capture signal has some glidpad 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 fragmedtifisources, forming an uncorrelated
background.

All three major backgrounds are related to cosmic muons. Locating the dstatttes with adequate
overburden is the only way to reduce the muon flux and the associategrbankl to a tolerable level. The
overburden requirements for the near and far sites are quite difteeeatse 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 backgroundsretfj.

In this section, we describe our background studies and our strateglesckground management. We
conclude that the background-to-signal ratio will be around 0.5% atehe sites and around 0.2% at the
far site, and that the major sources of background can be quantitativdigdin-situ.

3.4.1 Cosmic muons at 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 DayaiR is particularly attractive because
it is located next to a 700-m high mountain. The overburden is a major factetermining the optimal
detector sites. The location of detector sites has been optimized by usingahglamalysis described in
section 3.5.1.

34



Detailed simulation of the cosmogenic background requires accurate infomaéthe mountain pro-
file and rock composition. Fig. 3.3 shows the mountain profile converteddrdigitized 1:5000 topographic
map. The horizontal tunnel and detector sites are designed to be aboub&l@w sea level. 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 gicwile assume an uniform rock density of 2.60 g/dmthe
present background simulation.

£ 500

400

3004

Fig. 3.3. Three dimensional profile of Pai Ya Mountain generated frorB@0D topo-
graphic map of the Daya Bay area.

The standard Gaisser formula is known to poorly describe the muon fluxgat z&nith angle and at
low energies. This is relevant for the Daya Bay experiment since thdwandan at the near sites is only
~ 100 m. We modified the Gaisser formula [2] to describe the muon flux at the seaTé&atomparison
of the modified formula with data is shown in Fig. 3.4, where the calculations witlstdredard Gaisser
formula are also shown. At muon energies of several tens of GeV, thdasthGaisser formula has large
discrepancies with data while the modified formula agrees with data in the whaigyerange.

Using the mountain profile data, the cosmic muons are transported from thepagm®go the un-
derground detector sites using the MUSIC package [1]. Simulation resalshawn in Table 3.4 for the
optimal detector sites. The muon energy spectra at the detector sitesareishég. 3.5. The four curves
from upper to lower corresponds to the Daya Bay near site, the Ling Apsi, the mid site and the far
site, respectively.

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

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

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

3.4.2 Simulation of neutron backgrounds

The neutron production rates will depend upon the cosmic muon flux angigge/energy at the detector.
However, the neutron backgrounds in the detector also depend on #heléector shielding. The neutrino
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detectors will be shielded by at least 2 meters of water. The veto water willdxbas a Cerenkov detector to
detect muons. Thus neutrons produced by muons in the detector modutenatér shield will be identified
by the muon signal in the water veto detector. In addition, neutrons cregtadibns in the surrounding
rock will be effectively attenuated by the 2 m water shield. Together withhemanuon tracker outside the
veto water, the combined muon tag efficiency is designed to be 99.5%, withcantainty smaller than
0.25%.

With the detailed muon flux and mean energy at each detector site, the neielchregergy spectrum,
and angular distribution can be estimated with an empirical formula [6] whiclb&es tested against ex-
perimental data whenever available. A full Monte Carlo simulation has baeed@ut to propagate the
primary neutrons produced by muons in the surrounding rocks and ttes tuaffer to the detector. The
primary neutrons are associated with their parent muons in the simulation seetatow if they can be
tagged by the veto detector. All neutrons produced in the water buffebeilagged with an efficiency of
99.5%, since their parent muons must pass through the muon systems3@pboof the neutrons produced
in the surrounding rocks arise from muons that miss the veto systetaritagged”). Neutrons produced
in the rocks, however, have to traverse at least 2.5 meters of waterctoaaietector module. The neutron
background after veto rejection is the sum of the untagged events and0tbe&stagged events.

Some energetic neutrons will produce tertiary particles, including neutFamghose events that have
energy deposited in the liquid scintillator, quite a lot of them have a complex timetwteudue to multiple
neutron scattering and captures. These events are split into sub-evgdtss time bins. We are interested
in two kinds of events. The first kind has two sub-events. The firsteselt has deposited energy in the
range of 1 to 8 MeV, followed by a sub-event with deposited energy indhge of 6 to 12 MeV in a
time window of 1 to 20@s. These events, called fast neutron events, can mimic the antineutrinbasgna
correlated backgrounds. The energy spectrum of the prompt sifjtied tast neutron events, e.g. at the far
site, is shown in Fig. 3.6 up to 50 MeV. The other kind of events has only ohegent with deposited
energy in range of 6 to 12 MeV. These events, when combined with theahafwlioactivity events, can
provide the delayed signal to form the uncorrelated backgroundsaiVhem single neutron events. The
neutron simulation results are listed in Table 3.5.
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] \ DYB site | LA site \ far site\

fast neutron vetoed 57.8 45.6 3.8
(/day/module)| not vetoed| 0.83 0.64 0.08
single neutron  vetoed 1365 1070 94.7
(/day/module)| not vetoed| 27.2 21.0 2.1

Table 3.5. Neutron rates in a 20-ton module at the Daya Bay sites. The rogleth
"vetoed” refer to the case where the parent muon track traversed theletctors,
and thus it could be tagged. Rows labelled "not vetoed” refer to the cheeevithe
muon track did not traverse the veto detectors. (numbers to be updated.)
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Fig. 3.6. The prompt energy spectrum of fast neutron backgrourile ®aya Bay far
detector. The inset is an expanded view of the spectrum from 1 to 10 MeV.

The rate and energy spectrum of the fast neutron backgroundscstuodied with the tagged sample,
which is 200 times larger than the untagged one.

3.4.3 Cosmogenic isotopes

Cosmic muons, even if they are tagged by the muon identifier, can proddioactve isotopes in
the detector scintillator which decay by emitting both a beta and a neugroeitron emission isotopes).
Some of these so-called cosmogenic radioactive isotopes live long esaallihat their decay cannot be
reliably associated with the last vetoed muon. Among tH#he,and’Li with half-lives of 0.12 s and 0.18 s,
respectively, constitute the most serious correlated backgroundesourke production cross section of
these two isotopes has been measured with muons at an energy of 190 GeRMN [10]. Their combined
cross section is(“Li +° He) = (2.12 £ 0.35)ubarn. Since their lifetimes are so close, it is hard to get their
individual cross sections. About 16% %fle and 49.5% ofLi will decay by 3-neutron emission. Using the
muon flux and mean energy given in last section at the detector sites andrgy dependence of the cross
section oo (E,) o< ES, with o = 0.74, the®He+'Li backgrounds are estimated to be

The KamLAND experiment measures tfis/ 8He background very well by fitting the time since last
muon. The muon rate is 0.3 Hz in the active volume of KamLAND detector. The nie@ninterval of
successive muons is 5 seconds, much longer than the lifetintés/dfHe. For the Daya Bay experiment,

DYB site | LA site | Far site
(*He+Li)/day/module| 3.7 2.5 0.26

Table 3.6 3He+ Li rates in a 20-ton module at the Daya Bay sites.
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the target volume of a 20 ton detector module has a cross section arourid thdistthe muon rate is around
10 Hz at the near sites, resulting in a mean time interval of successive mumter shan the lifetimes of
9Li/8He. With a modified fitting algorithm, we find that it is still feasible to measure the isddapkground
in-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 [11]. Furthe, the®*He contribution
can be identified by tagging the double casctde—3Li —®Be. So we assume that all isotope backgrounds
are’Li. They can be determined with a maximum likelihood fitting even at 10 Hz muonlatking all
contributions from the preceding muons into account. The resolution ofatiegbound-to-signal ratio can

be determined to be [12] .
O-b:\/iﬁ.“(l—’—TR#)Q_l’ (25)

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. The background-to-gigti@lof °Li background can be
measured te- 0.3% with two 20-ton modules at the near sites of the Daya Bay experiment @ntPo at
the far site with four 20-ton modules, with the data sample of three years wifugirir he fitting uses time
information only. Inclusion of energy and vertex information could furihgsrove the precision.

A Monte Carlo has been carried out to check the fitting algorithm. The baagkgdrto-signal ratio is
fixed at 1%. The total number of neutrino candidate®.5sx 10°, corresponding to the far site statistical
error, 0.2%. Fig. 3.7 shows the fitting results as a function of muon ratedataesample generation and
fitting were performed 400 times for each point to get the fitting precisionign3s8 the fitting precision is
compared to the analytic formula Eq. 25 with the same Monte Carlo samples. Tiite Karlo results for
minimizing x2, the maximum likelihood fit, and the simple analytical estimation are in excellentragree

KamLAND also found that most (perhaps allie/ °Li background are produced by showering muons
[11]. A 2-second veto of the whole detector is applied at KamLAND to rdfeete backgrounds. Roughly
3% of cosmic muons shower in the detector. It is not feasible for Daya Bagyity a 2-second veto since
the dead time of the near detector would be more than 50%. However, if thee By detector is vetoed
for 0.5 s after a showering muon, about 85% isotope backgroundgedadnysshower muons can be re-
jected. Approximately 30% of th&gHe/ °Li background will remain~ 15% from non-showering muons
and~ 15% from showering muons. Although additional errors may be introducedaltree uncertainties
in the relative contributions from showering and non-showering muoddtanuncertainties arising from
the additional cuts (e.g., increased dead time), this rejection method cartlenssthe fitting method and
firmly determine the background-to-signal ratio to 0.3% at the near sites &nti%oat the far site.

3.4.4 Radioactivity

Natural radioactivity and the single neutron events induced by cosmic mugnsaoar within a given
time window accidentally to form an uncorrelated background. The coinceleate is given byz, 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 previous settiemadioactivity should be
controlled to 50 Hz to limit the accidental background€).1%. The accidental backgrounds can be well
determinedn-situ by measurement of the individual single rates from radioactivity and tlggesireutrons.
The energy spectrum can be also well determined.

Past experiments suppressed uncorrelated backgrounds with a ctarbofacarefully selected con-
struction materials, self-shielding, and absorbers with large neutronreaptuss section. However, addi-
tional care is necessary to lower the detector energy threshold much béttaV. A higher threshold will
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Fig. 3.7. Fitting results as a function of Fig. 3.8. The fitting precision as a func-
the muon rate. The error bars show the tion of the muon rate, comparing with
precision of the fitting. Thg? fitting uses the analytic estimation of Eq. 25. The y-
the same muon rate as ML fitting but axis shows the relative resolution of the
shown on the right of it. background-to-signal ratio.

introduce a systematic error in the efficiency of detecting the positron. Ifollosving, the singles rate is
the radioactivity of> 1 MeV visible energy in detector.
Radioactive background can come from a variety of sources:

@)

@)

@)

(¢]

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

U/Th/K in the veto water.

%0Co in the detector vessel and other supporting structures.
U/Th/K in the PMT glass.

U/Th/K in the scintillator.

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

Dust and other impurities

Radon in air.

Cosmic rays.

The radioactivity of the rock samples from the Daya Bay site have beeruneedsy several indepen-
dent groups. The concentratiorn~s10 ppm for?*%U, ~ 30 ppm for?*2Th, and~ 5 ppm for?°K. The rock
radioactivity has been studied with Monte Carlo. With the shielding of 2-meterwater and 45 cm oil
buffer, there are 5 Hz, 20 Hz, and 2 Hz singles rate of visible energgtgr than 1 MeV at each center
detector module, for U/Th/K respectively. The total rate-ig7 Hz.
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The geological environment and rock composition are very similar for H@mg and Daya Bay. The
spectrum of the natural radioactivity of the rocks in the Aberdeen Tuni#ong Kong is shown in Fig. 3.9.

Gamma spectra taken in the Aberdeen Tunnel

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

Counts (per sec)
o

0.01

0.001 T T T T T
0 500 1000 1500 2000 2500

Energy (keV)
Fig. 3.9. Spectrum of natural radioactivity measured with a Ge crystal intdre
Kong Aberdeen Tunnel.

The veto water will be circulated and purified to achieve enough attenuatigthléor water Cerenkov
light as well as low radioactivity. KamLAND veto water has 1 ppbU, 1 ppb?3?Th, and also 1 pp#°K.
Assuming the same concentration, the veto water will contribute 1.8 Hz, 0.4ndz.8 Hz single rates
from U/Th/K, respectively.

The %°Co in stainless steel varies from batch to batch and should be measuoed bsé as detector
material, such as the outer vessel. Conservatively, assuming 1 g€ikgin the outer vessel, the single
rates will be~ 6 Hz.

A potential PMT candidate is the Hamamatsu R5912 with low radioactivity glagsc@®hcentrations
of 238U and?32Th are both less than 40 ppb in the glass, and thatkfs 25 ppb. The Monte Carlo study
shows that the single rate is 2.2 Hz, 1 Hz, 4.5 Hz for U/Th/K, respectivetk, 20 cm oil 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, backgromadsimpurities in the detector
materials can be reduced to the required levels. The U/Th/K concentration &g/ g in liquid scintillator
will contribute only 0.8 Hz of background in a 20 ton module.

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 eptalnie level by ventilation
with fresh air from outside. Since the neutrino detector modules are immer2edéter thick water buffer,
it is expected that the radon contribution can be safely ignored for the padédesign.

The 8 decay of long lived radioactive isotopes produced by cosmic muons in ithtdlator will con-
tribute a couple of Hz at the near detector, and less than 0.1 Hz at thetéatate The rate of accidental
coincidence induced by muon decay or muon capture is less than the mudorétiey can be ignored too.

3.4.5 Background subtraction error

There are other sources of backgrounds, such as cosmogenig stap@ed-muon decay, and muon
capture. While they are important for a shallow site, our study shows thatémebe safely ignored at Daya
Bay.
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Assuming 99.5% muon veto efficiency, the three major backgrounds are siradhbelow while the
other sources are negligible. In our sensitivity study, the errors wikea ta be 100% for the accidental and
fast neutron backgrounds. ThEe/?Li background can be measured to an uncertainty of 0.3% and 0.1% at
the near and far sites, respectively.

|

| DYB site | LAsite | far site |

Antineutrino rate (/day/module) 930 760 90
Natural radiation (Hz) <50 <50 <50
Single neutron (/day/module) 34 26 2.6
Accidental/Signal <0.05% | <0.05% | <0.05%
Fast neutron/Signal 0.14% 0.1% 0.1%
8He’Li/Signal 0.3% 0.2% 0.2%

Table 3.7. Summary of backgrounds. A neutron detection efficiency%f & been

applied to the antineutrino and single-neutron rates.

The rates and energy spectra of all three major backgrounds can lserewia-situ. Thus the back-
grounds at the Daya Bay experiment are well controlled. The simulatedyesigectra of backgrounds are
shown in Fig. 3.4.5. The background-to-signal ratios are taken at trsitéa The oscillation signal is the
difference of the expected neutrino signal without oscillation and the€hvlesl” signal with oscillation if

sin? 26,5 = 0.01.

o 0.4r

5 0.35 | (a) Oscillation Signal

> (b) °Li (0.2%)

IS

e 0.3F @) (c) Fast Neutrons (0.08%)
= (d) Accidentals (0.1%)

8 9

10

Evis (NEV)

Fig. 3.10. Spectra of three major backgrounds for the Daya Bay exp®rame their
size relative to the oscillation signal.
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3.5 Sensitivity
3.5.1 Globaly? analysis

If 813 is non-zero, a rate deficit will be present at the far detector due to dirillédt the same time, the
energy spectra of neutrino events at the near and far detectors wiffdrent because neutrinos of different
energies oscillate at different frequencies. Both rate deficit andrspelistortion of neutrino signal will
be explored in the final analysis to obtain maximum sensitivity. When the newvierat statistics is low,
say < 400 tonGW-y, the sensitivity is dominated by the rate deficit. For luminosities higher than 8000
ton-GW-y, the sensitivity is dominated by the spectral distortion [30]. The Daya Bpgrément will have
~ 3000 tonGW-y exposure in three years, where both rate deficit and shape distoitidrewnportant to
the analysis.

Many systematic errors will contribute to the final sensitivity of the Daya Bgegment, and many
of the errors are correlated, which must be taken into account. A rigaroalysis of systematic errors
can be done by constructingy@ function with pull terms, where the error correlations can be introduced
naturally [28—31]:

2
- d
Rt T + oy,

2 2 Nbpins 2 3 2 2 A 2 A 2
« Z Z 0 f Ui Ui
O-g T 7% i=1 shp %) Uf O-Tj? U?

whereA sums over detectorssums over energy bins, andienotes the set of minimization parameters;
{ac, ar, Bisep,eq, 7 mit, ni'}y. The~, are used to introduce different sources of systematic errors. The
standard deviations of the corresponding parametersare ., oswp, 0p, 04, af o2 o4}, For each energy
bin, there is a statistical errdi/! and a bin-to-bin systematic erregy,. For each point in the oscillation
space, the? function has to be minimized with respect to the parameter

Assuming each error can be approximated by a Gaussian, this fogfazn be proven to be strictly
equivalent to the more familiar covariance matrix fogh = (M — T)"'V—Y(M — T), whereV is the
covariance matrix of M — T') with systematic errors included properly [28]. The systematic errors are
described one by one in the following.

o Reactor-related correlated ervar ~ 2%. This fully correlated error will be cancelled by the near-far
relative measurement and has almost no impact on the sensitivity.

o Reactor-related uncorrelated eregr~ 2%. After minimization, it contributes- 0.1% to the normal-
ization of neutrino rate, as described in sec. 2.1.

o Shape errovg,, ~ 2%: Shape error is the uncertainty on neutrino energy spectra calculataddr
actor information. This error is uncorrelated between different enargg/but correlated between dif-
ferent detectors. Since we have enough statistics at near detector trengastrino energy spectrum
to much better than 2%, in addition to this calculation, it has little impact for Daya 8asitivity.

o Detector-related correlated errop ~ 2%. Some detection errors are common to all detectors, such
as H/Gd ratio, H/C ratio, neutron capture time on Gd, and edge effect, agpwrinise the same
batch of liquid scintillator and identical detectors. Based on Chooz'’s tpes,0p is (1 - 2)%. Like
other fully correlated errors, it has almost no impact on sensitivity.

o Detector-related uncorrelated ermr ~ 0.2%. Detector-related uncorrelated errors include the mass
of active volume, live time, etc., which do not cancel out with near-far omeasent. It is estimated

42



to be 0.36% for a single detector module. However, with detector swappingée the near and far
sites, most will cancel too. Those can not cancel are mainly related witinéngyescale uncertainties,
such as positron and neutron detection efficiency. They are estimated-t0 266.

o Background rate eerffA oA ando;“, labelling the rate error of fast neutron, accidental backgrounds,

y Yy

and isotopes. They are listed in table 3.7.

o Bin-to-bin erroroyg,: Bin-to-bin error is systematic error that is uncorrelated between er@ngy
and uncorrelated between different detector modules. The bin-to4mrserormally arise from the
different energy scale at different energies and uncertainties agbaund energy spectra during
background subtraction. Up to now, the only reactor neutrino experithabtperformed spectral
analysis with large statistics is Bugey, which has bin-to-bin error of ord@i580 [25,26]. With better
designed detectors and much less background, we should have much &maltebin errors than
Bugey. The bin-to-bin error can be studied by comparing the spectraoodétector modules at the
same site. We will use 0.5% in the sensitivity analysis.

There are other errors not included in th&function. 1) Due to the energy resolution, the spectra are
distorted. However, the energy bins used for sensitivity analysi3)(bins) is2 ~ 6 times larger than the
energy resolution, and the distortion happens at all detectors in the sgmié e almost no impact on the
final sensitivity. 2) Detector energy scale error has significant imgadetection errors (neutron efficiency
and positron efficiency). It is taken into accountin At the same time, an energy scale error will shift the
whole spectrum, thus directly impacting the analysis, especially on the bealu@isv However, this shift
is not a distortion, and cannot mimic oscillation. It has very little impact on seitgitemputations. 3)
Current knowledge of;> and Ams; has around 10% errors. Although the net oscillation effect at Daya
Bay baseline is related th 3 only, the subtraction af,, oscillation effects might bring errors.

We have studied the above three error sources and found none ohthvémg a significant impact on
the sensitivity of the Daya Bay experiment. For simplicity, they are ignoredrirydanalysis of sensitivity.

3.5.2 03 sensitivity

Fig. 3.11 shows the sensitivity contours in tie* 26,3 versusAm2, plane for three years of data,
using the global? analysis. The green area covers the 90% confidence regidmdf determined by
solar neutrino experiments. Taking a design with four 20-ton modules atttlséd and two 20-ton modules
at each near site, the statistical error is around 0.2%. The sensitivity Bfaye Bay experiment with this
design can achieve the challenging goal of 0.01 with 90% confidenceitea#ihost the whole range of
Am3;.

Fig. 3.12 shows the sensitivity versus time of data taking. After one yeagtaf @king,sin? 26,3
sensitivity will reach 0.014 (1.4%) at 90% confidence level.

The tunnel of the Daya Bay experiment will have a total length around 3 km tdnnelling will take
~ 2 years. To accelerate the experiment, the first completed experimental eddiagta Bay near hall, can
be used for detector commissioning. Furthermore, it is possible to condast experiment with only two
detector sites, the Daya Bay near site and the mid site. For this fast experihgetfar detector”, which
is located at the mid hall, is not at the optimal baseline. At the same time, the regleted error would
be 0.7%, very large compared with that of the full experiment. Howeveéhesitivity is still much better
than the current best limit @in? 26, 3. It is noteworthy that the improvement comes from better background
shielding and improved experiment design. The sensitivity of the fastiexget for one year data taking is
shown in Fig. 3.11 in dashed line. With one year’s data, the sensitivity ifnd@@3 forAm? = 2.5 x 1073
eV?, compared with the current best limit of 0.17 from the Chooz experiment.
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4 Experimental Site and Laboratory Designs

The Daya Bay site is an ideal place for a reaétgrexperiment. The close-by mountain range provides
sufficient overburden to reduce cosmogenic background at thegmded experimental halls. Since the
Daya Bay nuclear power facility consists of multiple reactor cores, therebwiltwo near detectors to
monitor the yield of anti-neutrinos from these cores and one far detectookddo disappearance of anti-
neutrinos. It is possible to install another detector about half way bettteenear and far detectors to
provide independent consistency checks.

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 northeast, sdelHiglt is in the Dapeng township
of the Longgang Administrative District, Shenzhen Municipality, Guangd®rayince. Two mega cities,
Hong Kong and Shenzhen are nearby. Shenzhert @it¢5 km to the west and Hong Kong is 55 km to
the southwest (all measured in a straight line). The geographic locati@stidomgitude 11%33'00” and
north latitude 2236°00". Daya Bay is semi-tropical and the climate is dominated by the south Agiral
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 andntp Ao NPP to the
northeast along the coastline. Each NPP has two cores that are sebgr88m. The distance between the
centers of the two NPPs is about 1100 m. The thermal pd#gr, of each core is 2.9 GW. Hence the total
thermal power available i, = 11.6 GW. A third NPP, Ling Ao Il, is under construction and scheduled
to come online by 2010-2011. This new NNP is built roughly along the line dettfrom Daya Bay to
Ling Ao, about 400 m northeast of Ling Ao. The core type is the same asftlize Ling Ao NPP but with
slightly higher thermal power. When the Daya Bay—Ling Ao—Ling Ao Il NA® all in operation, the
complex can provide a total thermal power of 17.4 GW.

The site is surrounded to the north by a group of hills which slope upwand $iouthwest to northeast.
The slopes of the hills vary from 2@ 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 40Chen simmit, called Pai Ya
Shan, is 707 m PRD Due to the construction of the Daya Bay and Ling Ao NPPs, the foothills atoeg
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 DayarBidying Ao nuclear power
station.

There is no railway within a radius of 15 km of the site. The highway frorgdBay NPP to Dapeng
Township (Wang Mu) is of second-class grade and 12 m wide. Dapewg 1 connected to Shenzhen,
Hong Kong, and the provincial capital Guangzhou by highways whiehe#ther of first-class grade or
expressways.

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

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

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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4.1 General Laboratory Facilities

The laboratory facilities include access tunnels connected to the entrariak p construction tunnel
for waste rock transfer, a main tunnel connecting all the four undergta@etector halls, a LS mixing
hall (MH), counting rooms, water and electricity supplies, air ventilation, @m@munication. There is
an assembly hall and control room near the entrance portal on suffaeeapproximate location of the
experiment halls and the layout of the tunnels are shown in Fig. 4.1. Allrienestal halls are located at
similar elevations, approximately20 m PRD.

Fig. 4.1. Layout of the Daya Bay—Ling Ao cores, the future Ling Ao Ite®(also
known as Ling Dong), and possible experiment halls. The entrancd ostaown on
the left-bottom. 5 experiment halls marked as #1 (Daya Bay near hall), #3 Adn
near hall), #3 (far hall), #4 (mid hall), #5 (LS mixing hall). The green linerespnts
the access tunnel, the blue lines represent the main tunnels and the pinkieserds
the construction tunnel. The total tunnel length is about 2700 m

4.1.1 Tunnels

A sketch of the layout of the tunnels is shown in Fig. 4.2. There are thim®ches, which are rep-
resented by ling3-7-4-5}, line{4-8-Ling Ao nea} and ling[5-far site, form the horizontal main tunnel
extending from a junction near the mid hall to the near and far undergmetedtor halls. The lines marked
as A, B, C, D and E are for the geophysical survey. Line E, which ishethline on the top of figure across
the far site, is the geophysical survey line investigated if the far site neeuks poished further from the
cores as a result of future optimizations. Lfie2-3} is the access tunnel with a length of 292 m. Lines B
and C are from the survey for the design of the construction tunnel ilwhay have different options for
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cost optimization).

Figure 4.1 shows the entrance portal of the access tunnel behind gigedrospital and to the west
of the Daya Bay near site. From the portal to the Daya Bay near site is angoaiislope with a grade of
less than 10%. A sloped access tunnel will allow the underground facilities kncated deeper with more
overburden.

The access and main tunnels will be able to accommodate vehicles transpquipignent of different
size and weight. The grade of the main tunnel will be 0.3% upward from tlya Bay near hall to the mid
hall, and from the mid hall to both the Ling Ao hall and the far hall. The slopeddluhas two important
functions: to ensure a level surface for the movement of the heavytdetditled with liquid scintillator
inside the main tunnel and to channel any water seeping into the tunnel toioaollgool which is located
at the lowest point near the Daya Bay near site. The collected water willlo@ed to the surface.

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

Excavation will begin from the construction portal. Once it reaches thesieté&on of the main tunnel,
the excavation will proceed in parallel in the directions of the Daya Baymahand the mid hall. Once the
tunnelling reaches the the mid hall, it will proceed parallel in the direction ofah&dll and the Ling Ao
hall.

The total length of the tunnel is about 2700 m. The amount of waste to be eehvall be about
200000 . About half of the waste will be dumped in the Daya Bay Quarry to providétiatal overburden
to the Daya near site which is not far away from the Quarry. This reqautdgional protection slopes and
retaining walls. The rest of the waste could be disposed of along with the fvas the construction of the
Ling Ao Il NPP. Our tunnel waste is about one tenth of the Ling Ao || NPRtea

4.2 Site Survey

The geological integrity of the Daya Bay site was studied in order to determiseitebility for the
construction of the underground experimental halls and the tunnelsctorgtiem. The survey consisted of
a set of detailed geological surveys and studies: (1) topographieys(®&) engineering geological mapping,
(3) geophysical exploration, (4) engineering drilling, (5) On-site teskoeeholes and (6) laboratory tests.
The site survey has been conducted by the Institute of Geology and @&ecplGG) of Chinese Academy
of Sciences (CAS). The work started in May 2005 and was completed é20R06.

4.2.1 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 measurefitbiet overburden was input
to the optimization of the experimental sensitivity. It is also needed for thelmtasign and construction.
Appropriate maps are constructed out of this measurement. The aregelifies to the north of the Nuclear
Power Plants (NPPs). The area of the survey extends 2.5 km in thesuutin-direction and varies from
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Fig. 4.2. Plan view of the experimental halls and the tunnels, Lifie-2-3-7-4-5-far

site} has a total length of 2002 m; Line{B-6} has a total length of 228 m; Line{@-
9} has a total length of 607 m; Line{3-8-Ling Ao nea} has a total length of 465 m
Line E is the dashed line on the top across far site. Four bore holes aredveer K1,

ZK2, ZK3, ZK4 from north to south.

450 m to 1.3 km in the east-west direction as determined by the location of tkeeiragntal halls and
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tunnels. The total area measured is 1.839 Khime results of the survey are plotted at a scale of 1:2000.
The instrument used for the topographic measurement is a LEICA TCAZ6G8 Station, with a
precision of£0.5” in angle andt-1 mm in distance. Based on four very high standard control points that
exist in the area, twenty-six high grade control points and forty-five nagpline points are selected. In total,

7000 points are used to obtain the topographic map. As an example, Fig.ol8 8te topographic map
around the far site. The altitude difference between adjacent contosiidioae meter. The area around the
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Fig. 4.3. The topography map around the far site. The location of the fectde hall
is marked by a red square in the middle of the map.

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

4.2.2 Engineering Geological Mapping

Geological mapping has been conducted in an area extending about thihemorth-south direction
and about 3 km in the east-west direction. From an on-the-spot stwvily in the geological map of
the area, a listing of the geological faults, underground water distributidrcantact interphase between
different rocks and weathering zones could be deduced. The statisfmanation on the orientation of
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joints is used to deduce the general property of the undergroundandkthe determination of the optimal
tunnel axes. The survey includes all the areas through which the tumitigdass 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@ain are in good condition.
There are no karsts, landslides, collapses, mud slides, empty poclaiadginking 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 frotto 30°, are stable and the surface
consists mostly of lightly effloresced granite. The rock body is compahatintegrated. Although there is
copious rainfall which can cause erosion in this coastal area, thereeiddence of large-scale landslide or
collapse in the area under survey. However, there are small-scale dsotdiEpses due to efflorescence of
the granite, rolling and displacement of effloresced spheroid rocks.

The engineering geological survey found mainly four types of rocksigdtea: (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 conglomeratetsaadMost of the areas are of hard
nubby granite, extended close to the far detector site in the north andngactihe south, east, and west
boundaries of the investigated area. There exists a sub-area, ntealsaut 150 m (north-south) by 100 m
(east-west), which contains eroded but still hard nubby granites nbelconspicuous valley existing in
this regiont Mildly weathered and weathered granites lie on top of the granite layer.riimvsandstones
are located in the north close to the far detector site. There are also statiedstones distributed on the
top of the granites. The granites are generally very stable, and thetemlishree small areas of landslide
found around the middle of the above mentioned valley. The total area ofidieéssabout 20 rh and the
thickness is about 1 m. Four faults (F2, F6, F7, F8) and two weatherggtizve been identified, as shown
in Fig. 4.4

The accumulation and distribution of underground water depends digramahe local climate, hy-
drology, landform, lithology of stratum, and detailed geological structurehé investigated area of the
Daya Bay site, the amount of underground water flux depends, in a catgaligvay, on the atmospheric
precipitation and the underground water seeping that occurs. Theteaadarea is rich in underground
water seeping in, mainly through joints caused by weathering of cranniefthzed 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.

Table 4.1 gives the values of various aspects of the meteorology of the Bsmyarea. A direct com-
parison shows that the weather elements in Daya Bay are similar to those in riigeKidog—Shenzhen
area.

According to the historical record up to December 31, 1994, there heee 63 earthquakes above
magnitude 4.7 on the Richter scale (RS), including aftershocks, within asradi@20 km of the sité.
Among the stronger ones, there was one 7.3 RS, one 7.0 RS, and ten 6 RS6.There were 51 medium
guakes between 4.7 and 5.9 RS. The strongest, 7.3 RS, took place in Nanl8a8 [how far away is
this?]. The most recent one in 1969 in Yang Jiang at 6.4 RS. In additioe, tlase been earthquakes in the
southeast [foreland] and one 7.3 RS quake occurred in the Taiwdhd@®tr@ept. 16, 1994. The epicenters
of the quakes were at a depth of roughly 5 to 25 km. These statistics shoih¢hseismic activities in

iThe valley extends in the north-east direction from the north-east ddpe oeservoir. The valley can be seen in Fig. 4.1, as a
dark strip crossing midway along the planned tunnel connecting the midrhthe far hall.

§The seismic activity quoted here is taken from a Ling Ao NPP report [2].
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Fig. 4.4. Geological map of the experimental site.

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 eagtkasg oM > 3.0 (M, >
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Meteorological Data | Units | Magnitude|

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

Table 4.1. Average values from Da Ken station in 1985.

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 yé&arsgibn will be in a residual energy-
releasing period to be followed by a calm period. It is expected that ribqeeke greater than 7 RS will
likely occur within a radius of 300 km around the site; the strongest seismiidtyaevill be no more than
6 RS. In conclusion, the experimental site is in a good region above the litbes@as was argued when the
NPP site was selected.

4.2.3 Geophysical Exploration

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

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

ﬂMS 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 loctendent relationship betwegfy andM ;.. In Daya Bay
Ms > 3.0 is equivalent taViy, > 3.5.

I In order not to affect the construction work of Ling Ao Il, a heavy tdagannot be used as a source of the seismic refraction
measurement, as required for deep underground measuremergfdrk seismic refraction cannot be used as a major tool for the
Daya Bay prospecting.
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Fig. 4.5. Seismic refraction, electrical resistivity and high resolution deakityg the
cross section from the Daya Bay experimental hall(left end) to the farigaliEend).

4.2.4 Engineering Drilling

Based on the information about faults, zones with relative high density afjoiveathering bags,
low resistivity areas revealed from previous geological survey, bamuehole positions were determined.
The purpose of the boreholes was essentially to prove or exclude thmerioés from the previous survey
approaches above ground. These four boreholes are labelledlaZ KK, ZK3, Zk4 from north to south in
Fig. 4.2. The depth of the four boreholes are 213.1 m, 210.6 m, 130.3 m,m3@&<€pectively (all to at least
the tunnel depth). Figure 4.6 shows sections of rock samples obtaimedén@hole ZK1. Similar samples
are obtained in the other three boreholes. The samples are used foisvaboratory tests.

4.2.5 On-site Test at Boreholes

There are many on-site tests performed at the boreholes: (1) High delesitsical resistivity measure-
ment in boreholes ZK1 and ZK2. (2) Permeability tests at different time apith@ee made in the boreholes
during borehole drilling and at completion. The test shows that all measatads of the permeability
parameter K are less than0009 m/d. The K values in ZK2, Zk3 are smaller than that in ZK1 and ZK4.
Figure. 4.7 shows the water level variation vs time from pouring tests in thebfuneholes. (3) Acoustic
logging, which is tested at different segments separated by 0.5 m. Tkee6€,a26, 34, 23 segments tested
in ZK1, ZK2, ZK3, ZK4 respectively. The combined results give the vidyoof longitudinal wavelength
Vo = 5500 m/s in the fresh granite. (4) Geo-stress test. (5) Digital video. (6) Therr@oanation rate
inside the borehole ZK4 was measured up to a depth of 27 m with an electaoltino dosimeter inserted
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Fig. 4.6. Rock samples from borehole ZK1.

into the borehole. A rate of (0.16-0.68)10~2 Bq m~2 s~! was determined at depths of 14—27 m after
correction for back diffusion. These values generally agree with ties (8.13-2.56)x 1073 Bg m~2 s~!
measured directly from the rock samples extracted from the boreholéle@yurements of the rock chem-
ical composition. The chemical elements of the rock were measured, amaggeteenents, the amount
of radioactive U awas measured to be 10.7, 16.6, 14.5 and 14.2 ppm feogaitiples in each of the four
boreholes, respectively. The Th concentrations were measured 50)€9.6, 29.4 and 41.9 ppm in each of
the borehole respectively. (8) Water chemical analysis. Water sampitagHe four boreholes and a surface
stream have a pH slightly smaller thagn 7.5, considered neutral. The wadeeka is smaller than 42 mg/I
which is considered to be very soft. The underground water is thusnesaly corrosive to the structure of
steel, but is not corrosive to reinforced concrete.

4.2.6 Laboratory Tests

Laboratory tests performed includes: rock chemical properties, migleraents, physical and mechan-
ical property tests. The following data are some of the physical propeftsightly weathered or fresh rock
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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 stallk8 ~ 125.79 M Pa

o Softening coefficient).924 ~ 1.000

o Elastic modulus32.78 ~ 48.97 G Pa

o Poisson ratiof.163 ~ 0.233

4.2.7 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, tongsisainly of massive, slightly
weathered or fresh blocky granite. There are only few small faults witlhwidarying from 0.5 m to 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 constrtietioal 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. This affected zones are well above the tamorel than three times tunnel
diameter away, so it is not expected that the tunnel will be affected by ththerng 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 interphasel&vitimian sandstone is about
100 m (to the North) from the present analysis estimate.

The rock along the tunnel is lightly effloresced or fresh granite, and amécal tests found that it is
actually hard rock. No circulation is found between the underground aatkethe outside boundary water in
this area, underground water mainly comes from the atmospheric precipitdtioer. 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%¢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. However, for the 810 m segment of the main tunnel filmerDaya Bay near hall (#1)
to the mid hall (#4) with orientation nearly perpendicular to the maximum stressothestability is not
under a favorable condition. However, since the rock quality is goodigiehstress is not thought to be a
significant problem. There are some tunnel sections, including the gooesd, where the rock mass quality
belongs to grade IV, and some belongs to grade V. Figure 4.8 showst#ils déthe engineering geological
section along Line A. Detailed results from the site survey by IGG can bedfoureferenes [4]-[12].

4.3 Conceptual Design

We have organized a bid for the conceptual design of the civil congirucThe major items of the
conceptual design include: (1) the underground experimental hallsptimecting tunnel, access tunnel, and
construction tunnel; (2) the infrastructure buildings above groundth@xlectric power, communication,
monitor, ventilation system, water supply, and drainage, safety, blasbtard environmental protection.
Two design firms were selected: the Fourth Survey and Design Instituthiod Railways (TSY) and the
Yellow River Engineering Consulting Co. Ltd. (YREC). TSY has expeitighe design of railway tunnels,
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Fig. 4.8. 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 bypwhtae slightly
weathered granite. The tunnel passes through one region of slightilzeved granite.

and YREC has a great deal of experience in underground hydioelkegineering projects. They submitted
their designs in the end of July and beginning of August 2006.

4.3.1 Transportation Vehicle and Lifting System for Central Detecor

The biggest item to transport in the tunnel is the central detector (CD) modkhaeCD is a cylinder of
100 T with an outer diameter 5 m and a height of 5 m, with ports extending abbedransportation of the
CD determines the cross section of the tunnel and directly affects the tat&lling construction plan.

The space in the tunnel is limited, so the transportation vehicle for the heawhGlld be easy to
operate and steady to move. TSY has investigated two kinds of transpoxtatimtes: (1) heavy-truck with
a lowboy trailer, and (2) truck with a platform on top. The bed of the lowbaWer is 40 cm off the ground
and the loading height is 80 cm. The total length of the truck plus the trailer is thane20 m long, the
turnaround radius is 50 m. This turnaround radius makes it impossible to winetticle around without
significantly increase the total length of the tunnel. So TSY recommends tha# ageuck with a platform
on top and the specifications of this platform vehicle available in two manufagtcompanies in Chain are
listed in Table 4.2.

An example of the platform truck is shown in Fig. 4.9. It has an easy rotayisigi® with the wheels
rotatable in any directions. It has two driving cabs, one in the front araio the back which makes
turning around in the tunnel unnecessary. Its movement is more steady¢hlawboy trailer which is very
important for transporting the delicate CD modules.

YREC also investigated the above mentioned transporting vehicles with similcificgigons. In ad-
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Manufacturer QinHuangDao Heavy WuHan TianJie special
Engineering Union Co. Ltd]  transportation Co. Ltd.

Model TLC100A TJ100

Full loading(t) 100 100

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

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

Self weight(t) 28 28

Axes and Wheels/axis 4/8 4/8

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

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

Power 168 kw 235 kw

Table 4.2. Technical parameters of platform trucks.

5000~5500 ﬁ*gi

| BekREeE: 100t

2 EHE SRR 28t

3H & /B B 48

4 WA/ SRR 4/4

5 % B: %% 12x/h %E 6lw/h
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T A fr B L7040.50

8F & R+ 5.0mL 20

Fig. 4.9. Photo of a platform truck with schematic diagrams of wheel rotatitmes.
specifications written in Chinese on the right-bottom are the same as in Table 4.2

dition, they have investigated an electric railway transportation system whit$ists of a transport frame-
work, support frame, cable winding, and control desk. Howeverldaéding height is 1 m, and laying the
rail is expensive and time consuming. Finally, YREC recommend the use ofigis@er with a platform
loading, as shown in Fig. 4.10. The total length is 15.8 m and the loading he@fftm. Since itis not very
long, this semi-trailer will drive forward and backward in the tunnel withouting around. The ventilation
speed in the tunnel has to be increased during the transportation of thtodetedules to vent the exhaust
discharged in the tunnel.
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Fig. 4.10. Schematic diagram of a semi-trailer. The dimensions, length, witdth, a
height are in mm.

Further investigation about the transportation vehicle with lower height ofdhéing platform is
needed in order to lower the required height of the tunnel. It is also sa&geto find a suitable electric
powered vehicle instead of one powered by petroleum.

Lifting systems, mainly for handling the CDs, have been investigated. The lggstem should be
low in order to minimize the height of the experimental hall and to gain overbufBeth gantry cranes
(suggested by TSY) and bridge style cranes (suggested by YREGY satisequirement. The heights of
the experimental halls required to install and lift the CD with these two typesaoiesrare similar: about
12-13 m. Figures 4.11 and 4.12 show these two kind of cranes. Botlsdrane two hooks working during
the lifting which will greatly decrease the height of the hall and can be tge@raore steadily. The rails
of the bridge crane are supported on the two side walls of the experimigntinafinial choice of a crane
system needs further studies.

4.3.2 Experimental Hall Layout

The experimental hall layout can not be fixed before we know how tolitiséaCD, how to lay the veto
detector on top, and what auxiliary facilities are needed. The two desiginesented two sketches which
include CD transportation, lifting space, and rooms for auxiliary facilities FSg. 4.13 (designed by TSY)
and Figure 4.14 (designed by YREC). The auxiliary facilities rooms areeagitte of the hall in Fig. 4.14
which may reduce the length of the electronics cables from the detector tounérg room, and other
auxiliary facility rooms, which could be arranged parallel to the countingv,agoe more flexiblly arranged.
A side tunnel links the main tunnel with the control room and the other possibhes.o
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Fig. 4.11. Schematic diagrams of a gantry crane in the experimental hall todift th
central detector (left panel) and lower it into the water pool (right panel)

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

The longitudinal direction of the Daya Bay (#1) and mid (#4) experimentl$ e preferred to be
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Fig. 4.14. Layout of the experimental hall where the counting room, etcglang one
side of the hall as proposed by YREC.

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

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

4.3.3 Design of Tunnel

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

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

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

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

Safety distance between detector module to the duct: 0.5 m.
Total height of the tunnel is: 8.4 m (YREC has 8.5 m)
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(@]

o
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o

Figures 4.15 and 4.16 describe the cross sections of the main tunnel. Tigeolirtire tunnel depends
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Fig. 4.15. An engineering schematic diagram of the tunnel layout prdposd SY.
The dimensions are in cm.

on the rock quality. Here in the Daya Bay site, rock quality varies fromeagddb V, grade | being excellent
and grade V poor. According to the site survey, more than 90% of thebmlokgs to grade I, Il or 11l which
are stable rocks. Some very short section of the tunnel have gradek\and the only grade V rock is in the
first tens of meters at the main portal. The lining for different quality of soafe giving by two designers
in their report [13] [14].

The access tunnel has the same cross section as the main tunnel to enaptatation of the CD. This
tunnel section has a slope of up to 10%. The CD is not yet filled with LS whisrtriansported down the
access tunnel. The length of the tunnel is less than 300 m and modern ministyfialcequipment will have
no difficulties in moving on the 9.6% slope of the access tunnel (in the YREQrges

There are two possible design strategies for the construction tunnel. @rteaissport the dirt by heavy
truck, another one is by tram. In the truck option, the allowed slope is up to(T$), the width of this
tunnel is 5.0 m and height 5.8 m. There will be a passing section in every 80ng the tunnel for two
trucks to cross into the opposite directions. The total length of such a tis28 m. If a tram is used for
dirt transportation, the tunnel can tolerate a much steeper slope, up to 42281 ). The tunnel length
can be as short as 200 m, the cross section in this case is 4.6 m wide, 4.08.rCdiiggtruction with a
tram will allow for a shorter tunnel, therefore saving both time and moneyditheemoval with a tram is
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Fig. 4.16. The engineering schematic diagram of the tunnel layout Rrdplog
YREC.The dimensions are in meter.

more complicated than using heavy trucks, which will take more time and moneysl®ote that in the
case of a tram, since special tools are needed, the number of constaartipanies bidding on the tunnel
construction contract may be more limited.

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

4.3.4 Other Facilities

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

4.4 Civil Construction Overview

The final tunnel design and civil construction contractors will be sededi a bidding process. Most
likely the final designer and civil construction team will be separated.\emsight agency is needed for the
construction. The time needed to complete the final design will be 4-5 montbsbd the specifications
are laid out. The civil construction will last 1.5-2 years as estimated by theeptual designers.

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

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

2. Catalog of Chinese Earthquakdg3uoted in théPreliminary Safety Report on Ling Ao Nuclear Power
Plant

3. Report of Ling Ao Nuclear Power Plant

4. Report on Geo-technical Survey(Feasibility Study and Conceptuajesnstitute of Geology and
Geophysics, CAS, May, 2006.
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Fig. 4.17. A schematic diagram of the the main portal and the layout of auxiliary
buildings.

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

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

Final Report on Topographic Survey of the Neutrino Experimenta) Bistitute of Geology and Geo-
physics, CAS, June, 2006;

Map obtained from Topographic Survey of the Neutrino Experimental IBg&tute of Geology and
Geophysics, CAS, December, 2005;

Report on Engineering Geology of the Neutrino Experimental, 8itgitute of Geology and Geo-
physics, CAS, May 6, 2006;

Report on Geophysical Survey of the Neutrino Experimentall8gttute of Geology and Geophysics,
CAS, May 6, 2006;

Report on Bore Drilling and In-situ Sonic Investigation of the Neutrino Expental Site Institute of
Geology and Geophysics, CAS, May, 2006;

Report on Stress-loading in Bore Holes at the neutrino Experimental I8g8tute of Geology and
Geophysics, CAS, April 18, 2006;
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11.

12.

13.

14.

Report on Ultra-sonic Imaging in Bore holes at the Neutrino Experimesital Institute of Geology
and Geophysics, CAS, May, 2006;

Report on Laboratory Study of the Neutrino Experimental, $itstitute of Geology and Geophysics,
CAS, May 6, 2006.

Feasibility study about Daya Bay neutrino experiment engineering Wildr& Fourth Survey and De-
sign Inst. of China Railway, July 2006

Feasibility study about Daya Bay neutrino experiment engineering wWakow River Engineering
Consulting Co. Ltd., August 2006
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5 Central detectors
5.1 Overview

It is an experimental challenge to determine the valusiiof26,5 to 0.01 or better, which yields only
a tiny oscillation effect corresponding to a small difference in the numbantifeutrino events observed
at a proper distance with respect to the expectation. To observe suchlleeffect, the detector must be
carefully designed beside the guildlines discussed in Chapter 2, antlpagsstematic uncertainties dis-
cussed in Chapter 3. Following requirements shall be satisfied for degith@mletector module and related
components:

1. The detector should be homogeneous to minimize edge effects that calild Iegstematic uncer-
tainties.

2. The energy threshold should be less than 1.0 MeV to have almost 160Bnely for positrons.

3. The number of protons in the target liquid scintillator should be well defineldknown, implying that
the scintillator mass and the proton to carbon ratio should be precisely detdrieetarget scintil-
lator should come from the same batch for each pair of near-far deteatmlshe mixing procedure
should be well controlled to ensures the composition of the target is the same.

4. The detector should not be too large; otherwise, it would be difficult teenfimm one detector site
to another for cross check to reduce systematic effects. In addition, agedain size, the rate of
cosmic-ray muons passing through the detector can be unacceptablyohéght@ compromise the
performance of the detector.

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

6. The energy resolution should be better than 15% at 1 MeV in order tceesystematic uncertainty,
which is also important for the study of spectral distortion as a signal dfinewoscillation.

5.1.1 Module geometry

Previous neutrino experiments usually design their detectors as a baletipaoid to assure uniform
energy response in the entire volume. But this type of detector vessgbémgre and it requires many
PMT’s for the needed # coverage. Two types of alternative detector geometry have been iratestig
cubic and cylindrical, as being attractive from the construction point ef.\Ndonte Carlo simulation shows
that cylindrical shape, as shown in Fig. 2.3, can deliver a better eaadygosition resolution while maintain
a good uniformity of light response over the volume, similar to that of the balllmsoid. This design is
verified by our prototype tests, to be discussed in section 5.7. An optftadta can be put at the top and
bottom of the cylinder, so that PMTs are only arranged at the radialtidinscof the cylinder to trim the
total number of PMT’s down by a half.

This design, which allows a tremendous reduction of the detector cost ingladvings on the PMT
readout, steel and acrylic vessels construction, is workable due thevifajl@onsiderations:

1. The event vertex is determined only by the center of gravity of the ehaw relying on the time-
of-flight approach, hence reflected light from the top and bottom of yhieder will not worsen the
performance of the detector module. Hit time is measured to a resolution of fabthe background
study only.

2. The fiducial volume is well defined with a three-layers-structure as ttisoessed below, no accurate
vertex information is needed.
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5.1.2 Target mass

The total target mass at the far site is determined by the requirement fomiigvsty which is shown
in Fig. 5.1 as a function of the far detector tonnage. To measuf&6,3 to better than 0.01, a total target
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Fig. 5.1. Sensitivity okin? 26,3 at the90% C.L. as a function of the target mass at the
far site.

mass of 80—100 tons is needed, which corresponds to a statistical Erdr.2% after three years data
taking. A larger target mass is not attractive since the sensitivity improwiesrralowly when the target

mass goes beyond 100 tons. By adopting a multiple-module-scheme as@iscuShapter 2, two modules
are chosen for the near site in order to have a cross check of the mahaeidrs besides the statistical
consideration. For the far detector, at least four modules are neededento have sufficient statistics to
reach the designed sensitivity while maintaining the number of modules at a ezdm@devel. A detector

scheme of 8 identical modules, each with a target mass of 20 tons, is ciAdm®mIt. 600 to 1200 events

per day per module can be obtained at the Daya Bay near site (300-500ileabout 80 events can be
obtained at the far site(1800 m).

5.1.3 Three-zone central detector

A Chooz-type detector with suitable upgrades can in principle fulfill theirements although com-
pletely new concepts are not excluded. The energy threshold of az&@pe scintillator detector can be
reduced by a three-layer structure as shown in Fig. 5.2. The innerayast(region |) is the Gd-loaded
liquid scintillator as the antineutrino target. The second layer (region Il) igl fillieh normal liquid scintil-
lator which can contain the energy of all gammas from neutron capturesgrggoannihilation, while not
acting as an antineutrino target since the neutron-capture time is abotaoften longer than that in the
Gd-loaded scintillator. The outer-most layer (region IIl) contains mingitahat shields radiation from the
PMT glass from entering the fiducial volume. This buffer will substantialjue the singles rate and the
threshold can thus be lowered to below 1.0 MeV. The three regions dieoped with transparent acrylic
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II. v catcher

I. Target

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

tanks so that the target mass contained in region | can be well determinedtveiieotivertex reconstruction
and position cut.

5.1.4 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 the visible scintillation light. However, therays can also escape from this target region and cause energy
loss from the region. To capture escaperhys a layer of regular liquid scintillator surrounding the target
zone can be added, thus the energy loss is greatly suppressed.efge spectrum of the delayed neutron
capture signal is shown in Fig. 5.3. It can be clearly seen that there igadodron the low energy side,
signifying the escaped events. The structure around 8 MeV is due to ¢éléstance of two major isotopes
of gadolinium,'>Gd and'®”Gd, which emits several gamma-rays with a total energy of 7.93 and 8.53 MeV,
respectively.

To be clearly separated from the natural radiation background, thieonecapture signal has to be
above 6 MeV. Therefore, part of the neutron events will be lost, ana¢hises degradation of the detection
efficiency. The detector simulation gives the correlation between the ttgslafahe middle layer and the
neutron detection efficiency, as shown in Fig. 5.4.

The figure shows that with a middle layer thickness of 45 cm and henceudlrneletection efficiency
of 92%, a meaningful comparison with the Chooz detector can be madez ®@asa smaller detector, its
~-catcher thickness is 70 cm, and its neutron source test shows a&(®4)&6 detection efficiency [4]. The
error term includes the vertex selection error. According to Chooz,\Ralte, and KamLAND the error in
the energy scale at 6 MeV is better than 1%. Our detector simulation shovi€thextror in energy calibra-
tion can cause a 0.2% error in efficiency. After subtracting the errorgteithe vertex selection, the results
of the efficiency test are consistent with those of the simulation. The Daya®Baeriment will not use
the vertex criteria, and in addition, the discrepancy between the data andtgmuakn be removed by the
relative measurement of the near and far detectors, 0.2% will be the &atbn detection efficiency error.
After a comprehensive consideration including detector size, detecfioieety, and possible experimental
errors, we choose 45 cm as the middle layer thickness.

69



= 3500 |-

3000

= 2500

< 2000 |
1500 —

L Cut at 6 MV

1000 —

500 —

ll—“‘*\ \\\‘\

0o 2 4 6 8 10
Energy of Delayed Signal (MV)

Fig. 5.3. The neutron capture energy spectrum in gadolinium as obtaioedtiie
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Fig. 5.4. The thickness of the middle layer vs. neutron detection efficiding/neu-
tron energy cut is set at 6 MeV. The thickness of the middle layer of thex [Bay
experiment will be 45 cm.
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Neutron spill-in and spill-out across the boundary between regions ll alding thermalization has a
very similar probability, as shown in Fig. 5.5. The effects hence largelgetieu for a three-zone detector
and the residual effect can be corrected for by a suitable calibrataegs in combination with a Monte
Carlo simulation.

Fig. 5.5. The neutron spill-in and spill-out probbaility as a function of distandhe
acrylic vessel for a two-zone and three-zone detector module.

5.1.5 Oil buffer

The outmost layer of the detector is the mineral oil. The PMT’s will be directlymtexion the container
wall, facing toward the center, and immersed in the mineral oil to catch the scintillagict produced by
the positron and neutron reacting in the liquid scintillator. This mineral oil layeptgally transparent,
but emits very little scintillation light. The main role of this layer is two fold: 1) to eliminateriatural
radiation from the PMT glass, steel tank and the other materials near théodeteciule; 2) to assure that
PMT'’s are located at a distance reasonably away from the liquid scintildas to eliminate events with
lights emitted too close to a PMT. Through simulation and event reconstructiuas ibeen found that the
light emitting point in the liquid scintillator has to be at least 15 cm away from a Piifeise, as indicated
in Fig. 5.6.
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Fig. 5.6. The correlation between the event energy and the vertex loc@herhori-
zontal axis represents the equal volume bin, the red line is 15 cm from asRiV1d-
tocathode. To the right of this line the event energy varies significantly.

The oil buffer is also used to prevent the natural radiation from the Plsi§sdrom entering the fiducial
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volume. Simulation shows that with a 20 cm oil buffer, the radiation from the RjM$s detected in the

liquid scintillator is 7.7 Hz, as summarized in Table 5.1.

Buffer Oil Thickness
Isotope| Concentration 20cm| 25cm| 30cm | 40 cm
(Hz2) | (Hz2)| (Hz)| (H2)
28y 40 ppb 2.2 1.6 1.1 0.6
232Th 40 ppb 1.0 0.7 0.6 0.3
10K 25 ppb 4.5 3.2 2.2 1.3
| Total | | 77] 55] 39| 22]

Table 5.1. Radiation of the PMT glass detected in the Gd-scintillator (in Hz) as a
function of the oil-buffer thickness in cm.

The natural radioactivity of a rock sample collected at a potential detattdras been measured to be
typically 560 ppm for*3®U, 1000 ppm for*32Th, and 2.3 ppm fof’K. Such~ rays can penetrate the 2 m
water shield through the 45 cm of oil buffer to deposit more than 1 MeV efggnin the liquid scintillator,
yield a background rate of 5.4 Hz fét®U, 20.4 Hz for?*?Th, and 1.8 Hz fof'K.

Summing up the PMT and rock radiation background gives a total backdnmate of of 33 Hz. Radon
radioactivity can be controlled by ventilation, which will be discussed in d&tal. Other materials near
the central detector, such as steel vessel and supporting structldegwods, water, mineral oil, dust and
Krypton in air plays a minor role.

Since the PMT’s are placed in the mineral oil, and the length of PMT plus itsibadmut 25—-30 cm,
a 45-cm thick oil buffer will be sufficient to suppress the uncorrelateckbrounds to an acceptable level.
The propose dimensions of the central detector is then shown in Table 5.2.

| Region|| IR(m) | OR(m) | inner height(m)| thickness(mm) outer height(m)| material |

target 0.00 1.60 0.00 10.0 3.20| Gd-LS
catcher|| 1.60 2.05 3.20 15.0 410| LS
buffer 2.05 2.50 410 8.0-10.0 5.00 | Mineral oil

Table 5.2. Dimensions of the mechanical structure and materials of the attator.

For a cylindrical module, the neutrino target is about 3.2 m high with a radiassom. The middle
section and the outer most oil buffer are both 0.45 m thick. For the whole madbaldiameter will be 5.0 m
and the height 5.0 m and the total weight will be 100 tons.

5.1.6 2-layer versus 3-layer detector

The possibility of adopting a detector with a 2-layer structure, by removing-ttegcher of the current
3-layer one, has been carefully studied. A 2-layer detector of the samamsion of our 3-layer structure
has a target mass of 40 ton when keeping the same oil buffer layer of theTatteefficiency of the neutron
energy cut at 6 MeV will be-70%, compared te-90% with thev-catcher, although the 2-layer 40 ton
detector will have~60% more events than the 3-layer 20 ton detector. This reduction of efficiarthe
neutron energy cut will introduce an error due to the energy scaletairdg. This error is irreducible, not
removable by the near/far relative measurement, as the different detemates may have different energy
scales.
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The energy scale is possibly site-dependent due to the site variation eatialiconditions. According
to the experience gained from KamLAND, we could achieve easily a 1%ggrseale stability at 8 MeV
and 2% at 1 MeV. The inefficiency caused uncertainties have beendtogi®lonte Carlo for the 2-layer
40-ton detector, which is 0.4% at 6 MeV as compared with 0.22% for the 3-Rf#on detector. Similar
uncertainties at 4 MeV have also been studied, see Table 5.3. This elrtwevthe dominant residual

| Configuration|| 6 MeV | 4 MeV |

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

Table 5.3. Error of the neutron energy threshold efficiency causedéngy scale error
for 2-layer and 3-layer detectors. The energy scale error is taken18&dand 1.2% at
6 MeV and 4 MeV, respectively.

detector error, while other errors could be cancelled out by deteat@ygsng, e.g., a doubling of this error
will significantly worses thein? 26,3 sensitivity that can be achieved.

As shown in Table 5.3, lowering the energy cut to 4 MeV can reduce thieameenergy threshold effi-
ciency error. However, the effect of ambient and intrinsic radioacts/lieve to be reconsidered. In fact, the
intrinsic radioactivity from the Gd-doped liquid scintillator or the acrylic vésg# significantly increase
the accidental backgrounds. Let us examine radioactivity in some detdyl.g@mmas of the external ra-
dioactivity, such as from PMT’s and environmental rock, can enter thidliscintillator. Thus the external
radioactivity has an upper limit of energy deposit~a8.5 MeV. So the 4 MeV cut is not affected. For in-
trinsic radioactivity, all gamma, beta, and alpha particles contribute simultalyeBor example?’®Tl has
significant contribution in the 4—6 MeV region as found by KamLAND. Chbasg also observed a signif-
icant number of events of delayed energy of 4—6 MeV (see Fig. 5.7)hémnore, normally gadolinium
has contamination fror?2Th. Hence, as a consequence of all these unfavorable factorsirigwtee cut to
4 MeV will increase the accidental background by a couple of ordensaginitude. So our neutron energy
cutis set at 6 MeV.

5.1.7 Expected performance

With the reflection at the top and bottom, the effective coverage is 12% witiPREHSs, the energy
resolution is around 5.9% at 8 MeV when the total-charge method is used%nghen use a maximum
likelihood fit approach. The vertex can also be reconstructed at a cabipaiesolution in comparison with
the design that has a PMT’s coverage of 12% on all surface includingpghand bottom. The energy
reconstruction resolution and vertex reconstruction resolutierlscm for a point-like 8 MeV event using
the maximum likelihood fit, as shown in Fig. 5.8. The horizontal axis is the distahtte reconstructed
vertex to the true vertex and the vertical axis is the event number. Suctea xesolution is acceptable since
the neutron capture vertex hag0 cm intrinsic smearing, as found by Chooz [4] and by our Monte Carlo
simulation as well. The intrinsic smearing of the neutron capture vertex isct@yshe energy deposition
of the gammas released from neutron-capture on Gd.

5.2 Containers and calibration ports
5.2.1 Containers

The Buffer vessel is the outer tank of the central detector module, armlisds the buffer oil region.
It will be built with low radioacivity 304L stainless steel and will satisfy the fellag requirements:

a. to be leak-tight to mineral oil over a long period of time (10 years);
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b. to be chemically compatible with the mineral oil of the Buffer region;

c. to have mechanical strength to support the 256 photomultiplier tubes (pgsigoision is given at
about 1 cm);

d. to use minimal material so as to reduce backgrounds.

The Buffer vessel is a cylinder of 5000 mm height, 5000 mm diameter (ettdimensions), and
10 mm thick as depicted in Fig. 5.9. It weights about 10 tons and has a volum@fn® (without the
chimney).

The Buffer vessel will be industrially machined in several pieces to bepated to the Daya Bay site
for assembly. Each vessel consists of ten half-rings of stainless ksl and two half-bottom and -top
lids. All pieces will be pickled and passivated at the contracted manufiagtcompany. Half-rings and lids
will be initially welded. The Buffer vessel structure will be erected by weaidirings of stainless steel
sheets. Tubes for the inner photomultipliers cable paths will be welded afikrwhe work platform and
necessary tools will be designed and manufactured to facilitate the assembdpre and to guarantee
good cylindricality of the vessel. Special care will be required in all thesegsses, especially during part
of the welding process which is to be carried out after the installation of toepltbes. Leakage of welds
will be systematically checked through the sweating method. The Buffeeiesisthen be cleaned with
de-ionized water and weak nitric acid. A reinforcing structure will be ddatethe top and bottom of the
steel tank to increase its strength and to prevent distortion.
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Fig. 5.8. The energy reconstruction resolution and vertex reconstruesoiution for
a point-like 8 MeV event using maximum likelihood fitting. The x-axis is the distance
of the reconstructed vertex to the true vertex and the y-axis is event numbe
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Fig. 5.9. 3D view of the stainless steel Buffer vessel.

5.2.2 Acrylic vessel

The target vessel is a cylinder of 3200 mm height, 3200 mm diameter (eidémensions), and 10 mm
thickness wall. It weighs-580 kg, and contains a volume ef25 n? (without chimneys). They-catcher
vessel surrounding the Target is a cylinder of 4100 mm height, 4100 mmetka(external dimensions), and
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15 mm thickness wall . It weighs 1420 kg, and contains a volumes®-25=28 m (without the chimneys).
At the top of the target vessel, there are 2 or 3 chimneys for injecting thenti $oa passage of radioactive
calibration sources. There will be 1 or 2 chimneys fortheatcher as well. The chimneys diameter will be
~50-100 mm. Drawings of the target and theatcher are shown in Figure 5.10.
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Fig. 5.10. The design of the double vessel.

The target and-catcher vessels will be built with acrylic plastic material which is transpaocepho-
tons with wavelength above 430 nm. Both vessels are designed to contaiaterbquids with a long term
tightness (free from leakage for 10 years) and stability. The criticadtcaint is the chemical compatibility
between the vessel and the scintillating liquids, for at least 5 years. Tingsebe no degradation of the
liquid properties (scintillation efficiency, absorption length) nor any sigaificdegradation of the acrylic
material (breaking or crazing of more than a few percent of the acrytfaseiarea). 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 UVitligbsorption. 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. We have identified two pessitrces for fabrication of the
acrylic vessels: the Jiang Chuan Organic Plastic Ltd. Corp, located in citgraf Fang, Hebei Province,
China, and the Gold Aqua System Technical Co. in Kaoshiung, Taiwasi@iary of the Nakano company).

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

In the polymerization gluing method, they add the same raw materials as the aBPiyiMA + in-
gredients) into the gap between the plates. Thus the joints consist of exacgriie acrylic material as
the joined plates, and there is no difference in their mechanical, chemicalpdicdl properties. During
polymerization, UV light is used instead of heating, in order to prevent thé sieeets from rebounding.
The speed of polymerization is controlled to minimize the remaining stress. Ontanthes fabricated in
shape, it will be put in a thermally insulated enclosure for up to a menihweek in our case) to be heated
for releasing the stresses. The temperature will be controlled withtnC. Different acrylic types, shapes,
thicknesses, etc., need different temperature curves for bendinguaing. Hence experience is very im-
portant. The geometric precision can be controlled-Bomm for a 2 m-diameter tank. The tank can have
reinforcement structures at both the top and bottom; therefore the meahstréngth is not a problem for a
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very thin tank &1 cm). However, a thin sheet tends to have more residual stress whichenpagtidematic
for chemical compatibility. The minimum thickness of our tank is to be discusgedtae compatibility
test of acrylic sheets with LAB is completed. Figure 5.11 shows a example fctlyéic plastic vessel.
Mechanically, the double vessels must be strong and stable enough te elesuical shapes between near

Fig. 5.11. A sample production of the acrylic plastic vessel. The picture sioat
it's an organic glass cylinder. The diameter and the height are both 2 m, with hig
precision.

and far target vessels. We will require that structural deformations ofiore than 1 mm are allowed after
the vessels are filled with liquids. Following fabrication, the vessels can teltbg gas pressurization and
the deformation measured to insure that they will meet this specification.

The manufacture and transportation of the detector vessels can cangkcations to the experiment
and they need to be studied in great detail. Simulation has shown that theottatisp phase is hazardous
for a double acrylic vessel which has been completely assembled. Vilgaf@rerated by the suspension
system during ground transportation could be significant if the full doub$sel construction were com-
pleted at the manufacturer’s plant. This problem could also be solved,uvithanging the baseline design,
by transporting the target andcatcher vessels separately, and integrate and glug-tagécher top lid and
the chimney in the integration hall. There will be no annealing after the vessefsaae, since the oven is
far from Daya Bay and the transportation would induce intolerable stress.

As a result of these studies, our present plan is that the integration obtidedacrylic vessel will be
done in several steps:

a) the target vessel will be entirely built, annealed and checked for tighiehe manufacturers;

b) The chimney will be glued in the Daya Bay asssembly hall;
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c) the~-catcher vessel will be built without the top lid. It will be glued later in the DBgsy assembly
hall.

For the final step, air conditions in the integration hall have to be well condrdlaring the 24 hours
of the polymerization of the glue, the temperature has to be kept stable. Inayee Bay assembly hall,
the assembly will be handled with the ceiling crane and specifically developed The~-catcher vessel
will arrive mounted on a supporting structure used to minimize the deformatiwhshen rotated. The
target vessel then will be inserted infecatcher. After the on site cleaning of the vessels, the top lid of the
~-catcher and the chimney will be glued by technicians from the manufaciithien, they-catcher will
undergo final insertion in the buffer vessel (the phototubes will alrbadyartially mounted).

In Daya Bay all regions within the Buffer vessel have to be filled simultarigotike filling phase
generates constraints related to the differences in height of the liquidrding to mechanical simulations,
if we neglect density variations, the difference in acceptable height is30 ¢

5.2.3 Calibration ports

In addition to the central chimney port, the buffer vessel lid will have s#\&r6) ports, each 100—
200 mm diameter, to facilitate the deployment of radioactive calibration soarwkéight sources. These
ports will have gate valves to isolate the calibration devices when they aiie nge and facilitate their
removal. Around the side wall of the Buffer vessel there will be 32 pdirts-40 cm diameter for high
voltage, signal, and instrumentation cables.

The cables will be routed down to the bottom of the water pool and up the sids 0 minimize
interference with the water veto system. The cables may either be containigeén @r we will design a
fail-safe isolation connector to allow the cables to be in the water.

5.3 Liquid Scintillator
5.3.1 Introduction

Organic liquid scintillator is rich in hydrogen (free protons), which is ald@%b by weight. Gd is known
to have a very large neutron-capture cross section in two of its stable ésotep'>>Gd) = 61,400 barns
ando(157Gd) = 255000 barns. Ther of natural abundance Gd is 49,000 barns so that isotopic enrichment
of the Gd is not required. Furthermore, neutron-capture on Gd will leaanission ofy rays with a total
energy of about 8 MeV, that is much higher than the energies of thgs from natural radioactivity which
are normally below 3.5 MeV. Hence, organic liquid scintillator doped with a smadiiat of Gd is an ideal
antineutrino target and detector. Both Chooz [4] and Palo Verde [5] QsE€%6 Gd-doping that yielded a
capture time ofr ~28 us, about a factor of seven shorter than that on protons in undoped $iiuitillator
(7 ~180us). Backgrounds from random coincidence will thus be reduced bytarfof seven.

Extreme precaution must be exercised in preparing and using Gd-loadedslaintillator. For instance,
the radio-purity of the Gd compound and the aging of the scintillator has to ke tako account at the
beginning of an experiment. Fortunately, experience indicates that trsemes isan be resolved if proper
methods for synthesizing the Gd-loaded liquid scintillator are applied.

In order to keep the random coincidence rate per module below 50 Hzitii#lator should have con-
tamination levels fof?®U, 232Th, and*’K below 10-'3% in weight . Although this is achievable routinely
for normal liquid scintillator made of pseudocumene and mineral oil [6],iabeare is required for the Gd
compound since it usually contaifi¥Th at a level of about 0.1 ppm. For a loading level of 0.1% by weight,
the Gd compound has to be purified to a level of better thari®1g/g.

For a reactor neutrino experiment, Gd-LS must have a long light attenuatigth]egood light yield,
and be table for several years. One of the major challenges is how todpirt&the detector material.
Since a liquid scintillator detector is made of aromatic solvent, it is difficult to adgjaroc salts of Gd into
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the organic liquid scintillator. The only solution to this problem is to form comple&tesd with organic
ligands. The solubility of the Gd compounds can be dramatically changed.

In the periodic table, Gd belongs to a series of elements called lanthanidesr (lamg earth elements
(REE). Lanthanides are typically hard-acid element, which may form stalohplexes with those ligands
that possess hard donor atoms, such as oxygen and nitrogen. ledragdund that Gd complexes, with
some organophosphorus compounds and carboxylic acids. Sexeipdg of Ln-LS have been developed
based on the above three kinds of organic ligands. For example, GdApletsphate (Univ. Sheffield),
Yb-triisoamylphosphine oxide, Yb-dibutyl-butylphosphonate (LENS);e8d/lhexanoic acid (Palo Verde,
Univ. Sheffield, Bicron), Gd-methylvaleric acid (BNL), and Gd-acetgi@mne (Double-ChooZ, LENS).

Chooz and Palo Verde used different methods to produce their Gdidigpé scintillator. The Chooz
experiment, dissolved Gd(NQ» in the scintillator, resulting in a scintillator which aged at a rate of 0.4%
per day, where the aging rate is measured by the decrease of the attetaragth with time. The Palo Verde
experiment, on the other hand, used Gd{CtH,);CH(C,H5)CO,)3, yielding a scintillator which aged at
0.03% per day.

Based on the experience of the Palo Verde experiment, the concentratiedslintillator must be
mixed with the mineral oil and pseudocumene at the experimental site to avdttbaadidaging effects,
possibly caused by temperature and motion during transportation. The muinigneent, consisting of a
tank and stainless steel pipes, needs to be cleaned very carefully. Ateatixing procedure must be
followed to avoid local build-up of the Gd compound. The mixed liquid scintillatififve filtered to remove
extraneous particles which, if left behind, will scatter light and shorteattie@uation length. The Palo Verde
experiment has shown that the Gd compound will not be removed by theditiggifs exact amount in the
doped liquid scintillator can be measured by weighing during the synthesiegzor by a X-ray scattering
measurement [7].

Major R&D efforts on liquid scintillator are being carried out for this ConceptDesign Report at
BNL in the U.S. and IHEP in the PRC. It should be noted that while their geapm@oach is the same,
to prepare organo-Gd complexes that are soluble and stable in the LiScosghvent, the chemical details
of the two efforts at BNL and at IHEP do differ in significant respectprasent, such as purification
procedures, reliance on solvent-extraction procedures, and thedelantrol of pH. These differences do
not affect the general goals of this CDR and are acceptable at this &€&gé of development of the Daya
Bay sin? 26;3project. It is expected that further cooperative R&D by these groupsesitilve these issues.

5.3.2 Research with Gd-LS at IHEP

In the Daya Bay Project, Gd concentration of 1 g/L is needed in the LS te senthe target for
antineutrino capture. We began our research and development o5 8d2004 and the results so far are
promising.
5.3.2.1 Purification of Gadolinium

As already mentioned above, in order to keep the random coincidence belblz, the total level of
contaminations in the scintillator has to be extremely low. The most serious contamiisathe?32Th at
a level of about 0.1 ppm — see Table 5.4. To eliminate Thy@dpowder is dissolved in hydrochloric

acid and passed through a positive ion exchange resin column. Thisdbaree procedure is an extremely
effective method for removing thorium from Gd powder.

5.3.2.2 Preparation of Gadolinium Complexes

In our study, fourteen organic ligands including 4 organophosplisotompounds, 5 carboxylic acids,
and 45-diketones have been tested. Carboxylic acids seem to be the most suig@nlie tigands and three
of them are used for further study. Gd carboxylate can be synthesyzén following methods:
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Sample 28y 232Th 10K

(ppb) (Ppb) (ppb)
glass fiber || 250 + 50 | 760 + 220 56 + 13
paper fiber|| 110 & 30 <136 | 11.4+6.7
Gd,O4 <13 | 4404+ 32 <23
GdCk < 28 <95 < 5.1

Table 5.4. Radioactive impurities in @03 and fiber samples.

a. Carboxylic acids are neutralized by ammonium hydroxide and reacted>d(H in an appropriate
ratio. The precipitation is collected by filtration, then washed with distilled wanter daied.

b. Carboxylic acids are dissolved in scintillator solvent and mixed with a @ad@&ler solution. Then the
pH of the solution is then adjusted with ammonium hydroxide or sodium oxide. Thea@oxylate
is formed and can be extracted into scintillator solvent.

Both methods have been successfully applied.
5.3.2.3 Selection of Solvents

Pseudocumene (PC) and mesitylene are the most commonly used solverdd 8y @t they have two
drawbacks: low flash point (48) and corrosiveness to the acrylic tank. To solve these problems, a enixtur
of PC with dodecane or mineral oil has been a starting material for deteigenlinear alkyl benzene
(LAB), is a better choice as a Gd-LS solvent. LAB has higher light yieldh iigsh point (130 C), much
lower price, and is compatible with acrylic. An unpurified LAB sample obtaimechfFushun Petroleum
Chemical, Inc. has an attenuation length longer than 30 m, and it can beitesgty s the required solvent.

5.3.2.4 Preparation of Gd-LS

The Gd content in Gd-Carboxylate is determined by the colorimetric methodissalvied in a scin-
tillator base which contains a primary fluorescent additive and a spectrifitarsThe final concentration
of the solutes includes Gd 1 g/L, PPO 5 g/L, and bis-MSB 10 mg/L. The liquid isgherped through a
0.22 um filter and bubbled with nitrogen for the removal of oxygen.

5.3.2.5 Characterization of Gd-LS

The two main considerations for the quality of Gd-LS are attenuation lengthginid/ield. Table 5.5
lists the light yield relative to anthracene crystal for several LS samplescali see that the gadolinium
loading has very little effect on the light yield.

The long-term stability of the scintillators developed for Daya Bay has begsstigated by means
of spectrophotometric techniques. The transmission of a collimated light beaogth10 cm of material
is routinely measured with a Pgeneral TU1901 UV-Vis spectrophotometipay great attention to the
chemical evolution of the scintillator leading to an increase in the absorhiemcyhe optical degradation.

Spectrophotometric measurements can be used not only to monitor the reltethges of the trans-
mission of a sample (glass cell), but also to determine the absolute wavelaqgtheldnt attenuation length
(quartz cell). For the latter case, the effect of the light losses due teatiefie at the air-quartz-liquid and
liquid-quartz-air interfaces must be corrected, and the tiny absorptiomtfie quartz windows must also be
corrected in order to improve the accuracy of this absolute measurememie geyo the instrument with
the response of the cell filled with cyclohexane, because cyclohexare $imilar refractive index as liquid
scintillator.
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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-ethylhexanoic acid 2:8 PC:LAB 0.538
2.0 PPO bis-MSB| Gd-ethylhexanoic acid 2:8 PC:LAB 0.528
1.5 PPO bis-MSB| Gd-isononanoic acid LAB 0.492
2.0 PPO bis-MSB| Gd-isononanoic acid LAB 0.478

Table 5.5. Light yield relative to anthracene crystal for several Gaa®Bples. M:
Mesitylene, D: dodecane, LAB: linear alkyl benzene

Figure 5.12 shows the long term stability of absorptions at 430 nm of fotlk&sbmples. In all samples

Fig. 5.12. Long-term Stability Test: 2 g/L Gd-LS as a Function of Time.

we used the same amount of fluors, 5 g/L PPO and 10 mg/L bis-MSB. Themtaton of Gd, ligand and
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A. 2 g/L Gd, isononanoic acid as ligand, 4: 6 Mesitylene/dodecane;

B. 2 g/L Gd, ethylhexanoic acid as ligand, 2: 8 Mesitylene/dodecane;

C. 2 g/L Gd, isononanoic acid as ligand, LAB;

D. 2 g/L Gd, 2:8 ethylhexanoic acid as ligand, 2: 8 Mesitylene/LAB;

The results show that the variation of the absorption within four months féoallsamples are very
small. The attenuation lengths of samples C and D are longer than 10 m. We wiitiiamaur quality control
program of long-term stability for more than 1 year. Long-term stability testin@d-LS samples will be
continued for at least 1 year. We will synthesize 650 L of 1 g/L Gd-LS esntuct tests in a prototype

detector which has been built at IHEP.
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5.3.3 Research with Metal-Loaded LS, M-LS, at BNL

The Solar-Neutrino/Nuclear-Chemistry Group in the BNL Chemistry Depaittimas been involved,
since 2000, in R&D of chemical techniques for synthesizing and chaiaogeorganic liquid scintillators
loaded with metallic elements, M-LS. Much of that early work was done in calidlom with R. S. Ragha-
van at Bell Labs (now at Virginia Tech University), with the goal of depéng a proposed new low-energy
solar-neutrino detector, LENS/Sol [8]. In that experiment, concenirsitdd M ~10% by weight are needed
in the LS to serve as targets for neutrino capture. We had excellent regssitathesizing M-LS with the
chemical elements that we focused on for LENS, ytterbiun?tYion) and especially indium (f1 ion). It
was immediately clear to us that it should be relatively straightforward to extersd chemical results to
the new reactor antineutrino experiments, with the goal of preparing GaittSonic Gt at the much
lower concentrations required for neutron detectie,1%, a factor~1/100 of the In-LS concentrations.
Because of the relevance of this earlier R&D to the present CDR, we disoumse of our results here for
M3+, where M primarily is In.

Key characteristics of the M-LS that are required for neutrino detectm(ed high optical transparency,
(b) high photon production by the scintillator, (c) ultra-low impurity content, tyaifithe natural radioac-
tive contaminants, such as U, Th, Ra, K, and Rn, and (d) long-term chkstédbility. It is necessary to avoid
any chemical decomposition, hydrolysis, formation of colloids, or polymgoizawhich can lead over time
in the LS to development of color, cloudy suspensions, or formation ofoggdeecipitates, all of which can
degrade the optical properties of the LS.

5.3.3.1 Results for M-LS

Loading M into an organic LS solvent requires a complexing ligand to forrmrganometallic com-
plex that is soluble in the organic solvent. Based on our experiencaakevganic complexing agents are
appropriate, for example (i) carboxylic acids (R-COOH) that can bérakzed with inorganic bases such
as NH;OH to form carboxylate anions that can then complex the hn, (ii) organic phosphorus-oxygen
compounds, "R-P-0”, such as tributyl phosphate (TBP), or trioctgispihine oxide (TOPOQ), that can form
complexes with neutral inorganic species such asjyi&id (iii) organic diketones, such as acetyl acetonate.
At BNL, compounds from groups (i) and (ii) were candidates for testiog@sed chemical procedures [12].

We began by working with the R-P-O compounds. The extraction of M is#&fés but the attenuation
length is only~few meters and the final M-LS was not stable for more than a few months.e@nhbr hand,
the carboxylic acids form organo-metal carboxylate complexes that edmabled into the LS with more
than 95% efficiency using solvent-solvent extraction. Moreover thegosgtic acids are preferable because
they are produced in large quantity for industrial applications, less sigerand easier to dispose of as
chemical waste, compared to the phosphorus-containing compoundsndiple, the chemical reactions
are (a) neutralization, RCOOH + N®H — RCOO~ + NH, + H,O in the aqueous phase, followed by (b)
complex formation, M+ + 3BRCOO" — M(RCOOY}, which is soluble in the organic LS. These reactions
are very sensitive to pH: the neutralization step to form the RC@€pends on the acidity of the aqueous
solution, and hydrolysis of the # can compete with formation of the M(RCOQ¢omplex, producing
M(OH)?+, M(OH), ™, M(OH)3, and more complicated species .

We studied a range of liquid carboxylic acids with alkyl chains containingféoto 8 carbons. Car-
boxylic acids are normally present as dimers in the liquid. Their chemical caatme of the metal depends
on the length of carbon chains; the longer the carbon chain, the momgi@ite the carboxylic acid. Thus
it's no surprise to find that acetic acid (C2) and propionic acid (C3) havglew efficiencies for extraction
of M into the organic phase. Isobutyl acid (C4) and isovaleric acid (©#) bave unpleasant odors and
require chelating ligands, such as TBPO or TOPO, to achieve high extradfioiencies for M. On the
other hand, carboxylic acids containing more than 7 carbons are diffichiindle because of their high
viscosity; also as the number of carbon atoms increases in the carboxyfaptex, the relative concen-
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tration by weight of M decreases. The best complexant that we havel fraudate is the C6 compound,
2-methylvaleric acid, €H;; COOH or "THMVA”.

Several instrumental and chemical analytical techniques have beerauB®ilL to guide us in op-
timizing the synthesis procedures for M-LS. Among these, besides the regsnis of light yield and
optical attenuation length to be described below, are measurements in thehesamincentrations of: (1)
M3+ by spectrophotometry, (2) the total carboxylic acid, R-COOH, by acgkigrations, (3) the uncom-
plexed R-COOH by IR spectroscopy, (4) the different organo-M dergs in the organic liquid by IR
spectroscopy, (5) the 40 by Karl-Fischer titration, and (6) the NHand CI by electrochemistry with
specific ion-sensitive electrodes. These measurements produceidteeesting results that indicated that
the chemistry of the M-LS is more varied and complicated than what is expeotedtie simple chemical
reactions (a) and (b) listed above. For example, with HMVA and MV#ve determined that in the M-LS:
(A) For pH<6.7, the concentration ratio MVAM?3+ £ 3.0 as expected, but = 2.560.10. (B) Hydrolysis
occurs, even at low pH values between 3.7—6.7, where the ratio/l@# = 0.5. We also found that the
OH™ content increases further as the pH is increased. Thus, the conslfisionour experiments, obtained
mainly with In, are that the M molecular complex in the LS is not simply M(MyAjut contains some OH
as well, and that the form of this complex changes with changing pH. So tegagh our long-term studies
consistently show that the M-LS is chemically stable for periodsyear, there is the lingering concern
that hydrolysis reactions might occur over long times in the LS and possilaljtdeéasoluble hydroxides or
organic polymers.

5.3.3.2 Extension of the BNL Procedures to Gd-LS

Itis not obvious if these same concerns apply to our preparations &fSGdince the Gd concentration
in the LS is much less than the In concentration, and the hydrolysis consiahits'f and Gd+ are different.
While we continue to study chemical speciation of the Gd-organo complexestasf our R&D program,
the results for the BNL Gd-LS, discussed below, indicate that it is stableameeptably long time periods.
However, the message for Gd-LS synthesis is clear: careful attentiometoical details, especially pH
control, is crucial, as is long-term monitoring of the Gd-LS.

Our extensive laboratory R&D with M-LS has led to well-defined proceslémethe synthesis of high-
quality Gd-LS by solvent-solvent extraction in a simplified, consistent apbdeicible way. Careful pH
control is a key aspect of this approach, as is purification of all of thiérejachemicals prior to the synthesis
steps. Liters of metal-loaded scintillator can be synthesized in a few steps witamhours. Note that we
use high purity reagents in all of the synthesis steps, e.g., 18-Meg-QlmNH,OH, and HCI.

5.3.3.3 Selection of LS Solvents

Several aromatic (organic compounds based on benzene) scintillation Ngelidstudied to test their
applicability for M-LS. (1) Pseudocumene (PC), or 1,2,4-trimethylbenbasebeen used in previous neu-
trino experiments. Its drawbacks are its low flash point and high chemiaelivity, which impose extra
safety concerns. (2) Phenylcyclohexane (PCH) has a lower rispctbmpared to PC, but only half of the
light yield. (3) Both di-isopropylnaphthalene (DIN) and 1-phenyl-lykethane (PXE) have absorption
bands in the UV region below 450-nm that cannot be removed by ourgatiifn processes. (4) Linear
alkylbenzene, LAB [9] is composed of a linear alkyl chain of 10-13 easbattached to a benzene ring,
and has a light yield comparable to PC. It is claimed by the manufacturers iodegbadable. LAB has a
high flash point, which significantly reduces the safety concerns. (5¢idimil (MO) and dodecane (DD)
both have very good light transmission in the UV-visible region between 88G&0 nm, so that no further
purification is required. They produce little or no scintillating light. It has begorted that mixtures of PC
+ mineral oil will not attack acrylic. At BNL we have selected PC and LABwad as mixtures of PC with
dodecane and of LAB with PC, as the scintillation liquids for loading Gd.
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The chemical properties and physical performance of these scintillatieenss, plus mineral oil and
dodecane, are summarized in the Table 5.6.

LS Gd Load Density | abssy | Purification| Relative Flash Point
into LS (glcn?) Method | Light Yield
PC Yes 0.889 | 0.002 | Distillation 1 48°C
PCH Yes 0.95 | 0.001| Column 0.46 9rC
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 5.6. Properties of Selected Liquid Scintillators

5.3.3.4 Purification of Individual Components for Gd-LS

Most of the purification steps that we have developed are applied baforeluring the synthesis of
the Gd-LS [13]. Chemical separation schemes that would be used aft&dthé& has been synthesized
are unsuitable because they would likely remove some of the Gd as well asiraitganic impurities.
Purging with nitrogen gas to remove radon from the Gd-LS could also gaaddems by changing the
concentrations of the volatile organic components in the LS.

The removal of non-radioactive chemical impurities can increase thentrssisn of the light in the
LS, and enhance the long-term stability of the Gd-LS. Our investigationgifthat some impurities could
induce slow chemical reactions that gradually reduce the transparéticy Gd-LS. We have developed
chemical purification steps to use prior to or during the synthesis phgséhélpurification of chemical
ingredients in the aqueous phase, such as ammonium hydroxide and amnoaniorylate, is done by
solvent extraction with toluene mixed with TBPO. (2) The low-volatility solventB.As purified by ab-
sorption on a column of activated ADs. (3) The high-volatility liquids, such as the carboxylic acids and
PC, are purified by temperature-dependent vacuum distillatish@04 bar. For the organic solvents, it is
expected that vacuum distillation will also remove any radioisotopic impuritielsidimg radon. Figure 5.13

and Figure 5.14

compare the optical spectra before and after the purification steps..Egysbows the effects of the
activated A}O3 column on the optical spectra of LAB. Fig. 5.14 shows the results of vadistifiation
for PC, and shows as well the spectrum of the yellowish high-boiling impuriyrdmains at the end of the
distillation process.

Two methods, cation exchange and solvent extraction, are being catsite the purification of ra-
dioactive impurities, mainly U and Th chains, associated witA'G@he contents of the radioactive im-
purities in the 99% and 99.999% Gd@@H-,0O solids that we used as starting materials were measured by
low-level counting at BNL and at the New York State Department of Healthfannd to be less than the
detectable limits (10° g/g). More sophisticated radioactivity measurement steps will have to ledoped
to quantify these radioactive species at concentrations of21§/g in the 0.1% Gd-LS (implying impurity
levels in the original inorganic Gd material of 10g/g).

Another important issue we are beginning to study is the chemical compatibility vdtm#terial of
the detector vessel of the organic Gd-LS and of the unloaded LS thatevilisbd in the buffer region.
Acrylic is known from SNO R&D to be attacked by many chemical liquids. Nylaused in transparent
thin-walled balloons in Borexino [10] and in KamLAND [11], is known to baistant to PC and mineral
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Fig. 5.13. UV-visible spectra of LAB before and after purification
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Fig. 5.14. UV-visible spectra of PC before and after purification pluslvesfraction

oil, but thick-walled nylon is opaque to light. Another aspect of this problesh should be realized is that
chemical attack of the vessel by the LS will introduce unwanted impuritieghtcgs well as inorganic,
from the vessel into the liquid and may adversely affect the LS properties.

5.3.3.5 Long-Term Stability, Attenuation Length and Light Yield of Gd-L S

In 2004, we began R&D to apply our procedures for M-LS to the prejperaf Gd-LS. We were suc-
cessful in showing that it is rather straightforward to use our methodgainodxcellent Gd-LS in the range
of 0.1-0.2% Gd. To date, we have prepared many hundreds of M-LSlesaninere are two approaches
for preparing batches of the Gd-LS: (i) synthesizing each batch atetieed final Gd concentration, 0.1—
0.2%, or (ii) synthesizing more concentrated batched4-2% Gd, and then diluting with the organic LS
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by a factor>10 to the desired concentration. The two approaches are not identicategititd to possible
long-term effects such as hydrolysis, polymerization, and effects oprtiperties of the final Gd-LS. We
prefer approach (ii), because it simplifies the logistics of preparing amdiorting very large volumes of
Gd-LS.

We periodically monitor the long-term stability of our Gd-LS preparations in @”Quality control,
program, by measuring the light absorbance and the light yield. Sampitashissame synthesis batch are
sealed respectively in 10-cm cylindrical optical glass cells (that arediorthe dark) for UV absorption
measurements, and in scintillation vials for light yield measurements. Monitorind\hesorption spec-
trum as a function of time gives a more direct indication of chemical stability tioas the light yield. In
Figure 5.15,
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Fig. 5.15. the UV absorption values at 430 nm as a function of time

the UV absorption values for wavelength = 430 nm (in the UV spectrometeplatted as a function
of time, until May 2006, for different concentrations of Gd from 0.2% td%4.By weight in a variety of
solvent systems — pure PC, mixtures of PC and dodecane at differagittypercents, and pure LAB. The
figure shows that, since synthesis, samples of: (a) the 1.2% and 0.2%iofgede PC have so far been
stable for more than 1.5 and 1 years, respectively; (b) the 0.2% of Gd mittiere of 20% PC and 80%
dodecane has so far been stable for more than a year; and (c) thédyreeeloped 0.2% of Gd in pure
LAB has been stable so far for approximately 6 months.

The optical attenuation lengtt is extrapolated from our UV absorption data. It is defined as the
distance at which the light transmitted through the sample has its intensity redugecf the initial value:
L =0.434 d/a, where is the absorbance of light at wavelength measured in an optical cell dhldnjlote
that for d = 10 cm, a value af = 0.004 translates into an attenuation lengthl1l m. We have developed
two techniques to obtaih of Gd-LS: (1) The optical transmission spectrum is scanned by our Bk
Spectrophotometer from 350—-700 nm, using the 10-cm optical cell th&hiosr85 mL of solution. The
equivalent attenuation length is calculated with the above equation from tiseiredabsorbance at 430 nm.
(2) It is difficult to extract accurate optical attenuation lengths from tlsbeet pathlength measurements
because the values are close to zero. Measurements over much longer pathlengtieseded. We have
constructed a system with 1-meter-pathlength, horizontally aligned quagzhabholds~350 mL of Gd-
LS. The source of light is a He-Cd, blue laser with= 442 nm. The detectors are two photodiodes. The
light beam is split into two beams. 80% of the light is passed through the 1-nctartieining the Gd-LS
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and arrives at one photodiode. 20% of the light passes through &iflegiri0-cm cell and reaches the
other photodiode to measure the fluctuations of the laser intensity, withoumt@ngctions in liquid. Both
diode outputs are recorded in a Lock-In Amplifier. Use of this dual-beasr lsystem with 1-m pathlength
confirmed the values of the attenuation length extrapolated from the meastsenith the 10-cm cell in the
UV Spectrometer. For 0.2% Gd in a 20% PC + 80% dodecane mixture withots,fithe 1-m measurement
gave 99.54% transmission, corresponding to attenuation les2@m. This agreed with the value21.7 m
that was extrapolated from the measuaed).002 in the 10-cm cell.

The light production (S%) of the Gd-LS is also measured at BNL. A scintillatiahcontaining ten
mL of Gd-LS plus the wavelength-shifting fluors, butyl-PBD (3 g/L) and BIiSB (15 mg/L), is used for
measurement of the photon production. The counting system including tfiei®®nclosed in a brass
container with 3.8-cm thick walls to block out the surrounding radioactivekdpaund. We determine the
light yield from the Compton-scattering spectrum produced by an exte¥i@$~-ray source that irradiates
the sample, and express its value as S%, relative to a value of 100% ®P@uwith no Gd loading.
Measured light yields, relative to PC, are respectively 55% for 0.1% &% PC + 80% dodecane, and
95% for 95% LAB + 5% PC. LAB has a photon efficiency that is very similar@ P

5.3.3.6 Comparisons of BNL Gd-LS with Commercial Gd-LS

We have compared a sample of commercially available Gd-LS, purchasedfooon, BC-521, con-
taining 1% Gd in pure PC, with a BNL Gd-LS sample containing 1.2% Gd. We noteBtheb21 is the
concentrated Gd-doped scintillator with organic complexing agent in PC thatuged in the Palo Verde
reactor experiment after it was diluted to 40% PC + 60% mineral oil. The lighdsief the respective
BNL and Bicron samples were found to be comparable, 82% vs. 85%, meeasured at BNL relative to
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 value ¢,4.0 m for its sample. This sigmififference 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 beingviedian our QC program.
No perceptible worsening of the optical properties of these samples leasabserved over periods of
1.5 and 1 years, respectively. Note that Bicron simply characterizegahiitg of its BC-521 as being
"long term”. Our results support the claim of the Palo Verde collaborationtkiear Gd-LS showed some
degradation during its initial period of use and then stabilized.

5.3.3.7 Future R&D at BNL, in Preparation for Scale-Up to Full-Scale Poduction of Gd-LS

Tasks that we have begun or will undertake in the next several momtlas #ollows: (1) to continue our
QC program of long-term stability of different Gd-LS preparations;t{iletermine the quality, quantity,
and types of fluors required to add to the Gd-LS to optimize photon produatiddight attenuation; (3)
to develop an optical system with variable vertical pathlengths up2aen to measure optical attenuation
and scattering lengths over a range of wavelengths; (4) to build a clgs#itesis system that eliminates
exposure of the Gd-LS to air; (5) to scale our chemical procedurésderS synthesis up from the current
lab-bench scale to volumes of several hundred liters, for prototypetdetaodule studies, and as a prelude
to industrial-scale production on the level of 160 tons; (6) to automate matmgsé chemical procedures,
which are currently done by hand; (7) to use standardized ASTM-tygbe tie study the chemical compati-
bility of the LS with the materials that will be used to construct the detector vesgel acrylic; (8) to find
methods to measure accurately, with high precision, the concentration @ftiband Gd/H, and the H and
C concentrations.

When we scale up to production 8200 tons of Gd-LS for the full-size experiment, it is conceivable
that industrial cooperation may well be required in China and in the US. Afjdhature, it will be very
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important to have written acceptance specifications and a quality contmpiaonofully developed and in
place, including analyses and measurements, to apply to materials that wilpjpleeduby vendors, e.g.,
pure solvents, the starting materials for the Gd-LS syntheses, or even coialimenanufactured Gd-LS.

We are also starting to explore the methods of transportation and stordgegguantities of LS. The
20-ft. x 8-ft. ISO tank, as proposed by the NOVA project, is a shippingainer approved for international
shipments, which conforms to the standards set by the International Btar@iganization. The tank has a
shell made of stainless steel, holds 6,341 gallons of liquid, and has interioettatue control. Each tank
can be leased at a fethiousands dollars per year. This option represents an ideal solution for delivering
(and storing) hundreds of tons of liquid if transported from the US to theaBay reactor site.

5.3.3.8 A Planned Prototype Study of BNL Gd-LS

We are preparing ,with colleagues from Hong Kong and LBNL, to do a prpéostudy of 0.1% Gd-LS
in the underground laboratory at the Aberdeen Tunnel in Hong Kana satellite project for the Daya Bay
13 experiment. Concentrated, 1%, Gd-LS will be synthesized at BNL#sbguently diluted to 0.1% with
unloaded LS at the University of Hong Kong (HKU). Both the Gd-LS areluhloaded liquid scintillator
will be shipped from BNL to HKU, where they will be mixed to produce the fiGdl% Gd-LS prior to
transport to the Aberdeen Tunnel. To dilute the 1% Gd-LS in batchesb0fL, we will either construct
a stainless steel tank with inner liner and requisite plumbing, or purchasememial Jacketed Reactor
System (from Chemglass Co.). The total volume for this prototype study will®eons of 0.1% Gd-LS.

To determine if the properties of the Gd-loaded LS will be affected by t@teion overseas from the
US to the PRC, a series of tests, with the same samples of Gd-LS and unldadeddh~100g, will be
performed at BNL before, and at HKU after, shipping. The opticapprties and light yields of the Gd-
loaded and unloaded LS will be measured both at BNL and HKU and coahpasearch for evidence of
sample degradation.

5.3.3.9 Summary of R&D at BNL

After extensive syntheses and testing of many hundreds of samples; aovsistent procedure has
been established at BNL for preparing 0.1-0.2% Gd-loaded liquid scintit@toe used in reactor neutrino
experiments [14]. The distinguishing characteristics for 0.2% Gd-LS>&®8% Gd chemical extraction
efficiency,>15m attenuation length;95% light yield relative to 100% PC, and long-term chemical stability,
>1.5 years to date. The QC monitoring of chemical stability will continue to be anraitegrt of our
program.

5.3.4 Mass production of the liquid scintillator
5.3.4.1 Material and compatibility

All eight inner volumes, one in each detector module which include taygedtcher and buffer, are in
contact with acrylic vessels, therefore the material compatibility of the régpdirjuids with the acrylic
used in the experiment is crucial. The compatibility of several PXE/dodetexteres and of LAB Gd-
carboxylate-scintillator versions with acrylic has been tested. That the GARarboxylate-scintillator
seems to be the best sufficient material compatibility and scintillator light yield éers tonfirmed.

There are also other materials in contact with the scintillator during the measuréiree calibration
system), handling and purification. Steel surfaces should be avoidatiddarget scintillator, which is
expected to be reactive in contact with steel and the stability of the scintillatdseeaompromised. In the
production and synthesis of the Gd-scintillator for the prototype, only FHAE, PP, PE and glass was
used. Only such materials should be used for the final Daya Bay systemedl as

The central detector will need 200 tons of 1-2 g/L Gd loaded liquid scintillatbich is essentially
an industrial production scale. We have found a high quality LAB suppiidrtheir product can be used
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without further purification. Production of enough quantity of Gd-cagtiate and making the solution at the
required concentration are critical. We plan to cooperate with a chemicatplearry out the job, including
the purification of the carboxylic acid.

5.3.4.2 Mixing

A 150 L liquid scintillator mixing container has been finished and will be usegfeparation of LS.
This mixing container inner face was coated by PTFE to avoid affecting ting a§ the Gd-loaded liquid
scintillator; it is shown in Fig. 5.16.

Fig. 5.16. Liquid scintillator mixing container prototype.

When we begin mass production, we plan to synthesize solid Gd-carboxyR&gjiimg and transport
it to Daya Bay. Gd-LS will be blended in Shenzhen, about 30 km away Paya Bay.

We will prepare two large mixing containers® m? each), one is for the Gd-loaded liquid scintillator,
the other for the non-Gd liquid scintillator. It is planned to purify and mix thet8lzitor at a hall near the
port of the tunnel. At that time these two mixing containers will work at the same tivilieen mixing the
liquid scintillator, the liquid is flushed with Nfor 4 hours in order to purge oxygen, which is a potential
danger in regard to the chemical stability of the scintillator.

5.3.4.3 Fluid handling and Purification

There will be scintillator fluid systems on-site in the reactor area. All mixing amdigation of the
needed liquids will be done on-site. It is expected that a sufficient staegn is available for all detector
liquids. All eight inner volumes have to be filled simultaneously.

Since the antineutrino targets are free protons in the Gd-loaded scintill&exent rate is proportional
to the total mass of free protons in the target volume. The systematic erra e¥émt rate is controlled by
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the accuracy of the information on the relative total masses of the cenlinat@s of all detector modules, as
well as by the ability in filling the modules from a common batch of scintillator liquid sottreaH/C ratio is
the same for all modules. Satisfying the second criterion above allows tleetaimty in the H/C ratio to be
cancelled out between the near and far detectors. We plan to fill eacHeriomia a common stainless steel
tank maintained at a constant temperature. We will measure the fluid volumepusimgim grade precision
flowmeters with a repeatability of 0.02%. Several flowmeters will be connewtedries for redundancy.
Residual topping off of the detector module to a specified level is measutedhs flowmeters as well.
This involves only about 20 kg since the volume is known by design and mezh$or verification. We
conservatively assign an error of 0.2% on the target mass based dostiieta calibration of the flowmeters.
The liquid handling system for the target scintillator has to be made exclusiuelgf "Teflon-like”

material. It can be used for loading, unloading, altering, mixing, storagknédrogen purging of liquids.
After its preparation, the Gd-scintillator will be transported in dedicated tamkise far and near detector
sites. The procedure for handling thecatcher will be similar. The volume of the-catcher fits into one
typical ISO-container.

5.4 PMT'’s and Support structure
5.4.1 Central Detector PMT Requirements

According the goal and design of the Daya Bay experiment, light pratindée liquid scintillator of far
and near targets will be detected by 8 identical photomultiplier (PMT) systelnesn@imber of phototubes
(256 per detector) and geometrical arrangements of the 8 detectotd bedhe same .

The requirements for the central detector PMT's are being developedaavritputer simulations of the
Daya Bay apparatus, and experience gained from past neutrindregpés, from test-stand studies, and
with prototypes of the Daya Bay detector. The specifications will quantifyrtiménum quantum efficiency
(as a function of wavelength) and gain, as well as maximum probability &rgd after-pulsing, insensitiv-
ity to external magnetic fields, mechanical strength, single photon resgangecathode uniformity, pulse
linearity, dark pulse rate, and anode efficiency. The maximum amount @éithouranium, and potassium
within the phototube will also be specified.

However, the previously mentioned criteria are very crude, and wetbdweve detailed specifications.
We discuss below the parameters of the PMT system that are used in the desig

These parameters are either from the baseline configuration or spégified PMT manufacturers, or
from the measurement we have made with the samples of phototubes proyithedrbanufacturers.

The 8 inch diameter PMT represents an optimal ratio of glass weight to pliotoleaarea (active
photo cathode diameter 190 mm and mass of the phototll®0g). The total number of PMT's is 256
per detector module. On each cylindrical surface there are 8 rings B\VB2s each. The PMT's will be
installed in the detector with their axis tilted to the center of the target. For non-tiNEics h the central
plane, the distance from the PMT apex to the back of the supporting walDim&2 From the experience of
earlier experiments, we expect that the possible losses of PMT in the detdtte less than 1%. The key
to low PMT mortality rate is to have a comprehensive testing program duringvfiamstallation. The total
number of PMT's should be large enough so as to maintain a constantraityfavithin a < 1% accuracy
throughout the detector. The total number of PMT'’s to be acquired 288, including 10% spares. For the
mechanical support of the PMT’s we plan to use the light-weight mountinglojeed by IHEP. During the
installation PMT’s will be mounted one-by-one on the walls of the stainlesslstffel vessel. Construction
materials for the supporting structure (stainless steel and acrylic) willlhese radioassayed to assure that
they produce a negligible contribution to the detector single counting rate.

Positive supply voltage at the PMT anode can minimize the dark current amiisttharge rate. Double
cable will be used to supply the high voltage and signal readout. This minimeegsahnd loop noise from
the high voltage cable. Low-current PMT voltage dividers (0.1 mA at tineinal voltage) minimize power
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dissipation in the detector. 20—30 m long oil-resistant HV cables and 50sigmmal cables sealed in the
PMT base with HV and signal connector at the outer end will be used. FREE gesistance to the buffer
oil (dodecane) has been tested for Hamamatsu and ETL tubes, with nbfeffan equivalent-10 years of
operation.

The dark rate can be higher for tubes immersed in the mineral oil to look ajedaimtillator volume.
Assuming that the dark rate does not scale with the detector volume and #rageybut only with the
PMT photocathode area, we can conservatively estimate the aver&gaiggper phototube at the level of
~10,000-12,000 Hz.

5.4.2 PMT Candidates

For the PMT acquisition we will contact the major PMT manufacturers, includemmamatsu in Japan,
Electron Tubes Limited in England, Photonis in France and other compaihiese @re currently two can-
didate photomultiplier tubes for use in the central detector, the Hamamatsu B681RBe Electron Tubes
9354KB. Both are 2 PMT’s with a 190 mm wide photocathode and peak wavelength sensitivity near
400 nm. They are similar in design and construction. However, the R5&1dynodes while the 9354KB
has 12. The Hamamatsu R5912 is an improved version over the R1408,wdsaised by SNO. The R5912
is used by MILAGRO and AMANDA, while ICECUBE, KamLAND and Superi&e either 10" or 20"
Hamamatsu tubes. The Electron Tubes 9354KB has been selected by Dtwloiz. Both PMT’s will be
extensively tested.

The manufacturers will be asked to integrate potted bases and oil-resistdes into the construction
of the deliverable products. We would enlist their help in the R&D effortirgaon construction time, and
guaranteeing more robust operation of the tubes. Also we plan to speeityfk of the voltage divider
optimized by us for Daya Bay operation, which the manufacturer will buildhffogh radiopurity com-
ponents and seal in the PMT/base assembly. The final decision on thgoseté@ specific manufacturer
will be made after verifying the compliance with the required level of raditypuidetailed performance
comparisons, and price.

5.4.3 PMT's arrangements

The 228 PMT's in a central detector module will be arranged to 8 ringseanH ring consists of 32
PMT’s. Two adjacent 16-HV cables can be exported by one cablegmattwo adjacent 16-signal cables are
exported by another cable port. This exportation method is easy to berahdifeadout by electric system
for each port consist of fewer cables.

5.4.4 Support structure

The PMT’s mechanical support system adopts a tripod structure whidgtectly fixed on the stainless
vessel wall. A tripod is stable and convenient for adjusting the orientaticthe ®MT’s. Figure 5.17 shows
the PMT’s mechanical support structure.

The structure that supports the PMT's is at the top of the legs. The orientattithe PMT can be
adjusted by varying the lengths of the three legs. This structure is lightamthe& made with radio-pure
materials. The PMT circular grip can be firmly adjusted during the assembly slugiport structure. It can
provide reliable suopport of the phototube in all possible positions relttitlee direction of the buoyant
force. The assembly of PMT's and mechanical structures will be caou¢dn a clean room next to the
characterization/acceptance tests at the Daya Bay site, not far froragpective detectors. The PMT's,
cables, and all mechanical parts will be cleaned with alcohol prior andtaeassembly. The PMT grip
ring will also tightened with a torque controlled tools and the whole assemblydsieatehermetic plastic
bag. Sealed assemblies will be stored and later transported to the detedirisiséallation. Sealing bags
will be removed inside the clean area of the detector. Assembly productiogoniiil parallel and somewhat
in advance, with the PMT installation in the detector.
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Fig. 5.17. The PMT’s mechanical support structure.

5.4.5 Testing and Validation

We believe that the key to reliable and lasting operation of the large PMT systgm is in the com-
prehensive tests conducted prior to installation and commissioning of thetplb@so Several levels of tests
are planed to be performed at different locations and times.

First, we will ask manufacturers to provide us with certificates of acceptar@@asurements made at the
factory. The measurements typically include: cathode and anode luminasig\sty, cathode blue sensi-
tivity, anode dark current and dark counting rate, supply voltage withiraaf 10, peak-to-valley ratio for
single photoelectron and transit time spread. Furthermore, tests will be mdagrong-in time of at least
24 hours for each phototube, at a voltage which can provide a gainiof .

This will be followed by measurements of major performance parametersbfpdetotube. The per-
formance parameters will include: single photoelectron peak vs. highgeolthark rate vs. high-voltage,
photocathode quantum efficiency relative to the reference, s.p.drispeat the nominal gain of f0and
peak-to-valley ratio, measurement of linearity at nominal gain 6f d@asurement of transition time spread
at the nominal gain of 10 pedestal noise RMS when viewing the PMT signals with an oscilloscope.

The purpose of the characterization/acceptance test is to obtain a séivafual parameters for each
tube, such as operating voltage at the nominal gain, the slope of gain kisvditgge, s.p.e. spectrum dark
rate, transition time spread, and linearity, which will be included to the datatbabaracterize the detector
performance. This data can be later used in the analysis and/or in detewitat®n. Furthermore, in a first
stage of the experiment, we will need to put PMT’s into groups, each guithgsimilar sets of high-voltage
parameters, since four or eight tubes in a group will share a common gopely channel.

Selective acceptance radiopurity tests will be made: 1-2 randomly selebesiftom each monthly
delivery batch will be assayed for radiopurity, in hon-destructive téistee K, Th, or U content exceeds
the specified level of contaminations, 10 other randomly selected tubesHfeosame batch will be radioas-
sayed. If more than 3 out of 10 PMT's exceed the specified contaminatieh tee whole batch will be
returned to the manufacturer.

The newly installed PMT’s will be tested daily one-by-one for functionalitgd &aorrect cable num-
bering to the position assignment. The final test with an LED in the central positithe detector, at the
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normal PMT voltages, will be performed upon the installation of all PMT’s indbtector and before the
installation of the central acrylic vessels. For this test all PMT’s will be eoted to the HV distribution
system and tested one-by-one with a dedicated DAQ station to verify thédnality of each channel and
the correspondence between the HV channel number and the signat. @#py functionalilty tests during
the installation will be performed by the members of installation crew.

Testing and validation of the PMT’s will be conducted using a custom testsfam LED will be
pulsed to simulate scintillation light. The light will be collected within optical fibers madsported to the
PMT. This setup allows us to adjust the intensity and position (on the photaiggtbbthe light reaching
the phototube. Central detector electronics and a DAQ code will be usezhdout the test-stand. Both
the front-end module and the trigger card are 9U VME boards that arendd@eep. The VME crate is a
VME 9U crate with a VIPA (VME64xP) back plane supporting CBLT (Chaigock Transfer). The crate
controller is a Motorola MVME 5100 series. PMT validation will consist of thkdwing tests:

o Quantum Efficiency (QE) is to be measured using a calibrated light soltfteptical bandpass filters
with values between 300 and 500 nm. The relative QE of the PMT photoathitide measured by
looking at the mean pulse height of the PMT anode signals taken from sgs@mnts, normalized to
the signals taken from the central part of the photocathode, using almrsen LED system coupled
to the PMT with a 1 mm clear optical fiber.

o The gain will be measured using either single photoelectrons, or a photostatisticod in combina-
tion with a flashing LED (300-500 nm) and a variable neutral density filter.

o Adual pulsed green LED system utilizing a variable neutral density filter will§ed to check PMT
linearity by using the “two LED pulse height” method. This setup can also be tesgetermine the
single photoelectron response (SPR) and dark pulse rate.

o Pre- and after-pulsing will be studied using a pulsed LED source to lothkeatime correlation of
signals (pre-trigger pulses for pre-pulsing and delayed signalstiraidilsing).

o A sampling digital oscilloscope with 500 MHz bandwidth and 2 Giga-samplesisesil be used to
measure the rise and fall times of the PMT dark pulses at +2000 volts.

o The transit time spread will be measured using a fast pulsed LED (10Qgsp&lent signal) and a
TDC.

o HPGe detectors will be used to obtain the count rate and spectra of thaatdoelements in the
PMT’s.

o The mechanical strength can be tested using a magnetically shielded dasdt looxa vibrating table.
This could be repeated for the PMT axis aligned in three perpendiculatidins.

5.5 High Voltage and its Control System

The high voltage and its control system is designed around an Analogd3évariant of the 8052 mi-
crocontroller. It functions for both HV control and monitoring. The sgsie capable of 0.5 volts resolution
up to 2048 volts. An EMCO DC-to-DC HV generator will be mounted near thetqibbe and will act as
our voltage source. The EMCO chips have low ripple, good regulatiahaesmeconomical. The base will
be a simple tapered divider design mounted directly to the phototube, havowmifit smaller than the
standard socket provided by each manufacturer.

Control software is currently written using LabView. The design of this isné& modified version of
the STAR EMC (4800 towers) code, which allowed for 4096 units to be othatt from a single serial port
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(plus a RS485 converter) in a multi-drop, master-slave network using 4898us. RS485 repeaters will
be used to connect various branches of the HV control network to theaoairol bus. The firmware on the
microcontroller and the LabView based control program are both available

5.6 Readout electronics

The Center Detector Readout Electronic System is designed to procggsthenultiplier tube (PMT)
output signals. The essential functions are as follows:

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

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

o Provide fast information to the trigger system.

5.6.1 Readout system and specifications

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

The arrival time of the signal from the PMT will be measured relative to a comstap signal, for
example, the trigger signal. The time jitter of a PMT for a single p.e. is about 4-Cansed by the PMT
transit time jitter, the PMT rise time, and the time walk effect of the signal, etc. Téigrnlgoal for the time
resolution of the readout electronics is thus determined to be less than 0.5 ns.

Since an antineutrino event is a coincidence of the prompt and delayesl/enh their time interval
is a crucial parameter for physics analysis. The precision of this inteng@minated by the trigger signal
which is synchronized to the 100 MHz system clock. Hence a 10 ns precssexpected, which is sufficient
given the fact that the coincident window of sub-events is 20@nd the resulted uncertainties to efficiecy
is less than 0.03is employed at the trigger board to measure the actual trigg@rtiane with respect to the
system clock, a better precision can be achieved.

The dynamic range of the time measurement depends on the uncertainty idglee fitency and the
maximum time difference between the earliest and the latest arrival time of ligP#its. The range is
chosen to be from 0 to 500 ns.

The time measurement of the individual PMT time can also be used to determineetiitevertex.
Although such a method is particularly suitable for large detectors similar to Kail, At provides an
independent measurement which complements the charge-gravity metlsatblbdetectors with diameters
of several meters. Hence it offers a cross-check of systematisemoran additional handle for studying
backgrounds. The Readout Electronics Specifications are summarizailée5.7.
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| Quantity | Specification |

Dynamic range 0-500 p.e.

Charge resolution i 10% @1 p.e.
0.025% @400 p.e

noise i 10% @1 p.e.

Digitization resolution 14 bits

Time range 0-500 ns

Time resolution i 500 ps

Sampling rate 40 MHz

Channels/module 16

VME standard VMEG64xp-340mm

Table 5.7. Readout Electronics Specifications.

5.6.2 Readout Modules

Each detector module is designed to have a readout electronic systemtvaitiyorelationship with
that of other modules except receiving a common clock signal and GPBniation. The positron and
neutron sub-events are both recorded with time stamps and the their matchinguviltioeedone offline by
software. The readout electronics for each detector module is house®lunVME crate, each can handle
up to 16 readout modules, one trigger module, and one or two fan-out nsodinlsuch an arrangement,
moveable modules can be easily realized, and correlations among modubesroammized.

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

A simplified circuit diagram of the electronic readout system, showing its maictifans, is given in
Fig. 5.18.

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

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

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

To measure the charge of a PMT signal, an ultra low-noise FET input amphfd8066) is selected for
the charge integrator. A passive RC differentiator is used after the &ttego narrow the signal. Since the
signal rate of a typical PMT is about 5 kHz including noise, a 300 ns sbdipie is chosen, corresponding to
an output signal width of less thanus. The analog signal is accurately digitized by a 14-bit Flash ADC with
40 MHz sampling rate after a baseline recovering. The digitized resultdjossly into FPGA, in which
all data-processing like data pipelining, pedestal subtraction, nonlinearitgction, and data buffering are
implemented.

The readout module has a standard VME A24:D32 interface. Both ADO Bx@2ldata of the triggered
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Fig. 5.18. Block diagram of a readout module for processing PMT signals

event are sent to a buffer, which can store a maximum of 256 eventslakaevill be readout through the
VME backplane by the DAQ system within a reasonable time span.

5.7 Prototype and test result

The critical step towards the successful construction of the centraitdete R&D on a scaled down
prototype, which is built at the Institute of High Energy Physics, Beijing, @hirhe goal of this R&D work
is multifold: 1) to verify the detector design principles such as reflectorgdbthand the bottom, uniformity
of the response in a cylinder, energy and position resolution of the detetrtg 2) to study the structure of
the central 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

5.7.1 Configuration of the prototype

As shown in Fig. 5.19, the prototype consists of two cylinders: the innerdsiis a transparent acrylic
vessel with the dimension of 0.9 m in diameter, 1 m in height, and 1 cm in wall tréskii&e outer cylinder
is a 2 m diameter, 2 m height stainless steel barrel. Currently, the acryselvusdilled with normal liquid
scintillator, while Gd-loaded liquid scintillator is planed for the near future. [fdwgd scintillator consists
of 30% mesitylene, 70% mineral oil with 5g/I PPO and 10mg/l bis-MSB. Theespatween the inner and
outer vessel is filled with 4.8 tons of mineral oil. A total 45 8" Hamamatsu R591Z'®Mrranged in three
layers and mounted in a circular supporting structure are immersed in miileral o
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An optical reflector made of Al fiim is placed at the top and bottom of the cyfindencrease the
effective coverage area from 10% to 14%. The scintillator light yield isia0000 photons/MeV, and the
expected detector energy response is about 200 p.e./MeV.

Fig. 5.19. Sketch of the prototype (Left) Top view, (Right) Side view.

The prototype is placed inside a cosmic ray anti-coincident detection frahiehwas a dimension
3 mx3 mx3 m. It covers fully the five sides except the bottom. The top side is covergd BOF counters
(used earlier by the BES TOF system), each 15 cm wid& m long. The four side walls are covered by
36 1.2 mx 1.2 m square-shaped scintillation counters, which were used by the [[®Ciment. Figure 5.20
shows a photograph of the prototype test setup, before and afterttremintident counters are mounted.

The readout electronics is designed according to the requirement ghscirs previous section as a
prototype. The trigger system, DAQ system and online software are a&lindds that to be used in the
experiment as a prototype.

5.7.2 Testresult

Several radioactive sources includitigBa (0.356 MeV),*"Cs (0.662 MeV)%°Co (1.17 MeV, 1.33 MeV,
1.17+1.33 MeV) and’*Na (1.022+1.275 MeV) are placed at different locations through a deafifaration
tube inside the liquid scintillator to study the energy response of the prototyxgegdin of all PMTs are
calibrated by using LED light sources, and the trigger threshold is sét@e3, corresponding to about 110
KeV.

Fig. 5.21 shows the energy spectrum after summing up all PMT respongeefd’ Cs source located
at the center of the detector. A total of about 160 p.e. is observeaspamnding to an energy response of
240 p.e./MeV, higher than naive expectations. The Energy resolutiohecabtained from a fit to spectra,
resulting a value of about 10A detailed Monte Carlo simulation is performednpare the experimental
results with the expectation, as shown in Fig. 5.21. Very good agreemeahiieed, showing that the
detector behaviour is well understood.

Sources with different energies as listed above are all tested at the oktite detector, resulting an
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Fig. 5.20. The prototype test set up, before (left) and after (right) mtiecaincident
detectors being mounted.
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Fig. 5.21. Energy response of the prototyp&*cs source at the center of the detector
with a comparision to Monte Carlo simulation.

energy response to different energies as shown in Fig. 5.22(lefb)d (Bwearity is observed although at low
energies, non-linear effects possibly due to light quenching and Gkerédights are observed. The energy
resolution at different energies is also shown in Fig. 5.22(right), follgvéirsimple expression &%\/E,
in good agreement with Monte Carlo simulation as shown in Fig. 5.21.

The energy response as a function of vertical depth along the Z axiswssh Fig. 5.23. Very good
uniformity (better than 10shows that the transparency of the liquid is goalthe light reflector at the top
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Fig. 5.22. Energy response of the prototype to various sources aettter of the
detector(left), and their energy resolution(right).

and the bottom of the cylinder works well as expected. The fact that tiacati@ Monte Carlo expectation

are

in good agreemnt, as shown in Fig. 5.23, demonstrates that the prototypeing its light yield, light

trasnport, liquid scintillator, PMT response, and the readout electronasgely understood.
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Fig. 5.23. Energy response of the prototype!t6Cs sources as a function of z-
coordinate, in comparison with Monte Carlo simulation.
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6 Calibration and Monitoring Systems

The measurement efn? 26;5 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 friepagitoring of the detector perfor-
mance and condition. The physics measurement requires that the neutxitoe fineasured withelative
precision that is substantially better than 1%. This is accomplished by taking cdtibserved event rates in
the detectors at near and far sites to separate the oscillation effect. Thisquille that differences between
detector modules be studied and understood at the leveDdf% and that changes in a particular detector
module (over time or after relocation at another site) be studied and unolete0.1%. Achieving these
goals will be accomplished through a comprehensive program of detediioration and monitoring.

We anticipate a program with three different classes of procedures:

1. ) “complete” characterization of a detector module,
2. ) “partial’ characterization, and

3. ) routine monitoring.

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

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

Table 6.1. Requirements for procedure 1.

The requirements and proposed solutions for procedure 1.) are listethlim @.1. These will be manu-

] Requirement | Description \ Proposed Solution(s) \
Mechanical/thermal Verify these properties are stable 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 1pe peaks LED source

Table 6.2. Requirements for procedure 3.

ally operated procedures using equipment and systems to be describeddme will likely entail several
weeks activity.
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Procedure 2.) will be a subset (to be determined) of the activities in pnoedd) These will be also
be manually operated procedures using equipment and systems to hbetbbefow, and will likely entail
several days activity.

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

6.1 Sources

The main goal of the source calibration is to reach the maximum sensitivity tameeoscillations by
comparing the energy spectra measured by near and far detectorespbase of the detectors for far and
near site may have small differences, these minute differences can ldaghtalistortion in the measured
energy spectra of the antineutrinos. Therefore, it is necessaryrtaatbaze the detector properties carefully
before data taking and monitor the stability of the detectors during the whoegimgnt. The calibration
sources must be deployed regularly throughout the active volume oftketdrs to simulate and monitor
the detector response to positrons, neutron capture gammas and gammtmsefemvironment.

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

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

22Na, %8Ge trigger threshold
Gamma sources: Energy linearity, stability, resolution
spatial and temporal variations, quenching effect
137Cs 0.662 MeV
5Mn 0.835 MeV
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
28pyd3c 6.13 MeV
Gd neutron capture ~ 8 MeV

Table 6.3. Radioactive sources to be used for the calibration

from about 0.5 MeV to 10 MeV, thus they can be used as energy calibration

The Am-Be source can be used to calibrate the neutron capture deteéitiieney by detecting the
4.43 MeV gamma in coincidence with the neutron. The absolute neutron deteffimancy can be de-
termined with a2°2Cf source, because the neutron multiplicity is known with an accuracy aftdbh@%.
In order to absolutely determine the neutron detection efficiency, a smadinfisesamber will be used to
tag neutron events by detecting the fission products. In addition, newtwoces allow us to determine the
appropriate thresholds of neutron detection and to measure the neyttaredame for the detectors.

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

The sources must be encapsulated in a small container to prevent ailylpe®ntamination of the
ultra-pure liquid scintillator. They can be regularly deployed to the whole@agtlume of the detectors and
the gamma catcher.

6.2 LED Calibration System

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

LED assembly

|
!

Optical fiber bundle: each
Pulse \ of equal length
T Generator
oul :
Pulse ‘ :
Controller \
Pulse Optical |
/ Generator coupling
X [
/
Controls which LED(s) will be
fired with what amplitude and at b
what time b L

Turn on the appropriate LED
with the appropriate intensity,
time and duration Diffuser balls

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

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

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

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

e The gamma burst can be simulated by simultaneously flashing a number of difdlseat various
locations inside the detector.

e The controller can be triggered by the muon veto system to test the detesgonse following muon
events.

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

6.3 In-situ Detector Monitoring

Each detector module will be equipped with a suite of devices to monitor in-situ ebthe critical
detector properties during all phases of the experiment The in-situ mogiiodludes load and liquid sen-
sors for the detector mass, attenuation length measurements of the Gdil&atdedet and the LS gamma
catcher, a laser-based monitoring system for the position of the acrylelyescelerometers, temperature
sensors, and pressure sensors for the cover gas system. A saonpltautine extraction of a LS sample
complements this multi-purpose suite of monitoring tools.

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

1. detector filling
2. data taking

3. detector transport and swapping

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

Most of the time during the duration of the experiment the detectors will be stagi@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 tdreaphapossibly changes in the
overall detector response as determined in the regular, automated catibhatsitu monitoring of the LS
attenuation length and regular extractions of LS samples from the detectotemadll help monitor some
of the basic detector properties.

The transport of the filled detectors to their location and the swapping aftdetever a distance of up
to 1.5km is a complex and risky task that will require close monitoring of thetstraidhealth of the detec-
tors modules during the move. The proposed swapping scheme of the dete@amovel method without
proof-of-principle yet. While conceptually very powerful, extreme daas to be taken in the calibration
and characterization of the detectors before and after the move to be aloledot for all changes in the
detector response or efficiencies. The accelerometers, presesoesseand the monitoring of the AV posi-
tions will provide critical real-time information during this procedure to enshat the detectors — and in
particular the acrylic vessels and PMTs — are not put at risk. Recoatiyyghanges in the detector modules
will also help us understand possible differences in the detector respefare and after the move. The AV
position monitoring system will use a laser beam and reflective target onMBarfaces. By measuring the
angular deflection of the laser beam over the length of the detector traaslisplacements of the AV can
be monitored quite precisely.

6.4 Detector monitoring with data

Cosmic muons passing through the detector modules will produce useftilisbd radioactive iso-
topes and spallation neutrons. These events will follow the muon signat{eeta the veto as well as
the detector) and will be uniformly distributed throughout the detector voldrherefore, these provide
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Fig. 6.2. Diagram illustrating the variety of monitoring tools we will integrate into the
design of the detector modules.

very useful information on the full detector volume which is complementary tonfleemation obtained
by deploying point sources (Sec. 8.5 and 8.6). For example, suclsexenused by KamLAND to study
the energy and position reconstruction as well as to determine the fidudishe&oAs for KamLAND,
the Daya Bay experiment will use primarily spallation neutron capture'aBdlecay ¢ = 29.1 ms and
@ = 13.4 MeV). The rates of these events for Daya Bay are given in Table 6.4.

| Event type | Near Site Rate | Far Site Rate |
Neutrons 9000/day 400/day
2 180/day 8/day

Table 6.4. Estimated production rates (per 20 T detector module) for spalatihron
and!?B events in the Daya Bay experiment.

Regular monitoring of the full-volume response for these events, compéitethe 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.

6.5 Automated deployment

Automated deployment systems will be used to monitor all detector modules onier@oerhaps
daily) basis. Each detector module will be instrumented with three (or possibty identical automated
deployment systems. Each system will be located above a single port orptoé ttte detector module,
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and will be capable of deploying four different sources into the detectiome (see Fig. 6.3). This will be
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Fig. 6.3. Schematic diagram of the automated deployment system concept.

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

¢ 98Ge source providing two coincident 0.511 Me}é to simulate the threshold positron signal,

¢ 99Co source providing a signal at 2.506 MeV
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e 252Cffission source to provide neutrons that simulate the neutron captugd.sign

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

e Central axis

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

e Aradial location in the gamma-catcher region.

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 souoyerdeys to track and
compensate for changes in:

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

as well as other optical properties of the detector system.

As an example of how the system can be utilized to monitor the attenuation length sditttillator,
Figure 6.4 shows simulations of neutron captures®8@w source deployments. Both methods can clearly be
used to measure the attenuation length of the Gd-loaded liquid scintillator. Tésesrtiethods will provide
frequent monitoring of the condition of the scintillator, and will allow us to tralcrges and differences
between detector modules.

neutron uniform/center ratio vs attenuation length Cob0 cornericenter ratio vs att. len.
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Fig. 6.4. The left panel shows how the scintillator attenuation length cantbedaed
from the ratio of the neutron capture peak from spallation neutrons famidicstribu-
tion) to that from a source at the center of the detector. The right phoetssa similar
measurement using the ratio of tfféCo peak for a source at the center to one at the
corner ¢ = 1.4 m, z = 1.4 m) of the central volume (1000 events each).
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6.6 Manual deployment system

A mechanical system will be designed to deploy sources throughouttikie eslume of the detectors.
The source inside the detector can be well controlled and the position capéated at a level less than
5 cm. The whole deployment system must be treated carefully to prevematgmination to the liquid
scintillator. The system must be easy to setup and operate, tolerate fregeeand must have a reliable
method to put sources into the detectors and to take the sources out asheedpdlce for operation should
not be too large.

Figure 6.5 shows the schematic view of the manual source deployment systeiphilosophy of such
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Fig. 6.5. Schematic diagram of the manual source deployment system.

a system is taken from the oil drilling system. The support pipe is separateskiveral segments. They can
be connected one by one to get a long support pipe. This design walilder¢he requirement for larege
space for operations.

The operation procedure will be the following: first, the support pipethedource arm will be installed
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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, turn the source armzomtad. After this, the source
position can be adjusted by the rope system. The rope system must beeddsignsert and remove the
sources easily and the position of the source must be accurately contidieed/hole system can be rotated
around the axis of the pipe on the platform, thus it can deploy the sourceg pmaition inside the detector.

6.7 Manufacturing plan

The radioactive sources and the manual deployment system will bedtdatiat the Chinese Institute for
Atomic Energy (CIAE) in Beijing. The LED calibration system will be fabricatgdHong Kong University.
The automated deployment system will be fabricated at the California Institdtecbhology. Continuous
monitoring of detector module mechanical and thermal properties will be implemlentixé group at the
University of Wisconsin.

6.8 Integration/installation

All of these calibration/monitoring systems are to be coupled to the detector mé&ahtitg ports in the
stainless steel and acrylic vessels, guide tubes, clearance for mouautitvgghne, etc. must be accounted for
in the mutual design efforts of the detector module and calibration/monitoritgrsgsTherefore, it is es-
sential that the designs of the detector modules and calibration/monitoringdrarte closely coordinated.
The calibration/monitoring systems will be installed during the assembly of thetdetecdule at the Daya
Bay site.

6.9 Quality assurance, risk, ES&H, Environment, management

Introduction of materials (particularly radioactive sources) into the dateolame requires strict ad-
herence to certification procedures and administrative controls to presetamination or degradation of
the detector. All materials must be certified to be compatible with the liquid scintillatogulyhly cleaned,
and radioassayed to prevent contamination of the detector by radioaghbggances. Radioactive sources
must be carefully tested to certify that they can not leak radioactive maiteioahe detector. The deploy-
ment systems must operate in a closed common atmosphere, free of Rnhthateigalves.
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7 Muon System
7.1 Introduction

The main backgrounds to the Daya Bay Experiment are induced by coayniouwons. These back-
grounds are minimized by locating the detectors underground with maximuribleosgerburden. Back-
ground due to muon spallation products at the depths of the experimentahdalisll as ambient gamma
background due to the radioactivity of the rock surrounding the expatahiealls is minimized by shielding
the antineutrino detectors with 2.5 meters of water. The ten-folding length tef fiea 1-2 MeV gammas
is about 50 cm [1]. Thus the 2.5 meters of water provides a five order ghituale reduction in the rock
gamma flux. This “water buffer” also attenuates the flux of neutrons mexioutside the water pool.

Events associated with fast neutrons produced in the water itself remain epuotgatial background.
A system of tracking detectors will be deployed to tag muons that traversestee buffer. Events with a
muon that pass through the water less thary@0@efore the prompt signal, which have a small but finite
probability of creating a fake signal event, can be removed from the datale without incurring excessive
deadtime. By measuring the spectrum of the tagged background eventsndng precise knowledge of
the the tagging efficiency of the tracking system, the background fronggethevents (due to tagging
inefficiency) can be estimated and subtracted statistically with small uncert@intygoal is to keep the
uncertainty of this background below 0.1%.

The tracking system will also tag events that have high propensity forupiogl other cosmogenic
backgrounds)Li being the most important one. While tagging muon showering events may heippoess
theLi background, the working assumption is that no extra requirements acs@dmn the tracker in order
to reduce théLi background.

The current baseline configuration for meeting these challenges is sswvematically in Fig. 7.1.
The anti-neutrino detectors are separated by 1 m from each other andsethiera 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. Theshigielr constitutes
the inner section of the pool and is instrumented with phototubes to dateenkov photons from muons
impinging on the water. The sides and bottom of the pool are lined withx1dnm cross-section water tanks
read out by phototubes at either end. The muon tracker is completed by tfyResistive Plate Chambers
(RPC'’s) above the pool. The top veto extends 1 m beyond the edge obthénpall directions, both to
minimize the gaps in veto coverage and to allow studies of background caysedon interactions in the
rocks surrounding the pool.

Note that it is not envisioned that this system will act as an online veto. Thigldly ample opportu-
nity for careful studies to optimize the performance of the system.

Requirements of the muon system are summarized in more detail in the followisgcsioms.

7.1.1 Muon Detection Efficiency

The combined efficiency of the muon tracker and the water shield has ted285%, with an un-
certainty< 0.25%. This is driven by the need to reject the fast neutron backgrfoomdmuon interactions
in the water and to measure its residual level. As can be seen in Table 3.5 vgthapression, this back-
ground would otherwise be30 times that of the fast neutron background from muon interactions in the
surrounding rocki.e. at a level roughly 5% of that of the signal. A factor 200 reduction in this laitegs
the fast neutron background from the water safely below that fromottie and the total residual fast neu-
tron background down to the 0.1% level. The requirement on the uncertaitity efficiency brings the
systematic due to the uncertainty on the fast neutron background fromatkee t@ a level where it is small
compared with other systematics.
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Fig. 7.1. Elevation view of experimental hall.

7.1.2 Redundancy of the Tracker

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

As discussed below, the current baseline design is to instrument the Wiglelr as aCerenkov tracker
by deploying large PMT’s in the water with 1.6% coverage. Such systenexpezted to have95% effi-
ciency. A second tracking system, in our baseline a combination of RP|J3 @ove and wate€erenkov
modules [4] at the sides and bottom of the water shield, can give an indieptesificiency of>90%. The
two systems compliment each other, with the probability of a muon being missedibgysiems below
0.5%.
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7.1.3 Spatial Resolution

The fast neutron background due to muons interacting in the water shiisldafpidly with distance
from the muon track. The spatial resolution of the muon tracker shouldffieient to measure this falloff.
Measurements from previous experiments show that the falloff is aboutelr fb¢ A spatial resolution of
50-100 cm in the projected position in the region of the central detectorsessery in order to study this
radial dependence. All the technologies we are considering areleagfadchieving sufficient resolution in
each coordinate.

7.1.4 Timing Resolution

There are several constraints on the timing resolution. The least resti€tn the time registration
of the muon signal with respect to that of the candidate event. To avoid comging the veto rejection
to a significant extent, this resolution need only be in the range of fractiomsnicrosecond. More strin-
gent requirements are imposed by other, technology-dependent, @a@tisids. The water shield pmts need
~2 ns resolution to minimize the effect of accidentals and assure event intdgrityvater Cerenkov mod-
ules require~3 ns resolution to match the position resolution given in the transverse dirdxstitie 1 m
granularity of the system (see Sect. 7.3.6). If scintillator strips are ussdjrhe resolution will allow the
random veto deadtime from false coincidences in that system to be held tatreo61%. RPCs will need
~ 10 ns resolution to limit random veto deadtime from false coincidences in thimnsya similar level.

7.1.5 Thickness

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

7.1.6 Summary of Requirements

The requirements discussed above are summarized in Table 7.1

Product of inefficiencies for thg tracker & water shield for cosmic rays should £6.5%.

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

The uncertainty on the random veto deadtime should be no greatei-thas%

The position of the muon in the region of the antineutrino detectors shouldiéerdeable to< 1m

Timing resolution of+ 1, 2, 3 10 ns for scintillator, water shield, waérmodules, and RPCs respectively
Thickness of the water buffer of at least 2 m

Table 7.1. Muon veto system requirements

7.2 Water Buffer

The neutrino detectors will be surrounded by a buffer of water with a tieis& of at least 2.5 meters in
all directions. Several important purposes are served by the watr.fegt-neutron background originating
from the cosmic muons interacting with the surrounding rocks will be significaeduced by the water.
Simulation shows that the fast-neutron background rate is reduced biyoad&?2 for every 50-cm of water.
Second, the water will insulate the neutrino detectors from the air, redbeickground from the radon
in the air as well as gamma rays from surrounding rocks and dust in thé/itlirthe low-energy gamma
ray flux reduced by a factor of 10 per 50-cm of water, the water canefectively reduce the accidental
background rate associated with the gamma rays. Third, the inner portitie efater buffer, the “water
shield” can be instrumented with PMT’s for observing the passage of casuooas via the detection of the
Cerenkov light.
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Table 7.2. Number of PMT'’s for the water shield.

Site bottom | sides| total
DB Near 60 192 | 252
LA Near 60 192 | 252

Far 100 240 | 340
All three 220 624 | 844

The active water shield, together with the RPC and@keenkov water module detectors, form an effi-
cient muon tagging system with an expected overall efficiency greateBth&fo. The ability to tag muons
with high efficiency is crucial for vetoing the bulk of the fast-neutron lgmokind, and for determining the
amount of cosmogenitHePLi background. Finally, the large mass of water can readily provide a con
stant operating temperature for the anti-neutrino detectors at the nefar aitds, eliminating one potential
source of systematic uncertainty

7.2.1 Water shield configuration

The schematics of the water shield is illustrated in Fig. 7.1 for the water pobyooation. The cylin-
drical neutrino detector modules are placed inside a rectangular cavitywillegurified waterj.e. a water
pool configuration. The dimensions of the water pool are 2616 mx10 m (high) for the far site, and
16 mx 10 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. 7.1, the adjacdattie modules are separated by
1 meter and each module is shielded by at least 2.5 meters of water in all dise&wmrthe near sites, the
two neutrino detector modules are separated by 1 meter. Again, any reeatrgamma rays from the rock
must penetrate at least 2.5 m of water in order to reach the neutrino detexdates. The weight of water
is 2170 tons and 1400 tons, respectively, for the far site and for dahk two near site detectors.

As discussed in Sect. 7.3.ésrenkov water module detectors of Ixth m cross sectional area and
lengths of up to 16 m will be laid against the four sides and the bottom of the waté, shown in Fig.
7.1. Therefore, the water buffer is effectively divided into two indejesm sections, each capable of cross-
checking the performance of the other.

7.2.2 PMT layout of the water shield

The water shield will be instrumented with arrays of 8" PMT as shown in Fig. Idavtard-viewing
PMT arrays will be mounted on frames placed at the sides and on the bottbe dol, abutting the inner
surfaces of th€erenkov water modules. The PMT’s will be evenly distributed forming targuilar grid
with a density of 1 PMT per 2 # This corresponds to a 1.6% areal coverage. The total number of PMT’
for the far site and the two near sites is 844,as detailed in Table 7.2.

A total of 800 8" PMT's (EMI D-642) from the MACRO experiment were neaalvailable for the Daya
Bay experiment. Additional 8" Hamamatsu PMT’s will be acquired for the ladanf the water shield
detectors. The HV system will be very similar to that described in Sect. Sthdéarentral detector pmts.

7.2.3 Readout electronics of the water shield PMT

The readout electronics for the water shield PMT will be identical to thatHferneutrino detector
as described in Sect. 5.6. This readout electronics will have a dynange il to 500 photoelectrons.
The total number of photoelectrons for typical bialkali photo-cathodes fulthgeometric coverage for
a fast muon passing through one meter of water is approximately 4000n @Gigecurrent water shield
configuration, most muons would traverse at least 5 meters of water.glakom account the 1.6% PMT
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geometric coverage, these muons would produce at least 320 photoaeictithe PMT’s. Depending on
the trajectories of these muons, these photoelectrons will be distributeatdeaist 16 PMT’s. Therefore,
the dynamic range of 1 to 500 photoelectrons for the readout is entirefjuatie In addition to the pulse
height information, timing information will also be provided by the readout ed@ats. A timing resolution

of 2 nsis easily achievable for a single PMT channel. The energy sure 8N’s as well as the multiplicity
of the struck PMT’s will be used for defining the muon trigger (see Seck2.1

7.2.4 Calibration of the water shield PMT

The gain stability and the timing of the PMT’s will be monitored by a LED/Laser systentical to
that for the neutrino detectors. No radioactive sources will be required

7.2.5 Purification scheme of the water shield

We must purify the water to maintain constant water transparency andchpraigobial growth.

We must also recirculate to the water to maintain a constant relatively low temeefBRC) to inhibit
microbial growth and maintain the scintillator at constant temperature. Also, vgé n@move impurities
that have leached into the water from the detector materials and wall ducinguiation.

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

7.2.6 Expected performance

Optimized efficiency, position resolution, energy resolution, timing resolugittn are to be determined
from Monte-Carlo simulations now in progress.

7.3 Muon Tracker

The muon tracker has the job of tagging the entering muons and determiningadiieithrough the
region of the central detectors. In addition, it must measure the efficifribg water shield for muons.

Three technologies are being considered for the muon tracker. RRCisecused on top of the water
shield, but to use them in the water would require a large program of R&Dabmigues of encapsulation.
WaterCerenkov modules are cheap and practical to operate in the water, blat bedifficult to remove
from the top of the water shield when the central detectors need mainteorahaee to be moved. Plastic
strip scintillators can be operated either on top of the water or in it, althoughttbedequires developing
an encapsulation scheme.

7.3.1 Resistive Plate Chambers

The RPC is an attractive candidate tracking detector since it is economigatimmenting large areas.
Furthermore, RPC’s are simple to fabricate. The manufacturing techrigimeth Bakelite (developed by
IHEP for the BESIII detector [2]) and glass RPC's (developed fdleg8]) are well established.

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 chargedeppatéses through the gas, an
avalanche or a streamer is produced. The electrical signal is then redibiea pickup strip and sent to the
data acquisition system. In our case, the RPC'’s will operate in the streamer mod

The RPC'’s for the BESIII spectrometer were constructed using a nenafyyphenolic paper laminates
developed at IHEP. The surface quality of these plates is markedly inphimv@pared to the Bakelite
plates previously used to construct RPC’s. IHEP has developed adaeho control the resistivity of the
laminates to any value within a range af® —10'3 €. About 1000 bare chambers- {500 nt) have been
produced for BESIII. Tests show that the performance of this typeR& Rithout a linseed oil coating is
comparable to RPC’s made with linseed oil-treated Bakelite and resistive gb43s Rperated in streamer
mode.
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Fig. 7.4. Distribution of tested RPC a) efficiencies and b) singles rates.

The efficiency and noise rate of the BESIII RPC’s have been measurddg. 7.2, the efficiencies
versus high voltage are shown for threshold settings between 50 amd\25he efficiency as plotted does
not include the dead area along the edge of the detector, but does itltudead region caused by the
insulation gasket. This kind of dead area covers 1.25% of the total detacéanThe efficiency of the RPC
reaches plateau at 6.8 kV and rises slightly to 98% at 7.2 kV. There is nousbdifference in efficiency
above 7.0 kV for thresholds below 250 mV. The singles rate of the RP@héer production is shown in
Fig. 7.3.

When the threshold is 150 mV or higher, the singles rate is less than 0.16 Haften training it
typically falls to <0.1 Hz/cnt.The noise rate increases significantly when the high voltage is higher than
8 kV.

In cosmic ray tests of a large sample of BES chambers, the average effisias 97%, and only 2 had
efficiency less than 92%. Fig. 7.4a shows the efficiency distribution. Tidsedcy was obtained with no
corresponding excessive chamber noise. Fig. 7.4b shows the RR@lsssrate. The most probable value
was~0.08 Hz/cnt and the average was 0.13 Hz, with only 1.5% higher than 0.3 Hz/cm
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Fig. 7.5. Structure for a single gap RPC module.

7.3.2 Design for Daya Bay

The above measurements were made with one dimensional readout R&Glse Paya Bay experi-
ment, we may use RPC’s with readout in two dimensions in order to get both yx-aadrdinates of the
cosmic muons (similar in design to the BELLE RPC'’s [3]). Three double gagrsayould be combined to
form a module. A shield is inserted between the layers to avoid cross talkstititure of a single such
module is shown in Fig. 7.5.

Plastic spacers will be used periodically to precisely maintain the gap widtlseT$macers are po-
tentially a source of dead space. Therefore, within each module, spacdifferent layers will be offset,
resulting in no net dead space. Also, modules will overlap at the edgésesowill be no inter-module
dead space.

Bakelite modules as large ax2 m are straightforward to manufacture. Two of these will be bonded
together to make a single 2:n2 m unit. The chambers will be read out by strips of 10cm dimension.
Thus each unit will have 40 readout channels. With adequate modulejpeerd the peaked roof shown in
Fig. 7.1 extending an extra 1m on all sides of the pool, it will be necessavir an area of 20 m18 m at
the Far Hall and 20 m12 m at each of the near halls. This will require a total of 630 units for taygsrs,
and a total of 25,200 readout strips.

Alternatively glass modules as large as»x155 meter are easy to make and convenient to handle. These
would require a total of 1092 units and 32,760 readout strips.

7.3.3 Mounting of RPC’s

Fig. 7.6 shows a candidate scheme for mounting the RPC’s on a peakea/evdhe water pool. The
roof will be divided into two sections of different heights and the RPC'’s nediin a way that allows one
section to slide over or under the other.

7.3.4 Expected Performance of RPC’s

Taking into account inefficiencies due to dead-spaces, we expectehalefficiency of a single layer
to be at least ~96%. If we adopt the definition of a track as hits in at least 2 out of 3 latfes the
coincidence efficiency is® + C3e%(1 — ) = 0.96 + 3 x 0.962 x (1 — 0.96) = 99.5%, whereC3 = 3 is
the binomial coefficient. Assuming a bare chamber noise ratef,800 Hz/nt is achieved (consistent with
BES chamber measurements), a signal overlap widti 50 ns, and a coincidence aref,of 0.25 n?, the
module noise rate would b&2 A%r%7r(4 m? /A?) = 3 x 800% x 0.5- 1077 x 4 = 0.384 Hz. For the Far Hall,
this gives a total accidental rate of 60 Hz and a corresponding contmbiatithe deadtime of 1.2% in the
case that a muon signal is defined by a hit in the RPC’s alone. A test of tlyer3skeenario with prototypes
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Fig. 7.6. Sliding roof mount for muon tracker modules above the water pool.

of the Daya Bay chambers, using a track definition of 2 out of 3 hits, faucdincidence efficiency of
99.5+0.25%, which is consistent with the calculated efficiency. The efficienoyestare shown in Fig. 7.7.

7.3.5 Electronics and Readout of RPC'’s

The readout system consists of a readout subsystem, a thresholl sabsystem, and a test subsys-
tem. The readout system, shown in Fig. 7.8, contains a 9U VME crate locatee #she detector, which
holds a system control module, a readout module, an I/O modules, andzacbirol modules.

1) Control Module

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

2) 1/0 Module

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

3) VME Readout Module

The readout module is responsible for all the operations relative to dedaut It not only reads and
sparcifies the data from all the data chains (it can read 40 of them in pardiestructs the sub-event data
to save into the buffer, and requests the interrupt to the DAQ system tegwtite sub-event data, but also
communicates the Full signals to the FEC's to control the data transmissioreddi@ut module checks and
resets signals control signals to the trigger system. It also controls thegesat sparcifying of the FEC
data, the requesting of a DAQ interrupt, and the counting and resetting ofgber number.
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4) Front-End Card

The FECs are located on the RPC detector. Their task is to transform sigmalghe strips into a bit
map, encode the time of the first hit, store the data in a buffer and wait forgetrgignal. Events with a
trigger will be transmitted in a chain event buffer in the VME readout mod&eents without a trigger are
cleared. Analog signals from groups of 16 strips are discriminated aralitpat read and stored in parallel
into a 16-bit shift register, which is connected to a 16-shift daisy chatota of 16 FECs compose one FEC
Daisy-Chain, which covers 256 strips. The data from each chain sitsgooinformation, are transferred bit-
by-bit to the readout module in the VME crate through the 1/0 modules usingréiffial LVDS signals.
Each datum of the chain will be stored temporarily in the relative data chaiertffthe readout module.
After the data sparcification, the whole data chain will be stored into thewit-data buffer awaiting DAQ
processing.

In each FEC there is also a DAC chip, which is used to generate test sig¥tads a test command
goes to the test signal generator which resides in the system control noth#evME crate, the generator
sends timing pulses to the FEC’s DAC chip through an I/O module. This chip e a test signal to
each channel’'s comparator.

The principle of the threshold setting circuit is the same as the test circuit. Thgtpulges are gener-
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Fig. 7.8. Configuration of electronics & readout system.

ated by the threshold controller in the system control module, and sent t\bedyenerate the threshold
level at each of the input ports of the discriminators in the FEC.
5) JTAG Module

The JTAG module gets the FPGA setting command from the VME BUS, transfoent®@thmand into
the JTAG control timing, and sends it to the FECs. Each of the JTAG modute$zhslots on the panel of
the module, enough to satisfy the requirements of the whole readout system.
6) Test System

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

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

7.3.6 WaterCerenkov Modules

As a part of the preliminary R&D for a long baseline neutrino oscillation experinitee novel idea
of a waterCerenkov calorimeter made of water tanks was investigated [4]. A wateptatdtype made of

PVC with dimensions £1x13 n? was built, as shown in Fig. 7.1. The inner wall of the tank is covered by

Tyvek film 1070D from DuPont. At each end of the tank is a Winston coniecdna collect parallel light at
its focal point, where an 8-in photomultiplier is installed. The Winston cone i;magade of PVC, covered

by aluminum film with a protective coatin@erenkov light produced by through-going charged particles is

reflected by the Tyvek and the Al film and collected by the photomultiplier.

The light collected due to cosmic-muons is a function of the distance from thegiancidence of the
muon to the phototube. Such a position dependent response of the tatikastorits energy resolution and
pattern recognition capability. Typically it is characterized by an exporiésetaavior ofe—*/*, wherez is
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the distance of the muon event to the phototube aisthe characteristic parameter, often called “effective
attenuation length”. The characteristic paramatdepends on the water transparency, the reflectivity of the
Tyvek film, and the geometry of the tank. Using trigger scintillation counters fioeléhe muon incident
location, keeping thg coordinate constant as indicated in Fig. 7.9, the total light collected as add

x at several locations was obtained as shown in Fig. 7.9. It can alsobé&eseFig. 7.9 that, for a through-
going muon entering the center of the tarkk0 photoelectrons are collected by each PMT, corresponding
to a statistical determination of about 7% .
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Fig. 7.9. Position dependent response of the water
tank to cosmic-muons is the distance from trigger
counters to the PMT at right. The line represent the
Monte Carlo prediction with an effective attenuation
length of 5.79 m. The measured effective attenuation
length of the water tank is (5.74D.29) m.

As discussed in Section 7.2 the Daya Bay antineutrino detector modules arsttizliled from external
radiation (such as gamma-ray and cosmic-ray induced neutrons)-Bysam thick water buffer. One could
use modules similar to the above-mentioi@etenkov units as the muon tracker (Fig. 7.1). Such modules
have many advantages: (1) very good cosmic-ray detection efficiémegrétically, the efficiency is close
to 100%); (2) insensitivity to the the natural radioactivity of Daya Baytkrd3) very modest requirements
on the support system because the whole detector is immersed in the watew ¢bst because water is
used as the medium.

The geometry of the wate€erenkov units located at the four sides of water pool is shown in Fig 7.10.
We use four PMT’s at each end to decrease the risk of failure of a wmeiPMT dies. The unique geometry
of two ends reduces the optically dead region. Similar modules would be padtlee bottom of the pool.

A modified version of the LED system discussed in Sec. 8.2 would be usgdifocalibration.

7.3.6.1 Expected Performance for WateCerenkov Modules
A GEANT4 simulation tuned to match the performance of the prototype descatbh@ee was adapted
to the longer modules proposed for Daya Bay. To study the detection eéfjcier theCerenkov photons of
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Fig. 7.10. The geometry of a wat&erenkov unit.
Four 8-in PMT's are installed in each of ends, and
the Al mirror reflector is used.

this unit, we have been developing a full GEANT4 simulation. The opticalmeatars come from the our
previous MC simulation program of the prototype. Preliminary MC resultstamesis in Table 7.3. These
show that adequate signal can be obtained from both ends of these mtwtuleuons at any point along
them.

Table 7.3. Number of photoelectrons detected in the
water Cerenkov module with different incident po-
sitions of (vertical) muons from Monte Carlo simu-
lation.

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

Position resolution in the direction transverse to the axis of the module will le@ dpy its sizeo, =
100cm/+/12 = 29 cm. In the other dimension, 2ns resolution on the end-to-end timing will caterib
~32 cm to the position uncertainty. We can also use the comparison of pulse freig the two ends for
determining the position. Including both methods we expect a resolution cabipair better than that in
the other orthogonal coordinate. For muons that traverse the wateauptbit modules on either side, these
resolutions yield uncertainties ef21 cm on the position at the center of the trajectory.

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

From Table 7.3, we see it is desirable to measure signals that arphotoelectron to those that are
several hundred photoelectrons. Thus the same electronics disouSsd. 7.2.3 can be used here.

7.3.7 Plastic Scintillator Strips

Plastic scintillator strips serve as a backup option for both the top and in-wettesystems. For both
purposes we propose to use the extruded plastic scintillator strip techragegpped by MINOS, OPERA
and other previous experiments. The parameters of this system are ishtabie 7.4.

If the scintillators are used for the entire muon tracker system they will beesétfrom the walls and
floor of the pool by 50cm to allow attenuation of the gammas from rock ratidgc For a similar reason
they will be mounted 50 cm below the top of the pool. There will be two ortholdagars on each wall, the
floor and the top. In the case where only the top is to be covered by scintdtaius, they would be arrayed
in the manner described above for the RPCé& there would be three layers mounted on the sliding roof.
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Name value unit

strips 5304

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

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

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

Table 7.4. Parameters of strip scintillators

<€------ 4cm ------ >
A Tl Tl 15} Tof Wl
Tcm
< 20cm >

Fig. 7.11. Cross-section of single strip scintillator.

In this case a triple coincidence could be demanded if made necessaryrapdoen rates.

7.3.7.1 Plastic Scintillator Strips

Almost all the scintillators will be of the same type: 5.25<2 mx0.01 m extruded polystyrene,
co-extruded with a coating of TiO2-doped PVC. Five 1 mm Kuraray 200§ S-type wavelength-shifting
fibers will be glued into 2 mm deep 1.6 mm wide grooves in the plastic using optical glue [6]. Six such
scintillators will be placed in a single frame and read out as one 1.2 m-wide imi%Z.E1 shows the cross
section of one scintillator.

7.3.7.2 Photoreadout

A 1§—inch photomultiplier tube such as a Hamamatsu R6095 or Electron Tubes 94R®B used to
read out 30 fibers on each end of the six-scintillator module. The PMT sbwiliun at positive HV, via a
system similar to that discussed in Sect. 5.5. Calibration will be via thinZfilthm sources placed near the
ends of the scintillators. The sources providé00 Hz of~0.5 MeV signals.

7.3.7.3 Counter Housing and Support

Above the water, the counters will be mounted on a simple system of strdrgybapported by the
sliding roof. In the water, the requirements for deployment are much monam#ing. The six scintillator
strips will be housed in an RPVC extruded box, shown in Fig. 7.12. Theelnds are closed by custom
manifolds that contain the fiber ends which are dressed to have an eoggtdl & ~90 cm. The fibers will
be routed through a molded cookie, gathered into single bundle and ¢eddn@ PVC pipe through the
water into a separate small enclosure containing the PMT/base assembly. BBgshows the module end,
routing cookie and pmt containment.

The scintillator housings will be supported by a steel frame in a manner similag té-thip technique
used by MINOS [7], although our version, shown in Fig. 7.14, will be mafdePVC. It will be glued onto
the module housing and fixed to the frame with two hole-drilling screws or blrdsi Fig. 7.15 shows the
support scheme for the side walls of the veto system.
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Fig. 7.12. Extruded container for six-
scintillator module

Fig. 7.14. H-clip.
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Fig. 7.13. Exploded view of end of scin-
tillator housing module showing rout-
ing of fibers, pmt containment, and
other details.

Fig. 7.15. Side walls of the strip scintil-
lator veto system partially assembled.




7.3.8 Expected Performance for Plastic Scintillator Strips

We base our expectation of performance on that of the prototype OPE&A teacker scintillators [9].
Fig. 7.16 shows the vyield of photoelectrons versus distance to the photomultigdies. Note that our
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Fig. 7.16. Number of photoelectrons detected on each side of sever@RXI®-H
plastic scintillator strips versus the distance to the photomultipliers (from Dretcos
al.).

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

The OPERA strips are 26 mm wide by 10.6 mm thick. Our strips are 200 mm wid@ fwyrithick. The
MINOS GEANT3 Monte Carlo was adapted to compare the two cases. Foctimfiénto the wavelength-
shifting fibers, the fraction of OPERA performance for 4, 5, and 6 $ilper 20 cm is 0.74, 0.89, and 1.02
respectively. OPERA uses Hamamatsu H7546-M64 PMT’s, which havetgathode efficiency about
80% as high as either of the single-anode tube we are planning to useamyug the 4—6 fiber cases
should achieve performance similar to that of OPERA. For estimation pwpesehoose 5 fibers, which
nominally should give 1.15 times OPERA performance in our system. The singtegdectron pulse height
distribution will reduce the effective number of photoelectrons by a faaft¢t + the variance of the distri-
bution). With pmts of the type discussed, this will result in an inefficiency 6% in the worst case (hit at
one end of the counter). An upper limit on the position resolution is givendogttainularity of the counters:
o, = 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 [8iclvhas similar granite to that
of Daya Bay. These indicate that the true coincidence rate of two 1cnslayarthreshold of 0.5 MeV would
be ~7 Hz/m?. For the relevant active area of the top of the Far Hall water pool, thessgin overall rate
of ~1800 Hz. If the top scintillator array alone were used as a;200eto, it would give an unacceptable
random veto deadtime. However for through-going muons that coulddosreel to register as well on the
side or bottom of the pool, the random veto rate would be reduced to a negleiblgwith the shielding
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from 50 cm of water, the coincidence rate in scintillators in the pool woulkpeaed to be only 0.7 Hz/m
so 180 Hz on the bottom which is the worst case). Since the backgroomdstopping muons is extremely
small, scintillators seem acceptable in either or both roles.

7.3.9 Electronics/Readout for Plastic Scintillator Strips

Once again, the electronics and readout discussed in Sect. 7.2.3 woaittbdpaeate 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 gescander study. In any case the
readout would be similar to that discussed in Sect. 5.6.
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8 Trigger and Data Acquisition System
8.1 Trigger and Timing System

The trigger system of the Daya Bay experiment consists of both triggeclackl systems. The trigger
system makes trigger decisions for the central and muon detectors to rseldiho-like events, muon-
related events, periodic trigger events and calibration trigger eventsld¢lesystem provides a standard,
consistent clock signal and time information to the trigger, front-end eldéct@md readout systems. The
following sections will describe the requirements and technical baselirteddrigger and timing systems.

8.1.1 Requirements

The signature of a neutrino interaction in the Daya Bay central detectorprignapt positron with
a minimum energy of 1.022 MeV plus a delayed neutron. About 90% of th&areuare captured on
Gadolinium, giving rise to an 8 MeV gamma cascade with a capture time p§28he main backgrounds
to the signal in the central detector are fast neutrons produced by cammoic interactions in the rock,
8HePLi9 also produced by cosmic interactions and natural radioactivity. Alletimajor backgrounds are
related to cosmic muons. The following are the main trigger requirements impgshd physics goals of
the Daya Bay experiment:

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

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

3. Time stamp: Since neutrino events are constructed offline from the time correlation eetihe
prompt positron signal and the neutron capture signal, the trigger sybtmrdgprovide a time stamp
for each triggered event accurate to better thars1Therefore, the trigger system must be able to
provide an independent local system clock to each detector site forririgigetronics, and DAQ
readout system. GPS time will be received at each site to synchronize tties éloeach central
detector and muon veto DAQ board as well as provide a global absolute timetssecorded by the
central detectors, veto and muon trackers can thus be accurateljatsgac time offline using the
timestamp.

4. Flexibility: The system must be able to easily implement various trigger algorithms usingntiee sa
basic trigger board design for different purposes such as
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(a) Using different energy thresholds to adapt to the possible agiagteff liquid scintillator, or
for triggering on calibration source events which have lower energygiges.

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

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

(d) Using an OR of the trigger decision of different trigger algorithims tojol® a cross-check and
cross-calibration of the different algorithims as well as a redundancghieee a high trigger
efficiency.

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

8.1.2 The Trigger System
8.1.2.1 The Central Detector Trigger System

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

1) An energy sum trigger

2) A multiplicity trigger

In addition to neutrino interaction triggers, the central detector triggermyséeds to implement sev-
eral other types of triggers for calibration and monitoring:

3) Calibration triggers of which there are several types
3a) Triggers generated by the LED pulsing system that routinely monitoiisglihs and timing.

3b) Triggers generated by the light sources periodiclly lowered into ttectbe volume to monitor
spatial uniformity of the detector response and the light attenuation.

3c) Speciality energy and multplicity triggers used to test detector respsimggradioactive sources
4) A periodic trigger to monitor detector random backgrounds.

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

A VME module with onboard Field Programmable Gate Arrays (FPGA)s is uséugtement the
central detector trigger scheme outlined in Figure 8.1 based on expevigaiced at the Palo Verde [1]
and KamLAND experiments. Figure 8.1 shows the schematic diagram of éoleasgger scheme. We use
an OR of both an energy sum and a multiplicity trigger to signal the presemeutino interactions in the
central detector. These two triggers provide a cross-check anstcatibration of each other.

The multiplicity trigger is implemented with FPGAs which can perform complicated patezogni-
tion in a very short time. FPGAs are flexible and can be easily reprogramheeddstrigger conditions
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Fig. 8.1. A simplified trigger scheme

change. In addition, different pattern recognition software can benb@asded remotely during special cali-
bration runs, such as might be needed for detector calibration with sodroe signal from different PMTs
is compared with the threshold on onboard discriminators in the front-emtbueaards as described in
Section 5. The output of the PMT discriminators are input into the trigger mdeR&A which performs
clustering and pattern recognition and generates the multplicity trigger deci$ierdark current rate of the
PMT is typically around 5 kHz at P5C. At a multiplicity of 16 PMTSs, the total trigger rate would be less
than 100 Hz with a 100 ns integration window at the PMT as shown from the dionul@sults in Figure
8.2.

The energy sum trigger is the sum of charges from all PMTs obtained fhe front-end readout
boards with a 100 ns integrator and discriminator. The threshold of thdardisator is generated with a
programmable DAC which can be set via the VME backplane bus. Theesarg is digitized using a
200 MHz fast ADC (FADC) on the trigger module. We plan to have an engigger threshold of 0.7 MeV
or less to be compatible with the positron energy of 1.022 MeV withinoBthe energy resolution. At
such low energy thresholds, the trigger will be dominated by two types dfgbaend: One is the natural
radioactivity originating in the surrounding enviroment which is less thans8d+hown in a Monte Carlo
simulation in Section 5. At this threshold, the energy sum trigger rate fromNhE dRark current with a
100 ns integration window is negligible.

Tagging antineutrino interactions in the detector requires measuring the timegation between dif-
ferent trigger events. The time-correlaton will be performed offline efoee each triggered event needs to
be individually timestamped with an accuracy of order of microsecondsttarb may become necessary
to have a correlated event trigger in the case the background rate is koo hig

A periodic trigger to monitor the PMT dark-current, the cosmic ray backgipand detector stability
will be included.
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Fig. 8.2. Trigger rates caused by PMT dark current as a function ahthgplicity.

8.1.2.2 The Muon Veto Trigger System

The muon veto system will utilize three separate trigger and DAQ VME cratesoo each of the muon
detector systems: The water Cerenkov detector, the RPC system and thératken system (scintillators
or water trackers).

The presence of a muon which goes through the water Cerenkov detactoe tagged with energy sum
and multiplicity triggers using a similar scheme and hardware modules as usibe foentral detector. In
addition, a more complicated pattern recognition scheme using localized emergyultiplicity information
may be used. The trigger rate in the water Cerenkov detector is dominateel dystimic muon rate which is
<25 Hz in the far hall an&<200 Hz in the near halls (see table 3.4). In addition to the water pool Carenko
detector trigger, muons could be tagged by a system of double layernsntifaor strips or RPCs.

The FPGA logic used for the RPC and scintillator strip detectors forms muobs’sttom coincident
hits in two overlapping layers of scintillator or two out of three layers of RRIGough the readout elec-
tronics of RPC is very different from that of the PMT, the trigger boamd still be similar to the other trigger
boards. As we discussed before, each FEC of RPC readout elestoam provide a fast OR signal of 16
channels for the trigger. All the fast OR signals will be fed into the triggertdor further decision by
FPGA chips. The principal logic is to choose those events with hits in two atireé layers within a time
window of 25 ns in a localized region of typically 10°PnSince the noise rate of an RPC is typically about
500-1000 Hz/m, the false trigger rate can then be controlled to be less than 50 Hz in subemecThe
co-incidence rate in the RPC system due to radioactivity is estimated to be & 0&#ed on measurements
in the Aberdeen tunnel. This corresponds to a radioactivity trigger rabait 22 Hz in the far hall.

For the water tracker modules, we need two types of trigger:

1. an AND of the two ends with a threshold of approximately 3 p.e. on each end

2. A prescaled single ended trigger with a lower threshold.
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3. The energy sum of the two ends with a threshold of approx 20 p.e.

The central detector trigger board can be used to implement the triggenasstier the water tracker.
The fake trigger rates from radioactivity in the water tracker modules isazd to be negligible.

An alternative to the water tracker modules discussed above, two laye@ndilator strips in the
water pool can be used as described in Section 7. The 0.5 m of waterepetiweewater pool walls and the
scintillator strips provides some shielding from radioactivity in the rock whihegates a rate of 180 Hz of
background in the largest plane (bottom of the far detector). The scintiPAMid’s noise rate isx2 kHz at
15° C. Requiring a co-incidence of two hits in overlapping layers with a 100 ngratien window reduces
the fake trigger rate from the scintillator strip PMT noise to a negligable levekihtipal, the same trigger
module design can be used for both RPCs and scintillator strips with difieR®BA software to handle the
stub formation in the different geometries.

The global muon trigger decision is an OR of the three muon detector triggeensy: RPC, water
Cerenkov and muon tracker. The muon trigger decision may be used tdlaunigher level delay trig-
ger looking for activity inside the central detector at lower thresholdgoaimultiplicities for background
studies.

8.1.3 Timing System

The design of the trigger and DAQ system is such that each central dedectonuon veto system
has independent DAQ and trigger modules. In this design it is necesssync¢bronize the data from the
individual DAQs and trigger systems. This is particularly critical for the mueto systems, where a single
muon candidate will be reconstructed offline from data originating in threspieiddant systems: the water
Cerenkov pool, muon tracker and RPC tracker. In addition cosmic muatidzdas reconstructed in the
muon veto systems have to be time correlated with activity in the central detectodjorauon induced
backgrounds. To this end, a single central clock generator (CCGijdshe built to provide a global op-
eration clock (GOC) for all VME crates to synchronize all DAQ and triggerdules and to broadcast a
standard time reference. The CCG will preferably be located at the middi®siéeluce synchronization
errors due to time delays on different cable lengths to the far and two ibeswr Bhe main component of
the CCG is a Global Positioning System (GPS) antennae, reciever babseéier module which provides
a precision clock synchronized to Co-ordinated Universal Time (UAGchematic of the CCG layout is
shown in Fig. 8.3. Current GPS reciever modules have time resolutionssf 50

The GPS reciever generates a Pulse Per Second (PPS) signal and adkeeiptransmitted from a
serial port every second. The PPS, time packet and the Global OpeCitick are broadcast to a local clock
system at each site via optical links as shown in Figure 8.4 which then farikeosignals to the trigger
boards in each DAQ/Trigger crate. The trigger boards recieve thelsifyoen the CCG, compensating for
the cable delay and fan out the clock, PPS and time packet to each DAQ boar

8131 T

imestamp and Event Information

Each trigger board recieves the PPS, GPS time packet and the GOC friwmoahaock fan-out system
at each site. The internal operation clock on each board is used toarivgernal counter which then
provides the time division inside one second. When the PPS pulse from the@fes, this counter will
be reset to the correct second. The absolute timestamp to the second wéltdmed from the GPS time
packet. For each trigger, the timestamp will be added together with the exant da

8.2 Data Acquisition System

The data acquisition (DAQ) system is used to read data from the electrorocslitwe processors, to
concatenate data fragments from all relevant electronics systems into te@gleent, and to record event
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data on archival storage.
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A brief review of the DAQ design requirements is followed by discussion efsystem architecture,
DAQ software, and detector control and monitoring system.

8.2.1 Requirements

The Daya Bay DAQ system requirements are:

1. Architecture requirements: The architecture requires separate DAQ systems for the three detector
sites. Each central detector module will have an independent VME readate that contains the
trigger and DAQ modules. In addition, the water Cerenkov detector and tracking detectors will
also have their own VME readout crates. The trigger and DAQ for theeuttimo and muon detector
modules are kept separate to minimize correlations between them. The DAQmtrot is designed to
be operated both locally in the detector hall during commisioning and remotely dothl room. In
addition, run-control will enable independent operation of individudileeutrino and muon detector
modules.

2. Event ratesThe trigger event rates discussed in the previous Section are summarizaan?2

Table 8.1. Trigger event rates by system (check numbers!)

System Maximum event rates

Central Detector 150/200 Hz in far/near hall
RPC on top of water pool 100/300 Hz in far/near hall
Water Cerenkov detector  25/200 Hz in far/near hall
Muon tracker 25/200 Hz in near far/near hall

While the trigger rate in the central detector is of order a few 100 Hz, anf@dhree muon trigger
systems will produce a maximum trigger rate<cf kHz. The Daya Bay event rate design requirement
is therefore taken to be an average of 1 kHz. In addition, to trigger orotinelated neutrino and fast
neutron signals in the central detector, the DAQ needs to be able to acgemts ¢hat occur Ls or
more apart.

3. Bandwidth

The maximum number of electronics channels for the Central Detectorsy Gitenkov pool, and
Muon Tracker PMTs at the far site is estimated to be at most 2000 chanrstiewas in Table 3. We
assume that the largest data block needed for each PMT channel is 64légs, provided waveform
digitization is not used, the breakdown of the channel data block could fadl@ws:

Address : 12 bits

Timing(TDC+local time): 32 bits

ADC : 14 bits

For the RPC readout its 1bit/channel + header (12bits) + global timestanbjig)64 1.4 kBytes
maximum.

Assuming maximum occupancy numbers of 10% for the RPC system, 100%idrof the 4 central
detectors, 10% for the water tracker and 50% for the water Cerenkogstimate the maximum event
size at the far site is 10 kBytes. With a maximum trigger rate of 1 kHz and some capacity for trigger
decision words this corresponds to a maximum desired data throughgutOofBytes/second/site.

If waveform digitization is used, this could increase the maximum desired datagtimput by an order

of magnitude to<100 MBytes/second/site.
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Table 8.2. Estimated number of readout channels from various detestensyat the

far site.
Detector Option Geometry No channels
RPC on top 3 layers of
of water pool double gap
2 mx2 m module  modules 10770
Scint tracker 2 layers
strip module side/bottom
1.2mx5.25m water pool 524
OR
Water tracker 8 PMTs 448
modules per module

1 mx16 m module side/bottom

Water Cerenkov 1 PMT/2
pool 4 sides/bottom 340

Central detector 4 modules 912

4. Deadtime: The DAQ is required to have negligible readout deadtime (j0.5%).

8.2.2 The DAQ System

The task of the DAQ system is to record antineutrino candidate eventsseldsarthe central detector.
In order to understand the background, other types of event are@lscted, such as cosmic ray induced
events, low energy radiative backgrounds, etc. Therefore, the IDAK) record data from the central detec-
tor, water Cherenkov and Tracker, with precise time information. Offlirsdyais can use time-correlation
information between continuous events in the central detector or in botletrachl central detector to select
antineutrino events or study the muon related background.

There should be three sets of DAQ systems: one for each of the threztodetite. Each of them
is built on the same architecture as shown in Fig. 8.5. The DAQ architectsigndis multi-level using
advanced commercial computer and network technology. The lowestdekielVME based readout system.
Each VME crate is responsible for one detector system. Each module oSthdetkector will have its own
independent VME crate. Therefore, The lowest level VME readgstesn of the far detector hall will
consist of the trigger, veto, tracker, and four VME readouts. The Metector halls, Daya Bay and Ling
Ao, have the same DAQ architecture but with different number of VME gaadrates. Each VME crate
holds a system controller and some FEE readout modules. The VME poocas embedded single board
computer, is used to collect, pre-process, and transfer data. Thesposean read data from a FEE board
via D8/D16/D32/MBLT 64 transfer mode, allowing a transfer rate up to 80 MBliseadout crates of the
entire DAQ system at the given detector are connected to an online teaioputer through a fast Ethernet.
The readout computer is used for data collection from readout cratef®aavent building. The event will
be sent remotely to the computer on the surface to be recorded in perratarage through an optical fiber.

The data stream flow can work in two ways, depending on the requirerhefflioe analysis. One
scheme is to send tracker event, veto event and LS event out into orstréai@ on the readout computer.
Another scheme is that each type of sub-event, tracker event, veth) evd&ss event, has a different data
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Fig. 8.5. Block diagram of data acquisition system

stream and will be recorded into different data file in the storage. Thandescheme is simpler from view-
point of DAQ and also comply with the principle of DAQ system design that eletéctor has independent
DAQ system for both hardware and software design.

Since the DAQ system is required to be dead time free, each level showdthata buffer capability
for the random data rate. In addition, both the VME bus and network shmyd enough margin of data
bandwidth to deal with the data throughput of the experiment.

The DAQ control and monitoring systems can run either on the surface ¢denguuthe readout com-
puter in the detector hall. The run control on the readout computer is faleimegging and commissioning
of the detector. The software is configurable for different requirgsien

8.2.2.1 Buffer and VME Interface

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

Itis possible to read out the overall event information from the triggerdedile the channel data part
is read out from all the DAQ boards. In this case the event synchitimizaetween the DAQ boards and the
trigger board is critical, and an independent event counter should benrapted in both the DAQ boards
and the trigger board. These counters can be centrally cleared to nrakbeswhole detector module can
start from a synchronized and clear status after a trigger event islesto

8.3 Detector Control and Monitoring

The detector control system (DCS) controls the various devices of fheriement (e.g., high voltage
systems, calibration system, etc.), and monitors the environmental paranmetelstector conditions (e.g.,
power supply voltages, temperature/humidity, gas mixtures, radiation, etme Safety systems, such as
rack protection and fast interlocks are also included in the DCS.

The DCS will be based on a commercial software package implementing thevisopg control, and
data acquisition (SCADA) standard in order to minimize development costgpandximize the mainte-
nance ability. LabVIEW with Data logging and Supervisory control moduleEIpis a costs effective choice
for the DCS.
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The endpoint sensors and read modules should be intelligent, have diditaliut, and conform to
industrial communication standard. We will select minimum number of necefisltypus technologies to
be used for communication among the SCADA system and the readout modules.

1. G. Gratteet al, Nucl. Instr. and Meth. A0Q, 54 (1997).
2. Trimble Navigation Ltd. http://www.trimble.com/acutime2000.html.
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9 Installation and System Test

As detector subsystem elements arrive at the Daya Bay site, they will bergelito the Storage Build-
ing (SB) or the Surface Assembly Bulding (SAB). Some elements, such asitiezal oil storage tanks,
will arrive ready for installation on the surface or in the tunnel. Other elésnesnch as the muon tracker
will require a brief retesting to ensure that no damage occurred duringptoat. However, elements such
as the central detector tanks will require space for subsystem assemibtheck out. The nested acrylic
inner vessels will be lifted and placed into the steel vessel in the SAB. THdirgwill be large enough
to house many of the steel tanks and nested acrylic inner vessels. It wih@® a crane of sufficient ca-
pacity to assemble the nested vessels and to lift the completed (but dry) deté@tors onto their trailer
or transporter. The SAB will require clean assembly space for workinipe open vessels to maintain the
appropriate surface cleanliness. Once subsystems are assemblesteshd$eequired, they will be moved
down into the tunnels on trailers or transporters at very low speed to thmiogate Experimental Halls
(EH) for final assembly, alignment and system testing.

9.1 Central Detector Assembly Plans

We plan to purchase all of the LAB for the L5400 T) from one batch and ideally store this in a
tank at the Daya Bay site (or at alternate sites such as the factory or o®ble locations). The LS and
Gd-LS will be mixed either in the SAB or the underground mixing hall (MH) nibarDaya Bay near site
and access tunnel. The three components: Gd-LS, LS and mineral oilenilldd simultaneously into
two detectors in the MH. An alternate plan under consideration would be todilivib detectors in their
respective experimental halls.

9.2 Incoming Receiving and Storage

The elements of the detector — central detector tanks (stainless stell gtid)acalibration systems,
veto detectors, PMTSs, liquid storage tanks, and so forth — will have teeaon a well coordinated timeline.
The space required just for storage of components would otherwisklyjoierrun the available storage
space. The large volume storage tanks for Gd loaded LS, pure LS anchhoievill need to be in place
prior to central detector elements arrival or completed central detecttbrstack up down in the tunnel
waiting to be filled. An incoming storage building will be required. The SB will beudficient size to hold
the large elements of the central detector and veto system, but only for af filn@se elements for short
periods of time before they are moved into the Surface Assembly Buildinga¥eonple, space for two steel
outer vessels plus two sets of nested acrylic vessels as well as sekggaldéo detector panels and boxes
of PMTs, should be sufficient. But, even this, requires a building of myug00 n¥ area and a crane with
two hooks (20 Tand 5 T).

9.3 Surface Assembly Building

An assembly building of the scale of 154B0 m (750 m) will be required to assemble, survey and
test multiple central detectors at once. In parallel with central detectemddg the muon detectors will
be inspected and tested. A building of this size could allow us to set up b&sgraction and test stations
and have a station for survey and alignment. It would be sized to handmblssof two central detectors
in parallel plus a short incoming veto RPC panel test station. If the buildisgarranged in a long (50 m),
fairly narrow (15 m) orientation, a single 30 T bridge crane running thetkeoigthe building with a smaller
5-10 T crane utilizing the same rails would be sufficient. This would allow fonthgripulation of partially
or fully completed (dry) central detectors while moving veto panels or staghmgy structures in parallel.

9.4 Precision survey, fiducialization and placement of the detectoiia the experimental halls

Precision survey at the 25 m level will be required during assembly as well as after placement of
the central detectors in the experimental halls. Precise knowledge of-tssasibled location of each of
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the two nested acrylic vessels with respect to the outer wall of the steeltanteis required, so that we
can monitor any relative movement of these elements. (Note: the active monggstegn is discussed in
Section 6.) This will be a radial as well as longitudinal measurement at &sjoreof 10-20um. This is
well within the existing ability of modern survey instruments and techniquese$wand fiducialization of
the muon veto chambers, PMT support structures as well as the centelade will be required in the
SAB. Carrying internal geometries to these external fiducial points will ultipaiéow a precise relative
understanding of detector geometry to the experimental hall and the outsilte w

9.5 Subsystem Test and Checkout in the Surface Assembly Building

Incoming inspection of each detector element for damage is an obviousitaskyer, system elements
that are completely assembled and tested to meet specifications at far awgyheiteS and Beijing for
example) will require a limited retest to ensure no internal damage occuwretycgshipment. Testing for
broken channels or shorts in RPC chambers, PMT function, calibrat&terayfunction, etc., will all be
required. To accomplish these tasks, appropriate test stations will betdesgeand utilized in the SAB. The
test stations will be manned by technicians, grad students, post-docéysidigts and will utilize a small
set of simple electrical tests performed to a written test specification. It iskett we will repeat all the
original performance tests performed at the originating institutions. Haywweeemay need the capability to
provide appropriate gas mixes and high and low voltage power as well asreige test environment.

9.6 Transport to experimental halls

Assembled and tested elements of the detectors will be transported to therexyel halls from the
SAB using tractors and flat bed trailers or self-propelled transpofitbese are several issues associated with
this task that make it somewhat more difficult than simply using conventionaldoatation equipment.

1. The tunnel itself is not very large.

2. We are driving through long tunnels with relatively little ventilation (for castl space considera-
tions).

3. We enter through a steep grade (perhaps 10%).
Because of this, the transport mechanism should:
1. Have a low bed heigh&(1l m)
2. Be powered by an electric drive or by some very clean burning tuetl as LPG

3. If practical, be capable of ‘leveling’ the bed to maintain the vertical axth®icentral detectors in a
vertical orientation

During the transport down the access tunnel to the MH the Central Detea®unfilled (and are therefore
only about 20 T or 20% their final weight). During the transport to the empental halls the central detectors
are filled (~~100 T). We are currently investigating several transportation systenssoi@umade (short and
wide) flatbed, ‘lowboy’ trailers pulled by an electric airport pushbaclstigjone option. A second option is
to use self propelled, computer and remote controlled, small wheel diametspdréers which often have
hydraulic lifting capability. A third option is an electric powered train-like traorégr which runs on rails.
All of these systems have the benefit of having a bed height of arounad.0A of these can be powered
by electric motors for clean, safe operation in confined spaces.
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9.7 Final Assembly in the Eexperimental Halls

The veto detector elements (RPC chambers, structures and PMTs) wilNmrekbto the Experimental
Halls after the test and check out phase on the surface. These elenikebésimstalled in the pool (PMTs
and PMT supports) and over the roof of the pool (RPCs).

After transportation through the access tunnel, the Central Detectorsendilldd with mineral oil,
LS and Gd-LS in the MH. Next, the assembled and filled Central Detectors aiflldwly transported
through the tunnels to the EH. Once there, they will have their calibrationrsgstinstalled so they can be
calibrated and checked.

At this point, the Central Detectors will be lifted into the empty water pool and tio stands. Long
calibration tubes (to allow manual calibration after the pool is filled) will be insiadied the readout cables
will be dressed into the pool and up into the electronic racks.

9.8 Precision placement and alignment with respect to the reactor ces

Precise knowledge of the ‘global’ location of each hall (with respect tae¢hetor cores) will be cap-
tured in permanent survey markers in each experiment hall. Thesg snavkers will be placed and known
to a precision of better than tens of centimeters, with respect to the outsitte ex@n though the halls are
hundreds of meters inside underground tunnels.

The Central Detectors will be surveyed into approximate (but preciseyihlocation on their stands
at the bottom of each water pool. The knowledge of the location of eactalBetector, with respect to the
fiducial markers in the halls, can be at the level of 100'siof. The location of the Muon Detector System
elements also can be surveyed and understood at this same 1@@'slefel. This is both with respect to
the Central Detectors and the EH.

Therefore, the precise relationships between the detector elements arddtu core will be known
to the required precision of better than 30 cm.
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10 Maintenance & Operations

Routine operations of the Daya Bay experiment will be carried out by a teashift in the Control
Room on the surface. This team will have support from the power pkttieowner, China Guandong
Nuclear Power Group (CGNPG), is a collaborator on the experiment.

10.1 Operations Plans

The operations of the detector will consist of online data analysis for mardttine detector perfor-
mance and data quality. The operations will also include analysis of datalfioration of the detector. The
calibration procedure will include automated calibration runs. The calibratiocedure will also include
special manual calibration runs.

10.1.1 Calibrations

The operations of the detector will include both automatic as well as manualatalits as described
in Section 6.

10.1.2 Detector Swapping

The purpose of swapping detectors has been described in Sectionart] 2. A an overview of the
swapping procedure has been outlined in Section 5.

The mechanical structure of each detector will be assembled in the SAR$ashkd in Section 9)
and the detectors will be transported underground to the MH (hall #5 iMFign Section 4.1) empty. The
detectors will then be filled in pairs with Gd-LS, LS and mineral oil in hall #5tEdetector will be com-
missioned in the Daya Bay near hall (hall #1) along with a reference detéstpart of the commissioning
procedure each detector will collect antineutrino data at the Daya Baysitedor XXX days. After this
initial commissioning one detector of each pair will be moved to the far site andvibinge moved to one
of the near sites.

After all detectors are commissioned and located at their initial sites the expériitiecollect data for
approximately six months. After each six month interval two pairs will be swéfgre— near (as described
in Table 3.3).

The total estimated time for detector swapping in the baseline water pool catiiguis 2—4 days.

1. Disconnect large area RPC roof system gas piping and electricatassary to ready this portion of
muon veto for sliding back and out of the way for central detector lift afien

2. Drain water pool to level below central detector moduled@00-1500 r¥) and pump water out
through tunnels to pond by entrance, replace with fresh filtered water veffidling

Install man bridge over open pit to allow safe access to top of centedtde
Disconnect PMT HYV, signal cables, LS overflow plumbing, etc. asiredo prepare for move

Remove/prepare calibration system & piping as required from top dfadeletector

o 0 M~ W

Down in pool, remove Cherenkov water pool PMT’s in frames fromtiooa where damage could
occur when lifting central detectors.

N

Attach required lifting devices to central detector

8. Using a 150 T crane, lift the central detector vertically out of poolteamkslate it horizontally, placing
it on a flat bed trailer or transporter

©

. Connect tractor to trailer (if using trailer)
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10. Drive Central Detector Module<l km/hr) to new location

11. Reverse the operation, at the previously prepared new location
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11 Management, Scope and Cost

In this chapter, the overall project plan will be described. This will incladeoverview of the project
organization, schedule, and the concept for international divisionagesand cost. Later, the planned US
scope and cost range will be outlined. Because this is a joint project withtemmational collaboration,
the cost accounting approach differs substantially from country totopuProject cost accounting in the
Peoples Republic of China is quite different than in the US. In the PROqtealbeall labor costs (Physicist,
Engineer and technician) do not appear in the cost estimate. The prinsirgero in China is materials.
For those items in China where labor must be paid for, such as mining, theoptai®or is very much less
than the price in the US. As a result, it is very difficult to review the cost ohen€se scope element while
applying typical US costing standards. For this reason, while the totalgpregedule and scope will be
discussed, the only cost estimate presented will be that of the US collalbdi@tibe planned US scope.

11.1 Daya Bay Project Organization

The Daya Bay Project will be international in scope, funding and orgdiniz. In this section, we will
give an overview of the international Project organization as well as sbhe management approaches.

An overview of the Project Organization and Management is presentedWe will present a summary
of the planning and scheduling process as well as our proposed tobie there will be many agencies
and agency reviews of the Daya Bay Project, here we will only summarizadheed function of our own
internal standing and ad-hoc committees and our technical review prdemsexample, the function of
the Project Advisory Panel, the Physics Advisory Committee, as well as thaaffexternal expert ad-hoc
technical reviews will be described.

The need to control change formally after the formal baseline is establiahtiak time of the US DOE
CD-1 review) will be presented in a Project Management Plan.

Looking at the Project from the oversight agency level, the internatmngalinization for the Daya Bay
Project is shown below in Figure 11.1.

11.1.1 Planning

11.1.2 Reviews

11.1.3 Change Control

11.2 Project Scope Overview

The entire project technical scope has been described in the previapters. The total Daya Bay
project includes the civil construction of the experimental facility at thedDBay site. In addition to the fa-
cility construction, detector elements (Central Detectors, Muon System, &#diniSystem, DAQ/Trigger,
online and offline hardware and software) are included. Key to all citlaetivities are the project integrat-
ing elements such as Installation and Test, System Integration and Projeatj®dfaent.

11.2.1 US Project Scope Range

The US Project scope will not be set until a formal MOU is developed mymd between the US, PRC
and other countries. Therefore, the present status of discussios thercollaboration is presented.

11.2.2 US Project Cost Range
The US Cost range associated with the above scope is shown in Table.
11.2.3 Project Schedule

Briefly, the first significant construction event of the Daya Bay Expeninsehedule begins with the
initiation of civil construction on the tunnels in the spring of 2007. The go&b isomplete the civil con-
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Fig. 11.1. Project organization chart.

Table 11.1. Proposed US project scope.

| WBS || Description \

Comments on Scope

1.1 Central Detectors Acrylic inner vessel design, PMTs and PMT testing as well as
base/control board design and fabrication. Gd loaded Liquid Scintillator.
Installation and Test

1.2 Muon System System design, PMTSs, testing, bases/control boards
as well as the support structure

1.3 Calibration and Monitoring Automated...

1.4 Trig/DAQ/Online mmmlfajd

1.5 Offline mmmlfajd

1.7 Installation and Test Installation as well as test planning and oversight, some onsite testing

1.8 System Integration Integration planning, documents and management activities

1.9 Project Management Planning, oversight, regular reporting and review efforts,
change control and contingency management

struction of the tunnels, experimental halls and utility infrastructure befarertiaddle of 2009. There is
an additional goal to complete the Daya Bay Near Hall 8—-10 months earliethibdinal (Far) hall. The
schedule for the detector elements is therefore driven by the completior Gifghtwo Central Detectors
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and a small portion of the Muon System hardware by the fall of 2008 inrdoddeploy these in this first
experimental hall. This first hall will be used as an early opportunity to ingtetform system testing and
begin partial experiment operations — a chance to debug and gain ingighkitector operations. The next
hall to follow will be the Mid Hall. This hall and its detectors will most likely be avaiad—5 months
later (early in calendar 2009). This would then allow us the first opportdaitpeginning measurements
of 613 by late summer of 2009. The remainder of the detectors will be installed and csiongd by the
summer of calendar 2010 so that the full complement of near and far dsteeto begin data taking. A
more complete view of the project schedule is shown in figure 11.2 below.

Fig. 11.2. Daya Bay Project Summary Schedule.
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A Acronyms

AC
ADC
BES
BINE
BNL
CAS
CDR
CcC
CCG
CD
CERN
CL
CpP
CPT
CVS
DAC
DAQ
DC
DCS
ES
ESH
FADC
FEC
FEE
FET
FPGA
FY
FWHM
Gallex
GEANT
GNO
GOC
GPS
H/C
H/Gd
HV
HVPS
IGG
IHEP
ILL
ISO
JTAG
KamLAND
K2K

alternating current

analog to digital converter

Beijing Electron Synchrotron

Beijing Institute of Nuclear Energy
Brookhaven National Laboratory
Chinese Academy of Sciences
Conceptual Design Report

charged current neutrino interactions
central clock generator

Central Detector

European Organization for Nuclear Reseach
Confidence Level

Charge, Parity symmetry

Charge, Parity, Time reversal symmetry
code versioning system

digital to analog converter

data acquisition

direct current

detector control system

elastic neutrino scattering
Environment, safety & health

Flash ADC

Front-End Card

Front-End electronics

field effect transitor

field programmable gate array

fiscal year

full width at half maximum

Gallium Experiment

detector discription and simulation tool
Gallium Neutrino Observatory

global operation clock

Global Positioning System

ratio of hydrogen to carbon

ratio of hydrogen to gadolinium

high voltage

high voltage power supplies

Institute of Geology and Geophysics
Institute for High Energy Physics
Institute Louis Langevin

International Standards Organization
electronic standard for testing & downloading FPGA's
Kamioka Liquid Antineutrino Detector
KEK to Kamiokanda neutrino oscilaltion experiment
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KARMEN Karlsruhe Rutherford Medium Energy Neutrino experient

KEK High Energy Accelerator Research Organization
Kr2Det Two Detector Reactor Neutrino Oscillation experiment at Krasrslya
L/E Distance divided by energy

L3C L3 cosmic ray experiment

LAB Linear Alkyl Benzene

LED Light emitting diode

LENS Low Energy Solar Neutrino Spectrometer

LMA Large Mixing Angle solution

Ln lanthanides

LS Liquid scintillator

LSND Liquid scintillator neutrino detector

LVDS low voltage differential

m.w.e. meters of water equivalent

MC Monte Carlo

MINOS Main Injector Neutrino Oscillation experiment
MSB 1,4-bis[2-methylstyrl]benzene

MSPS mega-sample per second

NC neutral current neutrino interactions

NPP Nuclear Power Plant

ODH Oxygen deficiency hazard

OPERA Oscillation Project with Emulsion-tRacking Aperatus
p.e. photo-electrons

PC pseudocumin

PC personal commputer

PMT photo multiplier tube

PRD Pearl River Delta (elevation above sea level)
PVC Poly Vinyl Cloride
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PWR
QA
QE
REE
R&D
RS
RPC
RPVC
SAGE
s.p.e.
SNO
SNO+
SS
SU(4)
SO(10)
SAB
TDC
TSY
uv
VME
WBS
YREC

pressurized water reactors

Quality Assurance

Quantum Efficiency

rare earth elements

Reseach and developement
Richter scale

resistive plate chamber

Rigid Polyvinyl Chloride
Soviet American Gallium solar neutrino Experiment
single photo-electron
Sudbury Neutrino Experiment
Sudbury Neutrino Experiment
stainless stell

Surface Assembly Building

time to digital converter

Fourth Survey and Design Institute of China Railways
ultraviolet light

Versa Module Europa

work-breakdown structure

Yellow River Engineering Consulting Co. Ltd.
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B Work Breakdown Structure

The Daya Bay work breakdown structure (WBS) has nine major categasieshown in Table B.1.
China will take the lead role on 1.1 1.4 and 1.6; the U.S. will take the lead role e#3.1The remaining
tasks: 1.5, 1.7-9 will be jointly lead.

Table B.1. Daya Bay Work Breakdown Structure (WBS) shown at level 2

] WBS eIementH Task Name \

1.1 Antineutrino Detector

1.2 Muon Detector

1.3 Calibration and Monitoring Systems

1.4 Trigger, DAQ and Online

15 Offline

1.6 Conventional Construction and Equipment
1.7 Installation and Test

1.8 System Integration

1.9 Project Management

WBS Dictionary

The WBS dictionary descriptions at level 2 and the complete WBS down to3eare described below.
The WBS includes the entire project scope; for details on the US scofgestien 11.2.1.

WBS 1.1: Antineutrino Detector

This element covers labor, materials and equipment associated with the,deasilyar prototyping,
construction, assembly and testing of the Central Detector, its tanks,rssppetures and moving equip-
ment. This element also includes the liquid scintillator, Gd loaded LS, mineral thérand liquid han-
dling/purification systems. The element includes the PMTs, HV and contestbpfront-end electronics
and associated power supplies and cables. It also includes safetysysteded specifically for these ele-
ments. It also includes any special fixtures required to fabricate, aksaminstall the Central Detectors
at the Daya Bay Site. Note that final assembly in the Surface Assembly Buggidgnstallation of the
Central Detectors in the experimental halls, plus subsequent in-situ siesténg, is included in WBS 1.7.
All required management activities associated specifically with the Centtatide are included here. The
complete WBS for the Central Detector to level 3 is shown in Table B.2.

Table B.2. Daya Bay WBS for the Central Detector shown to level 3.

| WBS || Description \

1.1 Central Detector

1.1.1 || Mechanical Assembly

1.1.2 || Liquid Scintillator

1.1.3 || Photomultiplier Tubes (PMTs
1.1.4 || Electronics

1.1.5 | Safety Systems

1.1.6 || Prototypes

1.1.7 || Assembly

1.1.8 || Subsystem Test

1.1.9 || Subsystem Management

WBS 1.2: Muon Detector
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This element covers labor, materials and equipment associated with the, dethggr prototyping, con-
struction, assembly and testing of the Muon Veto system, its tracking charieser, Cherenkov system,
support structures, gas systems, front-end/readout electroniessmclated power supplies and cables. This
element also includes the water pool liquid handling/filtering system includinglgphg. It also includes
safety systems needed specifically for these elements. It also includepemial fixtures required to fabri-
cate, assemble, test and install the Muon systems in their experimental hadghiiiotesting of the muon
system elements in the Assembly Building, installation of the Muon Detector eleméhts éxperimental
hall, and subsequent in-situ system testing, is included in WBS 1.7. All etjmianagement activities as-
sociated specifically with the Muon Detector are included here. The complB® fdf the Muon Detector
to level 3 is shown in Table B.3.

Table B.3. Daya Bay WBS for the Muon Detector, shown to level 3.

| WBS || Description \
1.2 Muon Veto

1.2.1 || Mechanical Assembly
1.2.2 || Water Cherenkov System Elements
1.2.3 || Tracker System Elements
1.2.4 || Magnetic Shielding

1.2.5 || Readout Electronics

1.2.6 || Safety Systems

1.2.7 || Muon Detector Prototypes
1.2.8 || Assembly

1.2.9 || Subsystem Test

1.2.10|| Subsystem Management

WBS 1.3: Calibration

This element covers labor, materials and equipment associated with the, gsigityping, construc-
tion, assembly and testing of the Calibration system, its mechanisms, plumbing, tgtifma sources,
shutters, valves and devices. It also includes the control system utegldotronics and associated power
supplies and cables. It also includes safety systems needed specificalig$e elements. It includes any
special fixtures required to fabricate, assemble and install the Calibrgtens elements in the Surface
Assembly Building or experimental halls. Note that installation of the Calibratictefy elements while in
the Assembly Building, experimental hall, and subsequent in-situ systengtestincluded in WBS 1.7.
All required management activities associated specifically with the Calibragistei® are included here.
The complete WBS for the Calibration and Monitoring System to level 3 is shoviahie B.4.

WBS 1.4: Trigger/DAQ/online

This element covers labor, materials and equipment associated with the, gsigtyping, construc-
tion, assembly and testing of the Trigger, DAQ and Online hardware ahdasef This includes all racks,
crates, power supplies, cables, custom and off-the-shelf boardgglhas computers and communication
equipment. (Interface documents will be developed with strict interfacaitiefis between this hardware
and the front-end/readout systems of each of the major detector elemdnsglgo includes any air or
water cooling systems, plumbing, ducting, fans and heat exchangersdlgdie required. (The strict def-
inition of the interface with conventional utilities (see WBS 1.6.5) will be docunmeatsewhere.) It also
includes safety systems needed specifically for these elements (in rack detektion and fire suppression
for example). It includes any special fixtures required to assemble atadl ithese hardware elements in the
Surface Assembly Building or experimental halls. Note that installation of tlygdi/DAQ/Online Hard-
ware elements while in the Assembly Building, experimental hall, and subseigusitu system testing, is
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Table B.4. Daya Bay WBS for the Calibration and Monitoring System, showrvéb le
3.

| 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 Source and Materials 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

included in WBS 1.7. All required management activities associated spégifigth Trigger/DAQ/online
hardware and software are included here. The complete WBS for thgefragnd DAQ to level 3 is shown
in Table B.5.

Table B.5. Daya Bay WBS for the Trigger and DAQ, shown to level 3.

| WBS || Description \
1.4 DAQ, Trigger and Online

1.4.1 | DAQ

1.4.2 || Trigger

1.4.3 || Monitoring and Controls
1.4.4 || Online

1.4.5 || Infrastructure and Safety Systen
1.4.6 || Subsystem Test
1.4.7 | Subsystem Management

=

S

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 Trigger, DAQ, On-line and offline softwHralso includes code written
for controls and monitoring functions. The simulations efforts for each efstibsystems and the overall
experiment are also included in this element. All required management actagiesiated specifically with
Trigger/DAQ/online/offline Software are included here. The complete WiB3hfe Offline Hardware and
Software to level 3 is shown in Table B.6.

WBS 1.6: Civil Construction

This element covers all labor, materials and equipment associated with figa desl construction
of the underground tunnels and caverns. It covers the design asttection of the entrance, the ancillary
rooms for LS and water system as well as all underground utilities for tmetsyhalls and experiment. This
element also covers the design and construction of the surface builditigs site. All ‘universal’ or non-
detector specific life and equipment safety systems — ventilation, smoke detditésuppression, ODH,
etc. are included here. Detector specific elements (for example flammalded@DH detection) will be
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Table B.6. Daya Bay WBS for the Online and Offline Software, shown td Rve

| WBS | Description \

1.5 DAQ, Trigger, Online and Offline Software
1.4.1 || Networking and data transfer

1.4.2 || Offline Hardware including Data archiving
1.5.3 | Analysis Software

1.5.4 || Simulations Software

1.5.5 || Subsystem Test

1.5.6 || Subsystem Management

included under their WBS costs. All required management activities assoapecifically with the Civil
Construction and Infrastructure are included here. The complete Wi BB&@onventional Construction to
level 3 is shown in Table B.7.

Table B.7. Daya Bay WBS for the Conventional Construction, shown td &eve

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

1.6.2 || Tunnel Entrance and Surroundings

1.6.3 | Experimenal 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

WBS 1.7: Installation

This element supports the overall planning and execution of the finahé$sand installation of the
experiment on site at Daya Bay. It includes labor, materials and uniamtassociated with a single detec-
tor subsystem above) equipment required to perform these functionsx&mple, lift trucks, scaffolding,
and rigging equipment. However, it does not include the custom installatieahhardware required for
individual detector elements — these are included in the WBS elements abaisa includes the overall
system testing and commissioning of the experiment once installed. The elelademactivities in the
surface storage and assembly buildings as well as in the undergroterd€and rooms. It includes all tech-
nical and engineering labor required to install the detector elements, bthienphysicist and engineering
efforts from the subsystems supporting the installation and test activitie®qdlired management activities
associated specifically with Installation and Test are included here. Thelete WBS for Installation and
Test to level 3 is shown in Table B.8.

WBS 1.8: Systems Integration

This WBS element includes the cost of labor and materials for system laeeltdeintegration activi-
ties. These activities include the following:

1. Creating and maintaining boundary and interface definition drawingsketaubsystems.

2. Developing and maintaining system level drawings of the experiment.
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Table B.8. Daya Bay WBS for Installation and Test, shown to level 3.

| WBS || Description \
1.7 Installation and Test
1.7.1 || Installation

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

Creating and maintaining experiment plumbing, cabling and safety systara dpawings.
Creating and maintaining experiment assembly scenario drawings.
Creating and maintaining experiment servicing/maintenance scenarimgsaw

Creating and maintaining detector utility and facility requirements lists and dgawin

N oo o A~ W

Planning and scheduling detector installation activities.

The complete WBS for the System Integration to level 3 is shown in Table B.9.

Table B.9. Daya Bay WBS for System Integration, shown to level 3.

| WBS || Description |

1.8 System Integration
1.8.1 | Mechanical Integration
1.8.2 || Electronics Integration
1.8.3 || Software Integration
1.8.4 || Common Fund

1.8.5 || Subsystem Management

WBS 1.9: Project Management

This WBS element includes the cost of labor and materials necessary tdrptdg,manage, maintain
effective communications, distribute drawings and documents, and penfecessary EH&S and QA tasks
during all phases of the project. However, subsystem related managamadesupport activities for planning,
estimating, tracking and reporting as well as their specific EH&S and QA taskaduded in each of the
subsystems. The complete WBS for the Project Management to level 3 is gidable B.10.

Table B.10. Daya Bay WBS for Project Management, shown to level 3.

| 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 Fund

[
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