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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 masges\() 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 complex is one of the most prolific swtantineutrinos 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 sif26;5.
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1 Physics

Neutrino oscillations are an ideal tool for probing neutrino mass and atimelamental properties of
the neutrino system. This intriguing phenomenon depends on three mixing ahigéegoal of the Daya Bay
reactor antineutrino experiment is to determine the last unknown neutrino naingigd, s with a sensitivity
of 0.01 in sirf26,3, an order of magnitude better than the current limit. This section providegeaview of
neutrino oscillation, the key features of reactor neutrino experimentshasd of 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, using a wide variety of detector technologies. The only conséstglanation for these results
is that neutrinos have mass and that the mass eigenstates are not the sanfleas teigenstates (neutrino
mixing). Neutrino oscillations depend only on mass-squared differem@Esieutrino mixing angles. The
mass-squared difference scale probed by an experiment depetiusratio/ £/, whereL is the baseline
distance (source to detector) afds the neutrino energy. Solar and long-baseline reactor experiments are
sensitive to one mass-squared difference scale, while atmospherichakeline reactor and long-baseline
accelerator experiments are sensitive to a larger mass-squaredntifeeale. To date only disappearance
experiments have convincingly indicated the existence of neutrino oscillations

The SNO experiment [2] utilizes heavy water to measure high-eri@gsolar neutrinos via charged
current (CC), neutral current (NC) and elastic scattering (ES}iogec The CC reaction is sensitive only
to electron neutrinos whereas the NC reaction is sensitive to the total asférensutrino flux ¢., v, and
v.). Elastic scattering has both CC and NC components and therefore asraesonsistency check. The
neutrino flux indicated by the CC data is about one-third of that given bil@eata, and the NC data also
agrees with the standard solar model prediction foPBheeutrino 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 flixs for the B neutrinos [3] with a water Cherenkov counter and their data
agree with the SNO results.

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

Using a liquid scintillator detector, the KamLAND experiment [6], which measetectron antineutri-
nos from reactors with ah / FE sensitive to the mass-squared difference indicated by the solar newtao d
observed a flux deficit consistent with neutrino oscillations. FurthernkamLAND has also observed a
spectral distortion in oscillation probability that can only be explained by meutiscillations. The oscilla-
tion parameters indicated by KamLAND agree with the LMA (large mixing anglkitiem, as they should
unlessC PT is not conserved. Since they were done in completely different envinotsntde combination
of solar neutrino and KamLAND data rules out exotic scenarios suchregamaard neutrino interactions
or neutrino magetic moment [1].

Super-Kamiokande atmospheric-neutrino indugdike events show a depletion at long distance com-
pared to the theoretical predictions, while #tike events agree with the non-oscillation expectation [7].
The detailed energy and zenith angle distributions for both electron and mveaiseagree with the os-
cillation predictions if the predominant oscillation channeljs— v,. More recently, the long-baseline
accelerator experiments K2K [8] and MINOS [9], equipped with steel gitstic scintillator spectrom-
eters, have measureq survival that is consistent with the atmospheric neutrino data. The maasest
difference indicated by the atmospheric neutrino data is about 30 times thegethat obtained from the



fits to solar data. The existence of two independent mass-squareéuliffsscales means that three neutrinos
are required to explain both the solar and atmospheric data.

The Chooz [10] and Palo Verde [11], which measured the survivaaaftor electron antineutrinos at an
L/ F sensitive to the mass-squared difference indicated by the atmosphédriooéata, found no evidence
for oscillations, consistent with the lackaf involvement in the atmospheric neutrino oscillations. However,
v, oscillations for this mass-squared difference are still allowed at rougly@Po level or less.

There exists another set of neutrino oscillation data from the LSND shssdline 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 [18prfirmed, the LSND signal
would require the existence of new physics beyond the standard thtggao oscillation scenario.

1.2 Neutrino Mixing

The phenomenology of neutrinos is described by a mass matrix. For Nsf|akiemeutrino mass matrix
consists ofV mass eigenvalued (/N —1)/2 mixing anglesN (N —1) /2 C P phases for Majorana neutrinos
or (N —1)(N —2)/2 CP phases for Dirac neutrinos. The mass matrix is diagonalized by the mixing matrix
which transforms the mass eigenstates to the flavor eigenstates and give®ssillation phenomenon. For
three flavors, the mixing matrix, usually called the Maki-Nakagawa-SakatiéePorvo [16] mixing matrix,
transforms the mass eigenstates (-, v3) to the flavor eigenstatesy v, ;) can be parameterized as

1 0 0 013 0 gikg C12 312 0 6i¢1
Uvmnsp = 0 Co3 Sos 0 1 0 —S12 Ci2 0 ei?2
0 —S2 Cag ~S13 0 Ci3 0 0 1 1
Ci12Ci3 C3512 St ei®1 '
= —512C23 — C12513523  Cr2Caz — 512513523 C13523 €2 (1)
S12523 — C12513C23  —C12523 — 512513C23 C13C03 1

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

For three flavors, oscillation experiments can only determine three mixing atgle&;s, fo3, two
independent mass-square differeneesi3; = m3 —m?, Am3, = m% —m?, and oneC P phase anglécp
(note thatAm2, = m2 — m3 = Am3, — Am3)).

1.2.1 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
paramete’Am?2, has been determined to within 9% asid? 61, within 18%, while the atmospheric param-
eter|Am§2| within 26% andsin? f»5 within 41%. Due to the absence of a signal, the global fit§grare
upper bounds which vary significantly from one fit to another. The siatampeter, i.e., th€' P phase angle
dcp, IS inaccessible to the present and near future oscillation experiments.

We quote the result of a recent global fit with ranges [17]:

Am3, = 7.92(1.00+£0.09) x 107°eV?  sin?61 = 0.314(1.00151%) )
|Am3,| = 2.4(1.0070%) x 1073 eV? sin® g3 = 0.44(1.007053) (3)
sin 013 = (0.9723) x 1072 (4)
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Fig. 1.1. Global fits tain? 6,3, taken from [17].

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 lfaye= 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 6éfs;. Another very recent global fit [18] with different inputs finds allowed
ranges for the oscillation parameters that overlap significantly with the alesuits even ato. MINOS
in the NuMI neutrino beam, the latest neutrino oscillation experiment, has aoeduheir first results for
the atmospheric parameters [9]; they significantly overlap those in the dlibfad]. All these signify the
convergence to a set of accepted values of neutrino oscillation parapietam3,, |Am32,|, sin 612, and
Sin2 923.

At 20, the upper bound df; 5 extracted from Eq. 4 is about 40T his corresponds to a valuesifi® 263
of 0.12, which should be compared to the upper limit of 0.17 at 90% C.L. obthyn€thooz (see Sec. 1.6.1).
We can conclude that, unlikg> andé-3, the mixing anglé, s is relatively small.

1.3 Significance of the Mixing Anglef 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 additihg,is important in theoretical model
building of the neutrino mass matrix, which can serve as a guide to the thebuvetitsastanding of physics
beyond the standard model. Therefore, on all considerations, it is Higisiyable to significantly improve
our knowledge o3 in the near future.

1.3.1 Impact on the experimental program

The future generation of neutrino oscillation experiments has several tampajoals to achieve: to
measure more precisely the mixing angles and mass-squared diffetermede the matter effect, to deter-



mine the hierarchy of neutrino masses, and very importantly to determine theitgphase. The mixing
matrix element which provides the information on th& phase anglé-p appears always in the combina-
tion U,z = sin A13e 9P, If #;5 vanishes then it is not possible to probe leptafiié violation in oscillation
experiments. we thus need to know the valu@@fto a sufficient precision in order to design the future
generation of experiments to measudrge-. The matter effect, which can be used to determine the mass
hierarchy, also depends on the size)gf. If 615 > 0.01, then the design of future oscillation experiments
can be a straightforward extension of current experiments [19]. Menior smallerd;s new experimental
technologies are likely required to carry out the same sets of measurements.

1.3.2 Impact on theoretical development

The phenomenon of neutrino oscillation has far reaching theoretical imphesati@ date, it is the
only evidence of physics beyond the standard model in particle physiespditern of the neutrino mixing
parameters revealed so far is striking different from that of quarks Will undoubtedly put significant
constraints and guidance for constructing models involving new physiagriby the value ob, 3, studies
of the neutrino mass matrix have reached some interesting general conslusio

In general, if¢;3 is not too small i.e., close to the current upper limisdf? 2615 ~ 0.1 andfys # 5
the neutrino mass matrix does not have to have any special symmetry featuretimes referred to as
anarchy models, and the specific values of the mixing angels can be iondeas a numerical accident.

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

will be required. As a concrete example, the study of Mohapatra [20ysttat fort; < < wl ~ 0.03a

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

1.4 Synergy of Reactor-based and Accelerator-based Neutrino ©#ation Experiments

The three parameters that are not determined by the solar, atmosphéricambAND data are; s,
the sign ofAm3, which fixes the hierarchy of neutrino masses, and the QifBphaseic p.

Long-baseline accelerator experiments, with intense neutrino beams gndrge detectors, in addi-
tion to improving the measurements |défm3,| andfs3 via v, survival, will also be able to search for
appearance im, — v, oscillations, which is very sensitive to these unknown parameters. A negasot
of bothv,, — v, andv, — v, oscillations allows one to measuiigs, test forC'P violation in the lepton
sector, and determine the hierarchy of the neutrino masses, providef $hatlarge enough. However,
there are potentially three two-fold parameter degeneracies, for whighedif oscillation parameter sets
are consistent with ambiguities in the measured valuéssodnddécp [1,21]:

1. the §cp, #13) ambiguity,
2. the ambiguity due to our lack of knowledge of the mass hierarchy (the idm, ambiguity), and

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

All three parameter degeneracies can lead to different inferred veduég p and 3, and they can all
be present simultaneously, leading to as much as an eight-fold ambiguity intdrenaation off;3 and
dcp. Another problem is that Earth-matter effects can induce takeviolation, 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

4



if 13 is large enough [22]. By sitting near the peak of the leading oscillation withraweband beant 3
can be removed from thé{ p, f13) ambiguity [23]. However, neither of these approaches resolvethe
ambiguity, and;3 may not be uniquely determined.

Thew, survival probability for reactor neutrinos depends primarily on ghlyandAm3,, and is inde-
pendent of-p and insensitive td;, andAm?, at short distance. Furthermore, matter effects are negligible
due to the short baseline. Therefore, a short-baseline reactor meexperiment is an ideal method for
measuringlys with no degeneracy problem. dfs can be unambiguously determined by a reactor neutrino
experiment, then there is néAp, 13) ambiguity, and long-baseline accelerator experiments can more eas-
ily measureicp and determine the sign @ém3, [24]. Figure 1.2 is an illustration of the synergy between
reactor experiments and the future very long-baseline acceleratoriregpé Nova. For the hypothetical
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Fig. 1.2. Resolving ambiguity ifh3 with sin? 26,3 determined by reactor experiments
(for sin? 2653 = 0.95 + 0.01 [25]).

case thakin? 26,3 is measured to be.95 -+ 0.01 [25], using both muon neutrino and antineutrino beams,
Nova cannot distinguish the value 6f;. Yet, with a 100-tonne detector running for three years and the
assumption thatin® 26,5 is 0.05, a reactor neutrino experiment can help to single out the corleet foa

923.



1.5 Reactor Neutrino Experiments

Nuclear reactors have played crucial roles in experimental neutrinsigghyMost prominently, the
very first observation of the neutrino made at the Savannah River &luRkeactor in 1956 by Reines and
Cowan [26], 26 years after the neutrino was first proposed. Recagidyn using nuclear reactors, Kam-
LAND observed disappearance of reactor antineutrinos at long baseioh distortion in the energy spec-
trum, strengthening the evidence of neutrino oscillation. Furthermore, @ssdied in Section 1.4, reactor-
based neutrino experiments have the potential of uniquely deterfpinat a low cost and in a timely
fashion.

In this section we summarize the important features of nuclear reactors areichucial to the reactor-
based neutrino experiment.

1.5.1 Energy Spectrum and Flux of Reactor Antineutrinos

A nuclear power plant derives power from the fission of uranium antpium isotopes (mostly?>U
and?3Pu) which are packed into rods in the reactor core. The fission predizugghters, many of which
beta decay because they are neutron-rich, Each fission on avelegsess approximately 200 MeV and six
antineutrinos. The majority of the antineutrinos have very low energiesit ataéo are below 1.8 MeV, the
threshold of the inverse beta-decay reaction that will be discussedftioséds.2. A 3 GW,, reactor emits
6 x 102° antineutrinos per second with antineutrino energies up to 8 MeV.

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

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

Fissile materials are continuously consumed while new fissile isotopes argprbiiom other isotopes
in the fuel (mainly**3U) by fast neutrons. Since the neutrino energy spectra are slightlyatifféor the four
main isotopes?35U, 238U, 239Pu, and?41Pu, the knowledge on the fission composition and its evolution
over time are therefore critical to the determination of the neutrino flux andygmspectrum. From the
average thermal power and the effective energy released per figgipthe average number of fissions per
second of each isotope can be calculated as a function of time. Figurealv8 #ie results of computer
simulation of the Palo Verde reactor cores [28].

It is common for a nuclear power plant to replace some of the fuel rods ioatteeperiodically as the
fuel is used up. Typically, a core will have 1/3 of its fuel changed et&rnonths. At the beginning of each
refueling cycle, 69% of the fissions are fraftU, 21% from?3?Pu, 7% from?38U, and 3% from**'Pu.
During operation the fissile isotopé¥’Pu and?*!Pu are produced continuously froffU. Toward the
end of the fuel cycle, the fission rates frédfiU and?3°Pu are about equal. The average (“standard”) fuel
composition is 58% of3°U, 30% of?3?Pu, 7% of?3%U, and 5%**'Pu [29].

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 contributiothe 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 . spectra [30]. The ILL measured spectra for isotopes), 2>?Pu, and®*'Pu are shown in Fig. 1.4.
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 emmoestee contribution fron¥3U 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.
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Fig. 1.3. Fission rate of reactor isotopes as a function of time from a Monte Ca
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Fig. 1.4. Yield of antineutrinos per fis-
sion for the several isotopes. These are
determined by converting the corre-
sponding measured spectra [30].

A widely used three-parameter parametrization of the antineutrino spearuheffour main isotopes,

as shown in Fig. 1.5, can be found in [31].

1.5.2 Inverse Beta-Decay Reaction

Fig. 1.5. Antineutrino energy spec-
trum for four isotopes following the
parametrization of Vogel and En-
gel [31].

The reaction employed to detect the from a reactor is the inverse beta-decay+ p — e™ + n.

The total cross section of this reaction, neglecting terms of oilg\/, where E' is the energy of the



antineutrino and// is the nucleon mass, is
oio = o0(f? + 392 (B /1MeV?), (5)

whereEéO) = E, — (M,, — M,) is the positron energy when neutron recoil energy is neglectedp.(g%d

is the positron momentum. The weak coupling constantgatel andg = 1.26, andoy is related to the
Fermi coupling constar® i, the Cabibbo anglé-, and an energy-independent inner radiative correction.
The inverse beta-decay has a threshold energy in the laboratory frame[(my + m.)? — m2]/2my, =
1.806 MeV. The leading-order expression for the total cross section is

0% = 0.0952 x 10~ 2em2(EQ)p© /1MeV?). (6)

Vogel and Beacom [32] have recently extended the calculation of theseaeta-decay total cross section
and angular distribution to ordey M. Figure 1.6 shows the comparison of the total cross sections obtained
in the leading order and the next-to-leading order calculations. Notice#dfeieedces are present for high

7R e Leading order A

6 —— Next—to—leading order V&

Total Cross Section (107™%cm?)
[8)]

I S S S - S B [0
Neutrino Energy (MeV)

Fig. 1.6. Total cross section for inverse beta-decay calculated in leadi®ey and
next-to-leading order.

neutrino energies. We adopt the ord¢n/ formula for the cross-section calculation. In fact, the calculated
cross section can be related to neutron life time, whose error is only 0.2%.

The expected recoil neutron energy spectrum, weighted by the antireeatrergy spectrum and the
U, +p — e 4+ n cross section, is shown in Fig. 1.7. Due to the low antineutrino energy eetatihe mass
of the nucleon, the recoil neutron has low kinetic energy. While the posatngular distribution is slightly
backward peaked in the laboratory frame, the angular distribution of titeomes is strongly forward peaked,
as shown in Fig. 1.8.

1.5.3 Observed Antineutrino Rate and Spectrum at Short Distance

The observed antineutrino spectrum in the liquid scintillator at short basslinproduct of the reactor
antineutrino spectrum and the cross section of inverse beta-decare Ei§ushows the differential antineu-
trino energy spectrum, the total cross section of the inverse beta-d=ztion, and the expected count rate

8
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trum from inverse beta-decay weighted verse beta decay positrons and recoll
by the antineutrino energy spectrum. neutrons in the laboratory frame.

as a function of the antineutrino energy. The differential energy disiibus the sum of the antineutrino
spectra of all the radio-isotopes. It is thus sensitive to the variation ahtilgrower and 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 daysp¥;, at 100 m from the
reactor. The highest count rate occurgigt~ 4 MeV.

1.5.4 Reactor Antineutrino Disappearance Experiments

In a nuclear reactor experiment the measured quantity is the survivalptty for o, — 7, at a
short baseline of the order of hundreds of meters to about a coupl®ofeters with thev, energy from
about 1.8 MeV to 8 MeV. The matter effect is totally negligible and so the vadoumula for the survival
probability is valid. In the standard notation of Eq. (1), this probability hamale expression

Psur = 1- Cil3 sin2 2912 sin2 Agl — 0122 sin2 2013 sin2 Agl — S%Q sin2 2913 sin2 Agg, (7)
where
L(km)
_ 2 2 3
Amjzk = mj2 —mi.

L is the baseline in kmiZ the neutrino energy in MeV, and; the j-th neutrino mass in eV. The, — v,
survival probability is also given by Eq. (7) whénPT is not violated. Eqg. (7) is independent of the”?
phase angléc-p and the mixing anglé,s.

To obtain the value o3, the depletion of,, has to be extracted from the experimemadisappearance
probability below theu production threshold,

Pdis = 1_Psur

= Ci} sin2 2(912 SiH2 A21 + C%Q sin2 2013 sin2 A31 + 5%2 sin2 2913 sin2 Agg . (9)

9
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Since#; 5 is known to be less than 10we define the term that is insensitive@ as
P12 = Cil3 sin2 2912 sin2 Agl ] sin2 2012 sin2 AQl . (10)
Then the part of the disappearance probability directly relatégsts given by

Pis = Pais — Pi2
= —|—C%2 sin2 2013 Sin2 A31 + S%Q sin2 2913 Sin2 A32 (11)

The above discussion shows that in order to obfgirwe have to subtract th s-insensitive contribu-
tion P, from the experimental measurementiffs. To see their individual effect, we pldt 3 in Fig. 1.10
together withPys and Pyo as a function of the baseline from 100 m to 250 km. The neutrino energy is

038
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Baseline (km)

Fig. 1.10. Reactor antineutrino disappearance probability as a functidistaince
from the source. The values of the mixing parameters are given in E}jj. Fi2is

the slowly rising blue curveP;3 is the green curve that has a maximum near 2 km.
The total disappearance probabiliy; is the red curve.

integrated from 1.8 to 8 MeV. We also takie? 20,5 = 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 3eV2. (12)

The behavior of the curves in Fig. 1.10 are quite clear from their definjtiégs. (9), (10), and (11).
Below a couple kilometer$’;5 is very small, andP;3 and Py, track each other well. Beyond the first
minimum P;3 and Py;; deviate from each other more and mord_ascreases whe;» becomes dominant
in Pgs.

In the range of baseline that is insensitiveRg,, Py iS close toPi3|yax =~ sin?26;3 at the first
maximum. This suggests that the measurement can be best performed at thecfltation maximum of
Py3. Since the location of the maximum &3 is determined byAm3, ~ Am3, and the energy of the

11



antineutrino, the best possible distancg, for the far detector is determined by taking advantage of the
energy spread of the, beam so as to provide a range of valuesHg#E .

In Fig. 1.11P;3 integrated over E from 1.8 to 8 MeV is shown as a functiol.gf for three values of
Am3, that cover the allowed range dfm3, in 20 as given in Eq. 3. The curves show ttf3s is sensitive

01 ,
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Fig. 1.11. Reactor antineutrino disappear- _ _
ance probability due to the mixing angle Fig. 1.12. Size ofyis, P12, P13, and P,

the allowed 2 range inAm3,. versus baseline fofin? 26,5 = 0.01.

to Am3,. For Am3, = (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.

In the literature, a simplified expression for the oscillation probability involvinly dwo neutrino fla-
vors is often used for describing reactor neutrino experiment at distance. In this case, the disappearance
probability is simply

P2 = sin2 2&13 sin2 A31 , (13)

wheref, 5 is the effective two-flavor mixing angle. #5 is taken to be, 3, the difference between the two-
and three flavor expressionB; and Py;s, could be significant. This can be simply understood from the fact
that settingd;3 = 613, Pi3 reduces taP, in the case of degenerate neutrindm?, = Am3,. But Py
and Py differ by Py,. This argument shows that when we are interested in extragiin@é, 3, we should
take out the contribution aP;» before fittingsin? 26,3. The magnitudes of these oscillation probabilities
are shown in Fig. 1.12 for a smalléys, sin? 26,3 = 0.01. Although Py; is significantly larger thai, at
short distancePy3 with ;3 — 6,3 is the same a#; in the limit thatAm2, = Am2,, which is a very good
approximation in the present consideration. Therefore, the two-flaggyession is valid for most physical
purposes, e.g., baseline optimization, sensitivity estimation, etc.

Current determinations df» andAm3, carry large uncertaintie$? ; itself is insensitive ta\m3, and
sin® 2601,. However, since we calculate it by — P12, the error ofd;, and Am?2, will propagate toP; 3.
For the analysis of experimental data, this systematic error must be takercoaiond, and the two-flavor
expression is no longer adequate figs = 6:5. It is easy to check that, given the best fit values in Eq. (2),
whensin? 26,3 varies from 0.01 to 0.10 the relative size Bf, compared taP;5 is about 25% to 2.6% at
the first oscillation maximum. Yet the uncertainty in determiniing 26,5 due to the uncertainty aP;, is
always less than 0.005.

Let us summarize with the following remarks:

12



o The disappearance probability directly related{gis insensitive td@;, and Am3, at short distance.
The mixing anglé);3 can be unambiguously determined by reactor neutrino experiments.

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 ofL;,, to be between 1.5 km to 2.5 km.

o The disappearance probability is sensitivé\i@?, . On one hand it creates a challenge in the selection
of baseline of the far detector. On the other hand, the wide neutrinoyespegtrum will provide
information of Am3,.

o The simplified two-flavor oscillation expressidf is a very good approximation of the three-flavor
expressionP;3, which is the expression that should be used to ext#aet13. P» is also a good
approximation to the full three-flavor expressifys at short baseline, except that errorgef and
Am3, cannot be taken into account . These systematic errors may have a significant impact on
the data analysis.

Finally, we conclude from this phenomenological investigation that the clodiég,. be made so that
it can cover as large a range &fn3, as possible.

1.6 Determining 6,3 with Nuclear Reactors

In this section, the past attempts of measuting 26;5 are summarized. A new method for carrying
out high-precision determination eifn? 26,5 is presented.

1.6.1 Past Measurements

Inthe 1990’s, two reactor-based neutrino experiments, Chooz [tPalo Verde [11], were carried out
to investigate neutrino oscillation. Based &ami3, = 1.5 x 102 eV? as reported by Kamiokande [33], the
baselines of Chooz and Palo Verde were chosen to be about 1 km. Thrscgisorresponded 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 composifithe nuclear fuel and
the amount of thermal power generated as a function of time, for calculagn@gté ofo, produced in the
fission processes.

Chooz and Palo Verde utilized Gd-doped liquid scintillator to detect the reactaa the inverse beta-
decayv. +p — n + e reaction. The ionization loss and subsequent annihilation of the positremigg to
a fast signal obtained with photomultiplier tubes (PMT’s). The energycies®a with this signal is termed
the prompt energyfy,. As stated in Sec. 1.5.%;, is directly related to the energy of the incident 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 enéigyrhe temporal correlation
between the prompt energy and the delayed energy constitutes a paaelrfar identifying ther, and for
suppressing backgrounds.

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

N,
Ny = —-2 / P SAE 14
det 47TL2 €0 Sd ( )

*The cross section of neutron capture by a proton is 0.3 b and 50,003
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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 pro&ggsis

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

Since the signal rate is low, it is common to carry out reactor-based neetperiments underground
for reducing the dangerous cosmogenic background events, sueuttons 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 backgrowsmdsswere subtracted frome
beforesin? 26,3 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 fissign 0.6

| combined | 2.7 \

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

| selection | € (%) | relative error (%))
positron energy 97.8 0.8
positron-geode distance 99.9 0.1
neutron capture 84.6 1.0
capture energy containment 94.6 04
neutron-geode distance 99.5 0.1
neutron delay 93.7 0.4
positron-neutron distance || 98.4 0.3
neutron multiplicity 97.4 0.5

| combined | 69.8 | 1.5 \

Table 1.2. Summary of the antineutrino detection efficiency in Chooz.

Neither Chooz nor Palo Verde observed any rate deficit inThis null result is used to set a limit in
the neutrino mixing anglé;3, as shown in Fig. 1.13. Chooz obtained the best limit of 0.17 it28in for
Am?2, = 2.5 x 1073 eV? at the 90% confidence level.

1.6.2 Precision Measurement of;3

With only one detector at a fixed baseline from a reactor, as stated in EGhbéz and Palo Verde
must determine the operational conditions of the reactors, cross seeatarthe efficiencies of the detector
and event-selection requirements in order to measiue26,3. The prospect for determiningn? 263
precisely with a single detector that rely on thorough understanding ottieetdr and the reactor is grim. It
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Fig. 1.13. Exclusion contours determined by Chooz, Palo Verde, andltined re-

gion obtained by Kamiokande.

is a challenge to reduce the systematic uncertainties of such an absoluteemeasuo sub-percent level,
especially for the reactor-related uncertainties.

Mikaelyan and Sinev pointed out that the systematic uncertainties can liky grggpressed or totally
eliminated when two detectors positioned at two different baselines are ufi4¢gd he near detector close
to the core is used to establish the flux and energy spectrum of the antinsufrinis relaxes the requirement
of knowing the details of the fission process and operational conditiotiea€actor. In this approach, the
value ofsin® 26,3 can be measured by comparing the antineutrino flux and energy distributsamved
with the far detector to those of the near detector after scaling with distaneeesq According to Eq. 14,
the ratio of the number of antineutrino events with energy betweand £ + dF detected at distanck;
to that at a baseline di,, is given by

- () () () [
Ny B Np,n L €n Psur(Ey Ln)
If the detectors are made identical and have the same efficiency, thertithdapends only on the

distances and the survival probabilities. By placing the near detecta wdbe core such that there is no
significant oscillating effect, thesin? 26,3 is approximately given by

sin?2013 &~ m [1 — (;\ii) (g)ﬂ (16)

whereA(E, L) = sin? As; with As; defined in Eq. 8 is the analyzing power when the contributiofy ofs
small. Indeed, from this simplified picture, it is clear that the two-detectomsetie an excellent approach
for pin-pointing the value ofin? 26,3 precisely. In practice, we need to extend this idea to handle more
complicated arrangements involving multiple reactors and multiple detectors.

1.7 The Daya Bay Reactor Neutrino Experiment

As discussed in Section 1.5.4, probitig? 26,5 with excellent sensitivity will be an important milestone
in advancing neutrino physics. There are proposals to explafe6,; with sensitivities approaching the
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level of 0.01 [19]. The objective of the Daya Bay experiment is to detersiie26,3 with sensitivity of
0.01 or better.

In order to reach the designed goal, it is important to reduce both the statisticaand systematic
uncertainties as well as suppressing background in the Daya Bay meoditlation experiment.

This experiment will be located at the Daya Bay nuclear power complex ithaouChina. Its geo-
graphic location is shown in Fig. 1.14. The experimental site is about 55 kth-east from the Victoria
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Fig. 1.14. Daya Bay and vicinity: The nuclear power complex is locatedtdiokm
from central Hong Kong.
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Harbor of Hong Kong. Fig. 1.15 is a photograph of the complex. The cotgaasists of three nuclear
power plants (NPPs): the Daya Bay NPP, the Ling Ao NPP, and the Lindg RBP. The Ling Ao Il NPP is
under construction and will be operational by 2010-2011. Each p&mntvo identical reactor cores. Each
core can generate 2.9 G\WWduring normal operation. The Ling Ao cores are about 1.1 km east dalya
Bay cores, and about 400 m west to the Ling Ao Il cores. There aretaimuranges to the north of the
NPPs to provide sufficient overburden to cut down cosmogenic backds at the underground experimen-
tal halls. Within 2 km of the site the elevation of the mountain varies generally &tm to 400 m.

The six cores can be roughly grouped into two clusters, the Daya Bagchfs?2 cores and the Ling
Ao cluster of 4 cores. We plan to deploy two identical sets of near deteaitdistances between 300 m and
500 m from the respective clusters to monitor the characteristics of the atntimoss. And another group of
identical detectors, called the far detectors, approximately 1.5 km nortle éfvthnear detector sets. Since
the overburden of the experimental sites increases with distance, thegersmbackground decreases as
the signal decreases, hence keeping the background-to-signaloagioly constant. This is beneficial to
controlling systematic uncertainties. With such an experimental setup andcotigderations on system-
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Fig. 1.15. The Daya Bay nuclear power complex. The Daya Bay nucteeepplant
is in the foreground. The Ling Ao nuclear power plant is in the backgiolihe ex-
perimental halls will be underneath the hills to the left.

atics and statistics, the Daya Bay experiment will determiné26;5 to a sensitivity of 0.01 or better by

comparing the antineutrino fluxes and energy spectra between the mielar aietectors. Detailed baseline
optimization accounting for statistical and systematic errors, backgroandstopographical information

will be discussed in the following chapters.

It is possible to instrument a mid detector site between the near and far sieemidiletectors 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 theHagydPP, they could also be
utilized to provide a quick determination sihv2 26,5, arbeit at a poorer sensitivity, in the early stage of the
experiment.
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2 Experimental Design Overview

To establish the presence of reactor neutrino oscillations, and to deterimié, s to a precision of

0.01 or better, statistics af50,000 events are needed in a far detector and systematic uncertainties in the
ratios of near/far detector acceptance, expected flux and backbhawe to be controlled at a level below
0.5%, an improvement of almost an order of magnitude over previousim@s. From the experience

of recent reactor experiments such as Chooz, Palo Verde and Kam| 2 are three main sources of
systematic uncertainty: 1) reactor-related uncertainty of (2—3)%, Xgbagnd-related uncertainty of (1—
3)%, and 3) detector-related uncertainty of (1-3)%. Each sourcecafrtainty can be further classified into
correlated and uncorrelated uncertainties. Hence a carefully desggpedment, including the detector de-
sign, configuration, and background control, are required. The pyicwnsiderations driving the improved
performance are listed below:

o identical near and far detectorsUse of identical detectors at the near and far sites to cancel reactor-
related systematic uncertainties, a technique first proposed by 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 sde i,
or vice versa. In addition, small modules have less cosmic-ray flux, egaditimpler 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 transpaoerscmtillating 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 uncertainty
in that efficiency) to control the cosmic-muon-induced neutron backgi®wo a negligible level.
Monte Carlo study shows that the efficiency has to be better than 99.5% (witlhhcertainty less
than 0.25%). The muon detection system is designed to have two sub-deteamutilizes the wa-
ter shield as a Cherenkov detector, and the other is a muon tracking detétt@ 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 bsscrbecked 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 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 NPP and the Ling Ao NPP. Another two cores willstalled adjacent to Ling Ao,
the Ling Ao Il NPP, which will start to generate electricity in 2010-2011. Feg2i1 shows the locations of
the Daya Bay cores, Ling Ao cores, and the future Ling Ao Il core® distance between the two cores
in each NPP is about 88 m. The Daya Bay NPP is 1100 m from the Ling Ao &RPthe maximum dis-
tance between cores will be 1600 m when Ling Ao Il starts operation. Ajperenent will require detectors
close to each reactor cluster to monitor the antineutrinos emitted from theiraopecisely as possible.
At least two near sites are needed, one for the Daya Bay cores atigeafar the Ling Ao—Ling Ao I
cores. The reactor-related systematic uncertainties can not be caredlety, but can be reduced to a
negligible revel, as low as 0.04% if the overburden is not taken into accAugibbal optimization taken
all factors into account, especially balancing the overburden and reatated uncertainties, result in a
residual reactor uncertainty ef0.1%

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 glokdlfit (see Eqn. 30) 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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Bay cores

Fig. 2.1. Layout of the Daya Bay experiment.

lated reactor uncertainties. Optimizing the experimental sensitivity, includiadarden and statistics, the
Daya Bay near detector site is best located 363 m from the center of teeB2gycores where the overbur-
den is 98 m: The Ling Ao near detector hall is optimized to be 481 m from the center of trgeAancores,
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 Dayadas and to the mid point
of the Ling Ao—Ling Ao Il cores are 1985 m and 1615 m, respectivelye dlierburden is about 350 m
(910 m.w.e).

It is possible to install a mid detector hall between the near and far sites satcihig11156 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 coogisecks.

There are three branches for the main tunnel extending from a junctarntime mid hall to the near
and far underground detector halls. There are also access aridictioe tunnels. The length of the access
tunnel, from the portal to the Daya Bay near site, is 295 m. It has a gradedr® 8% and 12% [2]. A sloped
access tunnel will allow the underground facilities to be located deeper with overburden.

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

TThe Ling Ao near detector site is about 50 m west from the perpendicislectbr 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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Fig. 2.2. Site optimization using the globgl analysis. The optimal sites are labelled
with red triangles. The stars show the reactors. The contours shownignsty when

one site varies and the other two are fixed at optimal sites. The red lines with tick
marks are the perpendicular bisectors of the reactor pairs. The mountdgucoare

also shown on the plot.

2.2 Detector

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

The water shielding in this case is a water pool, equipped with PMT’s to seraé&aerenkov detector
of cosmic muons. The outer region of the water pool is segmented into waksrrteade of reflective PVC
sheets with a cross section of Ixt m and a length of 16 m. Four PMT’s at each end of the water tank are
installed to collect Cherenkov photons produced by cosmic-muons in thetaake The 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 muoringadétector in a large water pool.
Above the pool the muon tracking detector is made of RPC, which is light weight good performance,
excellent position resolution and low cost. The antineutrino detector moddesubmerged in the water
pool for background shielding.

Other possible water shielding configurations will be discussed in section 2.3

2.2.1 Antineutrino detector

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

UVet+p— 6+—‘F n
The prompt positron signal and delayed neutron capture signal constitigatrino event with timing and

energy requirements on both signals. In pure LS, neutrons are cattyiifeee protons in the scintillator
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Fig. 2.3. Layout of the baseline design of the Daya Bay detector. Fdimeaitrino
detector modules are shielded by a 1.5 m-thick active water Cherenkaar.boifr-
rounding this buffer are Water Cherenkov tanks serving as muon tsatgether
with RPC'’s at the top.

emitting 2.2 MeV~y-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 gamm@atay energy of about 8 MeV), is an
attractive dopant for the LS. The much higher gamma energies separaigrtafrom 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, Gib&amLAND, the antineutrino
detector has to follow the following guidelines:

o Employ three-zone detector modules partitioned with acrylic tanks as showg 2¥fi The target
volume is physically well defined by a central region of Gd-loaded scintill&omrounded 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 PMdra the scintillator, reducing
natural radioactivity background from the PMT's. In this design, thebgeneous target volume can
be well determined without the position cut, since neutrino capture in norrirlllstor will not
satisfy the energy selection. The neutron spill-in and spill-out acrossatinedary between the two
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Fig. 2.4. Cross sectional slice of a 3-zone antineutrino detector moduhdrghthe
acrylic vessels holding the Gd-doped liquid scintillator at the center, liquidikaiar

between the acrylic vessels and mineral oil in the outer region. The PVETaaunted
on the inside surface of the stainless steel tank.

regions will be cancelled out by the use of identical detector modules aéthveand far sites. With the
shielding of normal mineral oil, the singles rate will be reduced substantialtiyttze 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 resakiitso 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,sgietrical, 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 prowtterbenergy and position
resolutions for the same number of PMT’s. Figure 2.4 shows the structaecyindrical module. The
PMT's are arranged along the circumference of the outer cylindersiitiaces at the top and the bottom of
the outer-most cylinder are coated with white reflective paint or othercteiematerials to provide diffuse
reflection. Such an arrangement is feasible since 1) the event verteteismihed only with the center of
gravity of the charge, not relying on the time-of-flight informatioR) the fiducial volume is well defined

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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with a three-layer structure, thus no accurate vertex information is require
Details of the antineutrino detector will be discussed in Chapter 5.

2.2.2 Muon detector

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

Besides being a shield, the water buffer can also be utilized as a watemRbercounter 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 diffuBectéon on the inner wall of the
water buffer, the efficiency of detecting muons should exceed 95%cinent 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 antineutrino detector modules inside Inmwater
tanks are used as outer muon tracker.

Cherenkov counters are mounted facing the inside of the Water Pool. Bséigple 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 beimgle, 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 timeamiraf 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 perfoemexcellent position precision,
and low cost, it is hard to put them inside water to fully surround the watdr pbe best choice seems to
use them only at the top of the water pool.
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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 a&s oftoices, 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 Cherenkov photondugexl by cosmic-muons. A few
more PMT's are needed for bottom tanks to take into accounts the blockiedlqath by the supporting
structure of the antineutrino detector modules. A detailed Monte Carlo simulatiba 53 m long prototype
has been built and tested [3]. Results show that the total light collectedlaeed is sufficient as will be
discussed in detail in Chapter 7. The technology employed in this design isepanhd the detector is
relatively easy and fast for construction.

2.3 Alternative Designs

We have chosen a water-pool as the baseline experimental desigigysexZ:3). The two near detector
sites have two antineutrino detector modules in a rectangular water pookaghthie far site has four an-
tineutrino detector modules in a square water pool. The distance from thesatfece of each antineutrino
detector is at least 2.5 m to the water surface, with 1 m of water betweermptichutrino detector.

Our primary alternative to the baseline design is the “aquarium” option. Aeginal design, showing
a cut-away side view is provided in figure 2.6. Several views are shovigure 2.7. The primary feature

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

of this aquarium design is that the antineutrino detector modules do not sit inattee volume, but are
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Fig. 2.7. End, side and top views of the conceptual design of a neataletéte aquar-
ium.

rather in air. The advantages of this design are ease of access to tlea&Dof connections to the CD,
simpler movement of the CD, more flexibility to calibrate the CD and a muon systemdbatribt need
to be partially dissambled or moved when the CD’s are moved. The primaryvdisi@ades of this design
include the engineering difficulties of the central tube and the water dagtysasues associated with the
large volume of water above the floor level, cost, maintenance of the C&esdir radon and radioactive
debris. This is preserved as the primary option for a “dry detector” amees as our secondary detector
design option. Other designs that have been considered include: 8thkp+hodified agaurium, water pool
with a steel tank, shipping containers, and water pipes, among others.
The cost drivers that we have identified for the optimization of the expetaheonfiguration include:

o Civil construction

o Cranes for the CD

(¢]

Transporters for the CD

Safety systems in the event of catastrophic failure

o

o

Storage volume of purified water
o Complexity of seals in water environment

The physics performance drivers that we have identified include:
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o Uniformity of shielding against’s from the rock and cosmic muon induced neutrons

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

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 Cherenkovtdettite PMT coverage of this
water Cherenkov detector, the size and distribution of the muon trackiemsythe number of PMT's in

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

favors this water pool.
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3 Sensitivity & Systematic Uncertainties

The control of systematic uncertainties is critical to achievingsiné 26,5 sensitivity goal of this
experiment. The most relevant previous experience is the Chooz expefiihehich obtainedin? 26,3 <
0.17 for Am%, = 2.5 x 10~3eV? at 90% C.L., the best limit to date, with a systematic uncertainty of
2.7% and statistical uncertainty of 2.8% in the ratio of observed to expectedseat the ‘far’ detector. In
order to achieve ain? 26,5 sensitivity below 0.01, both the statistical and systematic uncertainties need to
be an order of magnitude smaller than Chooz. The projected statisticataingefor the Daya Bay far
detectors is 0.2% with three years data taking. In this section we discussaiagyg for achieving the level
of systematic uncertainty comparable to that of the statistical uncertainty.\Aadpidis very ambitious goal
will require extreme care and substantial effort, and can only be redlz@tcorporating rigid constraints
in the design of the experiment.

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

3.1 Reactor Related Uncertainties

For a reactor with only one core, all uncertainties from the reactoreleted or uncorrelated, can be
canceled precisely by using one far detector and one near detecgamiag the average distances are
precisely known) and forming the ratio of measured antineutrino fluxes{2¢ality, the Daya Bay nuclear
power complex has four cores in two groups, the Daya Bay NPP and tgeAlaiNPP. Another two cores
will be installed adjacent to Ling Ao, called Ling Ao Il, which will start to geatr electricity in 2010—
2011. Fig. 2.1 shows the locations of the Daya Bay cores, Ling Ao canesthe future Ling Ao Il cores.
Superimposed on the figure are the tunnels and detector sites. The dist&nween the two cores at each
NPP is about 88 m. The midpoint of the Daya Bay cores is 1100 m from the midpthe Ling Ao
cores, and will be 1600 m from the Ling Ao Il cores. For this type of mgeament, with more reactor cores
than near detectors, one must rely upon the measured reactor powslineaddition to forming ratios of
measured antineutrino fluxes in the detectors. Thus there is a residealainty in the extracted oscillation
probability associated with the uncertainties in the knowledge of the react@rpevels. In addition to the
reactor power uncertainties, there are uncertainties related to uncestaintiee effective locations of the
cores relative to the detectors.

3.1.1 Power Fluctuations

Typically, the measured power level for each reactor core will havereleted (common to all the
reactors) uncertainty of the order of 2% and an uncorrelated undgrtdisimilar size. Optimistically, we
may be able to achieve uncorrelated uncertainties of 1%, but we cotigeljvassume that each reactor
has 2% uncorrelated uncertainty in the following. (We note that both Chad®alo Verde achieved total
reactor power uncertainties 0f6 — 0.7%. The appropriate value for the Daya Bay reactors will need to be
studied in detail with the power plant personnel and could hopefully becestibelow 2% per core.) If the
distances are precisely known, the correlated uncertainties will canited mear/far ratio.

For the geometry of the Daya Bay experiment, we have (effectively) R detactors. One near site
primarily samples the rate from the 2 Daya Bay cores and and the other priserilyles the rate from the
(2 or 4) Ling Ao cores. The detectors at the far site do not sample thtoreaares equally, so one needs
to consider the weighting of the data from the near sites relative to the falmsaeder to provide optimal
relative weights of the near sites one can utilize the following combination ofritithe event rates of the

far and near detectors:
p= Z(LDB +Z LLA 1/2 (17)

whereg, is the antineutrino flux at unit distance from cetd.; is the distance from reactorto the far site,
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LPB (LEAY is the distance from reactorto the near Daya Bay (Ling Ao) site, ands a constant chosen to
provide the proper weighting of the near site data and minimize the sensitiyitipodghe uncertainties in the
relative reactor power levels. (In Eq. 17 we have neglected neutrititati®ns. In the absence of oscilla-
tions and given a value of, the quantityp is completely determined by the geometry. Thus a measurement
of p that differs from this value could then be used to determine the oscillatiombpilai that depends upon
sin? 26,3 with minimal systematic uncertainty due to the uncorrelated reactor powertaimties.)

To illustrate the utility of the ratip in Eq. 17, we can consider a slightly simplified geometry where
there are only two cores, each very close to a near detector. Thenofetatk in a near detector from
the other core can be neglected and the valua of (L{A/LJCDB)2 will correct the ratiop for the fact
that the two reactors are not sampled equally by the far detector. (llrf%eandL{ 4 are the distances of
the far detector from the two reactor cores.) Then the ratieould be independent of the reactor power
uncertainties.

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

Using the detector configuration shown in Fig. 2.1, with two near sitesb@0) m baselines to sample
the reactor power and a far site at an average baselindd800 m, an uncorrelated uncertainty of 2% for
each core and optimal choice @fleads to the estimated reactor power contributiomt@.e., the fractional
uncertainty in the ratip) shown in Table 3.1 for the case of four (six) reactor cores. In se8ti below,
we study the sensitivity of the Daya Bay experiment to neutrino oscillationssiai@6,3 using a more
generaly? analysis that includes all the significant sources of systematic erroapimeal weighting of near
sites in that analysis is implemented by allowing all the reactor core powersytanvidnre x> minimization
associated with the measured rates in the different detectors.

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

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

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

3.1.2 Location Uncertainties

The mean location of the antineutrinos produced in the cores will be determoiagatecision of about
30 cm. We assume that the location uncertainties are uncorrelated, andrsmthbined effect will be
reduced by~ /N, whereN, is the number of reactor cores. The resulting fractional uncertainty in the
near/far event ratio is estimated to be 0.08% for the near baselix&@d m.

3.1.3 Spent Fuel Uncertainties
In addition to fission, beta decay of some fission products can also @@htineutrinos with energy
higher than the inverse beta decay threshold 1.8 MeV. Some of these hgJuddtimes, such as [3]
YORW(Ty )y = 372d) — 'Rh(Ty/9 =205, Emax = 3.54MeV),
M Ce(Tyjp =285d) — '"MPr(Ty2 = 17m, Emax = 3.00MeV),
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P0Sr(Ty o =28.6y) — PY(Tyjp = 64h, Enax = 2.28MeV). (18)

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

The Daya Bay and Ling Ao NPP store their spent fuel in water pools adgpthicores. A manipulator
moves the burnt-out fuel rods from the core to the water pool duringliey. The spent fuel data, as well
as the realtime running data, will be provided to the Daya Bay collaboratioretyyaiver plant.

Taking the average of all fuel rods at different life cycles, and tleagén the spent fuel, these isotopes
are estimated to contribute0.5% to the event rate (prior to receiving the detailed reactor data). Alesgth
events are in the low energy region. Since the spent fuel is stored adjamthe core, the uncertainty in
the flux will be canceled by the near-far relative measurement, in the sagnasathe cancelation of the
reactor uncertainties. The uncertainty associated with the spent fuel ls smadler than the assumed 2%
uncorrelated uncertainty of reactor fission, and thus we expect it wik In@gligible impact on thé;3
sensitivity.

3.2 Detector Related Uncertainties

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

Source of uncertainty \ Chooz Daya Bay (elative)
\ (absolut¢ | Baseline| Goal | Goal w/Swapping

# protons | H/C ratio 0.8 0.2 0.1 0
Mass - 0.2 0.02 0.006

Detector | Energy cuts 0.8 0.2 0.1 0.1

Efficiency | Position cuts 0.32 0.0 0.0 0.0
Time cuts 0.4 0.1 0.03 0.03
H/Gd ratio 1.0 0.1 0.1 0.0
n multiplicity 0.5 0.05 0.05 0.05
Trigger 0 0.01 0.01 0.01
Live time 0 <0.01 | <0.01 < 0.01

Total detector-related uncertainty 1.7% 0.38% | 0.18% 0.12%

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

in the text. In addition, the additional improvement from detector swappingicatedt]

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

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

The mass of the antineutrino target is accurately determined in severallvirssgshe detector modules
will be built to specified tolerance so that the volume is knowr-10.1% (typically <1 mm dimension out
of aradius of 1.6 meters). We will make a survey of the detector geometrianahsions after construction
to characterize the detector volumes to higher precision than 0.1%. Usinglop&asuring techniques and
reflective survey targets built into the detector modules and attached tortheesuof the acrylic vessels
sub-mm precision is easily achievable with conventional surveying tecesiduprecision survey of each
detector module will be conducted after the assembly of the acrylic vessthasthinless steel tank in the
surface assembly building near the underground tunnel entrance.

Dual
Flow Tu be§_,
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Flow @ |
/ ‘l .
Sensing Coil ' 1%; ~J
: ___,_.Dr‘l'i)-e Coil

Fig. 3.1. Schematic drawing of a Coriolis mass flow meter. The driver coilesxthe
tubes at nominal 150Hz, and a set of sensing coils measures the tubditidengpnd
frequency during the liquid flow.

Once the detectors are underground, we plan to fill each detector fmdmmon stainless tank the
size of a detector volume using a variety of instrumentation to directly measuneatbeand volume flow
into the detector. A combination of Coriolis mass flow meters, volume flow metedsth@nmometers in
the filling station and load sensors in both the storage tank and possibly tinal ckxtector will allow us to
determine the mass of the liquid scintillator reliably and with independent methods.

We will also measure the fluid flow using premium grade precision volume flowseith a repeata-
bility specification of 0.02%. Several volume flowmeters will be run in seriesddundancy. Residual
topping up of the detector module to a specified level (only abaifi kg since the volume is known and
measured) is measured with these flowmeters as well.

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

Coriolis mass flow meters are devices developed by the processing inttusirgasure directly the
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mass flow of a liquid or gas (compared to the volume flow of conventional flotensle The measured
mass flow is independent of the liquid’s density and viscosity hence minimizinggeise for environmental
control of the storage tank, filling station, and detector modules, andiregdpossible systematics due to
ambient temperature fluctuations. Coriolis meters use two U-shaped oscillatinBes. A sine voltage is
applied to an electromagnetic driver which produces an oscillating motion tiiltes. The vibration of the
tube causes a slight angular rotation about its center. The fluid flow is #ftate:d by the Coriolis force
which changes the tube rotation, The amplitude of this change is related to taélomaand the frequency
is related to the product density. Coriolis meters measure simultaneously theflovassd density of
the liquid. They are commercially available with flow rates ranging from 1g/hi0@OBg/hr. The quoted
absolute accuracy of the devices is 0.1-0.2%, and their repeatabitit®.i%. Combined with a control
valve system Coriolis flow meters allow the precise and repeatable filling ofateetdr modules with a
chosen target mass.

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

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

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

In addition, we will need to determine thielative H/C ratio in the gamma catcher liquid scintillator
to about 1%. This is to control the relative amount of “spill-in” events whereutron generated in the
gamma catcher is captured in the Gd-loaded scintillator after thermal diffuBiég should be much more
straightforward than the more demanding requirement on the Gd-loadeitlatoinbut will be sufficient to
achieve the goal H/C systematic uncertainty in Table 3.2.

3.2.2 Position Cuts

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

3.2.3 Positron Energy Cut

Due to the high background rates a low energy, Chooz employed a paaiteogy threshold of 1.3 MeV.
This cut resulted in an estimated uncertainty of 0.8%. The improved shieldsigndef 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. Tfstematic
uncertainty associated with this cut efficiency is studied by Monte Carlo simuldtie tail of the simulated
energy spectrum is shown in Fig. 3.2 with the full spectrum shown in the eethis simulation, 200 PMTs
are used to measure the energy deposited in a 20-ton module. The ersaigyion is~15% at 1 MeV. The
inefficiencies are 0.32%, 0.37%, and 0.43% for cuts at 0.98 MeV, 1.0 ldie,1.02 MeV, respectively.
Assuming the energy scale uncertainty is 2% at 1 MeV, this inefficiencyti@riavill produce a 0.05%
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Fig. 3.2. Energy spectra associated with the positron for true energylasadien-
ergy (Geant Energy), and reconstructed energy at around 1 MeMull spectrum is
shown in the inset, where the red line corresponds to the true energyeabldth one
corresponds to the reconstructed energy.

uncertainty in the detected antineutrino rate. The upper energy requiréonéime positron signal will be
E < 8 MeV and will also contribute a negligible uncertainty to the positron detectiotiesifty.

3.2.4 Neutron Detection Efficiency

The delayed neutron from the inverse beta decay reaction is produtted ¥ keV of kinetic energy.
The neutron loses energy in the first few interactions with H and C in the sdiotjlend reaches thermal
energy in a few microseconds. The neutrons can capture on either taurihg or after the thermalization
process. We will detect the neutrons that capture on Gd, yielding atdédst/ of visible energy from the
resulting capture gamma rays, during the time periog0[3<200 us.

The efficiency for detecting the neutron is given by

en = Podegper (19)

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, anrg 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 reaci2d,; = 0.01 the baseline requirement
for the uncertainty omelative neutron detection efficienciesis25%. Thee, for neutrons at the center of a
detector module can be determined directly by using a tagged neutron geitihee>2Cf, AmBe or both
can be used) and counting the number of neutrons using the time and en&s@fter neutron producing
event. (Corrections associated with uniformly distributed neutrons areedtudgth spallation neutrons, as
discussed in Section 6.) This will require measurement of order 1 million meaétures, and would likely
require several hours of measurement. This will be established duringjitihbcomprehensive calibration
of each detector.

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

Neutrons are thermalized during their fii$tus of existence in the detector central volume. Thus for
times longer thariOus the delayed neutron capture events will exhibit an exponential time cgnstan
related to the average concentration of Gd in the detector module. The catetofel’ = 1/7, is given by:

I'=Tgaq+ Ty =[ngaoca +nuomlv . (20)

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

1

_ 21
14+TH/Tqa (21)

Pca
and we would like to know thigelative fraction between different detector modules~6.1%. Thus we
must measure the time constantgor different detector modules to relative precision of 0.2us. The
value of 7 is expected to be about 3, so we need to measure it to about 0.5% relative precision. Such a
measurement requires measuring about 30,000 neutron capturescatiol done in a few minutes with a
neutron source. The Chooz experiment measuredtso({utg ~30 s capture time ta:0.5 us precision.

Measurement of to 0.5% precision will provide a relative value 8§, to 0.1% uncertainty, which is
the baseline and goal value in Table 3.2.

Energy cut efficiency

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

We have also performed detailed Monte Carlo simulations of the detectomsespmneutron sources
and spallation neutrons. The results of these studies indicate that we ead igtablish the relative value of
er 100.1%, even for reasonable variations of detector properties (such as stint#teenuation length). As
an example, Figure 3.3 shows how the source data can be used with usjfaliation neutrons to bootstrap
a non-linear energy scale that corrects the spectrum, independettémiiaion length over the extreme
range of 4.5-18 m. Therefore, we estimate a value of 0.1% for the gdehsgsc uncertainty inaz.

Time cuts

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

3.2.5 Neutron Multiplicity

Chooz required a cut on the neutron multiplicity to eliminate events where it eggptzat there were
two neutron captures following the positron signal, resulting in a 2.6% ineffigiand associated 0.5%
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Fig. 3.3. Spallation neutron response for detector modules with scintillatorbptic
tenuation lengths of.5 < d < 18 m. The left panel shows the raw photoelectron
spectra, whereas the right panel shows the spectra rescaled agdordimon-linear
rescaling procedure we have developed. The rescaled 6 MeV efferiergy thresh-
old produces a constant valueaf = 93% to within 0.4% over this extreme range of
attenuation length.

systematic uncertainty. These multiple neutron events are due to muon-irghatidion neutrons, and will
be reduced to a much lower level by the increased overburden avaitahke Raya Bay site. For the near
site at 500 m baseline, the muon rate relative to the signal rate will be more faatoanine lower than
for the Chooz site. Therefore, events with multiple neutron signals will becestiby this factor relative to
Chooz, and should present a much smaller problem for the Daya Bay sitthanéfore estimate a 0.05%
value for this systematic uncertainty and use this for both the baseline ahébgces.

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 SStutabtrigger effi-
ciency [4].) In addition, we will employ several redundant triggers sottiiay can be used to cross-check
each other to high precision. We estimate a systematic uncertainty of 0.01% eahibved, and use this
for both the baseline and goal values.

3.2.7 Livetime

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

3.3 Cross-calibration and Swapping of Detectors
3.3.1 Detector Swapping

The connection of the two near detector halls and the far hall by horizmtaéls provides the Daya
Bay experiment with the unique and important option of swapping the detdttween the locations. This
could enable the further reduction of detector-related systematic untiedaim the measurement of the
ratio of neutrino fluxes at the near and far locations. Although the estimassalibe and goal systematic
uncertainties in Table 3.2 are sufficient to achieve a sensitivity of 0.0dnf26,3, implementation of
detector swapping could provide an important method to further redutansgtic uncertainties and increase
confidence in the experimental results.
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The swapping concept is easy to demonstrate for a simple scenario withe rséugrino source and
only two detectors deployed at two locations, near and far. The desiradumanent is the ratio of event
rates at the near and far locatiodé/ F'. With detector #1 (efficiency,) at the near location and detector #2
(efficiencyes)at the far location we would measure

M o_ (61) N _ (22)
Fy € ) F

By swapping the two detectors and making another measurement, we camaneasu
N e\ N
2 _(2)L 23
Fy (61) F @3)

where we have assumed that the detector properties (e.g., efficienzieg) 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 /Ny N2\ N 52
z(&*a)ﬁ(“z) 29
where we have defined .
=2_1. (25)
€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 two near sites with two deteeteh, and a far site
with four detectors. The simplest plan is to designate the eight detectonsr g@fcs: (1,2), (3,4), (5,6), (7,8).
Using four running periods (designated I, Il, Ill, 1V, separatectimee detector swapping events) we can
arrange for each detector to be located at the far site half the time and sitedzalf the time by swapping
two pairs between running periods, as shown in Table 3.3. Ratios of @teatcan be combined in a fashion

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

I 1.3 5,7 2,4,6,8
Il 2,3 6,7 1,458
I 2,4 6,8 1,3,5,7
\Y 1,4 5,8 2,3,6,7

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

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

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

Another important feature of the design of the Daya Bay experiment is #sepce of two detector
modules at each near site. During a single running period (I, Il, llli\M)reach near detector module
will measure the neutrino rate with 0.23% statistical precision. If the systematartaimties are smaller
than this, the two detectors at the near site should measure the same rateagigtector asymmetry of
0 + 0.34% (statistical uncertainty only). Combining all the detector pairs in all 4 runpergds will yield
an asymmetry off +-0.04% (statistical uncertainty only). These asymmetries are an important cheétheha
detector-related systematic uncertainties are under control. In additioantiisis can provide information
on the the degree to which the detector-related systematic uncertaintiesratated or uncorrelated so that
we know how to handle them in the full analysis including the far site.

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

Spp
Rnear = a 26
S, (26)

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

3.4 Backgrounds

In the Daya Bay experiment, the signal events (inverse beta decay rediewve 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 und¢edrddackgrounds. 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¢edeackground.

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 detketogcoil proton generates
the prompt signal and the capture of the thermalized neutron provides ltygedesignal. ThéHe/ °Li
isotopes produced by cosmic muons have substantial beta-neutrontdlenaking fractions, 16% fdiHe
and 49.5% fo’Li. The beta energy of the beta-neutron cascade overlaps the posdgra sf neutrino
events, simulating the prompt signal, and the neutron emission forms the dsigget Fast neutrons and
8He/ “Li isotopes create correlated backgrounds since both the prompt émgkdesignals are from the
same single parent muon. Some neutrons produced by cosmic muonstareaapthe detector without
proton recoil energy. A single neutron capture signal has some glibpad fall accidentally within the
time window of a preceding signal due to natural radioactivity in the detegtoducing 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
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going through or near the detector modules and reject backgroundsretfij.

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

3.4.1 Cosmic Muons at Underground Laboratories

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

Detailed simulation of the cosmogenic background requires accurate infomaéthe mountain pro-
file and rock composition. Fig. 3.4 shows the mountain profile converteddrdigitized 1:5000 topographic
map. The horizontal tunnel and detector sites are designed to be-aBOuh PRD. Several rock samples
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Fig. 3.4. Three dimensional profile of Pai Ya Mountain generated frorB@0D topo-
graphic map of the Daya Bay area.

at different locations of the Daya Bay site were analyzed by two indeggrgtoups. The measured rock
density ranges from 2.58 to 2.68 g/énWe assume an uniform rock density of 2.60 gldmthe present
background simulation.

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

—2.7
dI ( E ( 3.64 GeV 1 0.054
— =0.14 El1+ " 129)) 1.1E,, cos 0* 1.1E, cos0* |’ (27)
dE,dcos 0 GeV Ey(cos 6*)1 I+ e 1+ —soaev

where the term in the bracket is the same as the standard formula, exd¢epéthalar angléd is substituted
with 6%,

24 P24 p P P Ps
COSQ*:\/(COSG) + P} + Py(cos )3 + Py(cos6) 28)

1+P+ P+ Py ’

as defined in [6]. The parameters are determined taP’be= 0.102573, P, = —0.068287, P; =
0.958633, P, = 0.0407253, and P; = 0.817285, by using CORSIKA to simulate the muon production
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in the atmosphere. The comparison of the modified formula with data is shown.iB.Bigvhere the cal-
culations with the standard Gaisser formula are also shown. At muon enefgeveral tens of GeV, the
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Fig. 3.5. Comparison of the modified for- Fig. 3.6. Muon flux as a function of the
mula (solid lines) with data. Calculations energy of the surviving muons. The four
with the standard Gaisser’s formula are curves from upper to lower corresponds
shown in dashed lines. The data are taken to the Daya Bay near site, the Ling Ao
from Ref. [7,8]. near site, the mid site and the far site, re-

spectively.

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

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

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

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

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

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

3.4.2 Simulation of Neutron Backgrounds

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

With the detailed muon flux and mean energy at each detector site, the neielthregergy spectrum,
and angular distribution can be estimated with an empirical formula [10] whistbban tested against
experimental data whenever available. A full Monte Carlo simulation has ¢ereied out to propagate the
primary neutrons produced by muons in the surrounding rocks, the afier, and the oil buffer layer
of the neutrino detector, to the detector. The primary neutrons are assbwdh their parent muons in
the simulation so that we know if they can be tagged by the muon detector. Neprmduced by a muon
that passes through the liquid scintillator neutrino detector will be tagged wibo Xificiency. Neutrons
produced in the water buffer will be tagged with an efficiency of 99.5%estheir parent muons must pass
through the muon systems. Neutrons produced in the rocks, howeverfdh#raverse at least 2.5 meters
of water to reach a detector module. About 70% of the neutrons that eetédetactor modules from the
surrounding rock arise from parent muons that leave a signal in the patorfi.e., “tagged”). About 30%
of the neutrons that enter the detector modules from the surrounding aoislke from muons that miss the
muon system=£ “untagged”). The neutron background after muon rejection is the sutheofintagged
events and 0.5% (due to veto inefficiency) of the tagged events.

Some energetic neutrons will produce tertiary particles, including neutFamghose events that have
energy deposited in the liquid scintillator, many have a complex time structure dueltiple neutron
scattering and captures. These events are split into sub-events in 50 HErtem@/e are interested in two
kinds of events. The first kind has two sub-events. The first subtdaes deposited energy in the range of
1 to 8 MeV, followed by a sub-event with deposited energy in the ranget@fl@ MeV in a time window
of 1 to 20Qus. These events, called fast neutron events, can mimic the antineutrind asgoarrelated
backgrounds. The energy spectrum of the prompt signal of the éadgtan events, e.g. at the far site, is
shown in Fig. 3.7 up to 50 MeV. The other kind of events has only one geibtevith deposited energy in
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Fig. 3.7. 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.

range of 6 to 12 MeV. These events, when combined with the natural cidibaevents, can provide the
delayed signal to form the uncorrelated backgrounds. We call theresiagtron events. Most of the single
neutron events are real thermalized neutrons while others are recwhgprtat fall into the 6-12 MeV
energy range accidentally. About 1.5% thermalized neutrons will suthiee20Q:s cut, even though its
parent muon is tagged. This inefficiency will be also taken into accountwaleulating the single neutron
rate. The neutron simulation results are listed in Table 3.5.

The rate and energy spectrum of the fast neutron backgroundectndied with the tagged sample.

3.4.3 Cosmogenic Isotopes

Cosmic muons, even if they are tagged by the muon identifier, can proddicactive isotopes in
the detector scintillator which decay by emitting both a beta and a neutraeitron emission isotopes).
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] \ DYB site | LA site \ far site\

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

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

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

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

Some of these so-called cosmogenic radioactive isotopes live long esaaglihat their decay cannot be
reliably associated with the last tagged muon. Among tiéfe,and”Li with half-lives of 0.12 s and 0.18 s,
respectively, constitute the most serious correlated backgroundesodrie production cross section of
these two isotopes has been measured with muons at an energy of 190 GeRM [11]. Their combined
cross section is(“Li +° He) = (2.12 4 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 (F) o Ef}, with a = 0.73, the estimatedHe+’Li backgrounds are listed in table 3.6.

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

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

The recent Double Chooz paper [12] includes new reactor-off data €hooz [1] that allow a better
separation of Li from fast neutron background. This basically comes from includimyipusly unreleased
high energy data in the fit. The extractéid background level was 070.2 events/day. The mean muon
energy in Chooz was- 60 GeV, almost the same as the Daya Bay near site (55 GeV) and the Ling Ao
near site (60 GeV). The fitting is based on the assumption that the fastméairkground is flat in energy
spectrum. Scaling from the Chooz result, the Daya Bay experiment will $ilyé.4, and 0.57Li events
per module per day at the Daya Bay near site, the Ling Ao near site, andrtbitef, respectively. These
estimates are twice as large as the estimates from the CERN cross section.

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 ie@ninterval of
successive muons is 3 seconds, much longer than the lifetime€bif ®He. For the Daya Bay experiment,
the target volume of a 20 ton detector module has a cross section arourfd thdisthe 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 [13]. Furibw, the®*He contribution
can be identified by tagging the double cascide—3Li —®Be. So we assume that all isotope backgrounds
are’Li. They can be determined with a maximum likelihood fitting even at 10 Hz muonbmwtiking all
contributions from the preceding muons into account. The resolution ofatkgbound-to-signal ratio can
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be determined to be [14] .
o= e[ R, @

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 &ntho at
the far site with four 20-ton modules, with the data sample of three years wifwginT he fitting uses time
information only. Inclusion of energy and vertex information could furihgsrove the precision.

A Monte Carlo has been carried out to check the fitting algorithm. The bacghkgdrto-signal ratio is
fixed at 1%. The total number of neutrino candidate®.5sx 10°, corresponding to the far site statistical
uncertainty, 0.2%. Fig. 3.8 shows the fitting results as a function of muonTifa¢edata sample generation
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Fig. 3.8. Fitting results as a function of Fig. 3.9. The fitting precision as a func-
the muon rate. The uncertainty bars show tion of the muon rate, comparing with
the precision of the fitting. Thg? fitting the analytic estimation of Eq. 29. The y-
uses the same muon rate as the maximum axis shows the relative resolution of the
likelihood fitting and is shown to the right background-to-signal ratio.
of it.

and fitting were performed 400 times for each point to get the fitting precisidiig. 3.9 the fitting precision
is compared to the analytic formula Eq. 29 with the same Monte Carlo samples.drite Earlo results for
minimizing x?2, the maximum likelihood fit, and the simple analytical estimation are in excellentragreée
KamLAND also found that mostHe/ °Li background are produced by showering muons [13]. A 2-
second veto of the whole detector is applied at KamLAND to reject thesegbmakds. Roughly 3% of
cosmic muons shower in the detector. It is not feasible for Daya Bay to a@pphgecond veto since the
dead time of the near detector would be more than 50%. However, if the Dayal@&ector is vetoed
for 0.5 s after a showering muon, about 85% of thte/ °Li backgrounds caused by shower muons can
be rejected. Approximately 30% of ti#de/ °Li background will remain~ 15% from non-showering
muons andv 15% from showering muons. Although additional uncertainties may be introddeedo the
uncertainties in the relative contributions from showering and non-stimgvenuons and the uncertainties
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arising from the additional cuts (e.g., increased dead time), this rejection nethamtoss check the fitting
method and firmly determine the background-to-signal ratio to 0.3% at thesitesiand to 0.1% at the far
site.

Some other long-lived cosmogenic isotopes, such’Bg'°N, have beta decay without neutron fol-
lowed. They can not form backgrounds themselves but can serve ateldlyed signal of the accidental
backgrounds if they have beta decay energy in 6-10 MeV range.ckegheates at Daya Bay are listed
in table 3.7. Thé?B/'2N cross section is taken from KamLAND [13] and the other are taken from me
surement at CERN [11]. They are extrapolated to Daya Bay mean muogiehesing the power law
owot(Ey) o< E)™. The total rates of all these isotopes of visible energy in detector in 6-1 tieere
they could be misidentified as a neutron capture signal on Gadolinium, ayd210and 14.6 events per
module per day at the Daya Bay near site, the Ling Ao near site, and thefaespectively. The dominant
contribution is from'2B/'2N. KamLAND found that'>N yield is smaller than 1% of’B. Since the half-life
of 12B is short comparing to the mean muon interval, the rate can be well deterimiséd by fitting the
time since last muon. Using Eqg. 29, the yield can be determined to a precisio849f0025, and 0.015
events per module per day at the Daya Bay near site, the Ling Ao nearrsgitthefar site, respectively,
using three years’ data sample. Therefore, we expect those isotdpedgraduce very little uncertainties
in the background subtraction. On the other side, these isotopes, unifommelyced inside the detector, can
be used to monitor detector response.

isotopes|  Enax T /2(s) DYB site LA site far site
(MeV) (s) (/day/module)| (/day/module)| (/day/module)
12B/12N | 13.4 (37) | 0.02/0.01 396 267 27.5
C 16.0 31) 0.13 16.6 11.2 1.15
8B 13.7 31) 0.77 24.5 16.5 1.71
8Li 16.037) 0.84 13.9 9.3 0.96
UBe |11.5@3) 13.8 <8.0 <54 <0.56
Total in 6-10 MeV 210 141 14.6

Table 3.7. Cosmogenic radioactive isotopes without neutron emission bubetith
decay energy greater than 6 MeV. Cross sections are taken from K&DLA3]
(*2B/'2N) and Hagner [11] (others).

3.4.4 Radioactivity

Natural radioactivity and the single neutron events induced by cosmic mugnsaoar within a given
time window accidentally to form an uncorrelated background. The coinceleate is given by?, R, 7,
whereR,, is the rate of natural radioactivity evenfs, is the rate of spallation neutron, ands the length
of the time window. With the single neutron event rate given in the previoumsethe radioactivity should
be controlled to 50 Hz to limit the accidental backgrourd8.1%. 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 béttaVv. A higher threshold will
introduce a systematic uncertainty in the efficiency of detecting the posittadhelfollowing, the singles
rate is from radioactivity depositing1l MeV of visible energy in detector.

Radioactive background can come from a variety of sources. For sitpplic Th, K, Co, Rn, Kr in the
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following text always mean their radioactive isotop&dJ, 232Th, 40K, 50Co, 222Rn, #Kr. The radioactive
sources include

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

o U/Th/K in the water buffer.

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

o U/Th/Kin the PMT glass.

o U/Th/K in the scintillator.

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

o Dust and other impurities

o Rnand Krin air.

o Cosmogenic isotopes.

The radioactivity of the rock samples from the Daya Bay site have beenuneglby several inde-
pendent groups. The concentration~40 ppm for U,~30 ppm for Th, and~5 ppm for K. The rock
radioactivity has been studied with Monte Carlo. With the shielding of 2.5-metgzniuffer and 45 cm
oil buffer, there are 0.65 Hz, 2.6 Hz, and 0.26 Hz singles rate of visil@eggrgreater than 1 MeV at each
center detector module for U/Th/K, respectively. The total rate3s Hz.

The geological environment and rock composition are very similar for Hamg and Daya Bay. The
spectrum of the natural radioactivity of the rocks in the Aberdeen Tluni#ong Kong is shown in Fig. 3.10.

Gamma spectra taken in the Aberdeen Tunnel

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

Counts (per sec)
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Fig. 3.10. Spectrum of natural radioactivity measured with a Ge crystakitltng
Kong Aberdeen Tunnel.

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

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

A potential PMT candidate is the Hamamatsu R5912 with low radioactivity glagscdhcentrations
of U and Th are both less than 40 ppb in the glass, and that of K is 25 pplvibhte Carlo study shows
that the single rate is 2.2 Hz, 1 Hz, 4.5 Hz for U/Th/K, respectively, with ar@®it buffer from the PMT
surface to the liquid scintillator. The total rate from the PMT glass is 7.7 Hz.

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

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 epialuie level by ventilation
with fresh air from outside. Since the neutrino detector modules are immersed.5imeter thick water
buffer, it is expected that the radon contribution, as well as the krypompe safely ignored for the water
pool design.

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

3.4.5 Background subtraction uncertainty

There are other sources of backgrounds, such as 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.

Assuming a muon efficiency of 99.5%, the three major backgrounds are suracha Table 3.8 while
the other sources are negligible. In our sensitivity study, the uncertaiméies taken to be 100% for the

] | DYBssite | LA site | far site |

Antineutrino rate (/day/module 930 760 90
Natural radiation (Hz) <50 <50 <50
Single neutron (/day/module) 18 12 15
beta-emission isotopes 210 141 14.6
Accidental/Signal <0.05% | <0.05% | <0.05%
Fast neutron/Signal 0.1% 0.1% 0.1%
8He’Li/Signal 0.3% 0.2% 0.2%

Table 3.8. Summary of backgrounds. A neutron detection efficiency%f & been
applied to the antineutrino and single-neutron rates.

46



accidental and fast neutron backgrounds. THe/ °Li background can be measured to an uncertainty of
0.3% and 0.1% at the near and far sites, respectively.

The rates and energy spectra of all three major backgrounds can kenedia-situ. Thus the back-
grounds at the Daya Bay experiment are well controlled. The simulatedyesgectra of backgrounds are
shown in Fig. 3.11. The background-to-signal ratios are taken at tiséda
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Fig. 3.11. Spectra of three major backgrounds for the Daya Bay exp®rame their
size relative to the oscillation signal, which is the difference of the expe&ettino
signal without oscillation and the "observed” signal with oscillationiif? 20,5 =

0.01.

3.5 Sensitivity
3.5.1 Globaly? analysis

If 615 is non-zero, a rate deficit will be present at the (primarily) far deteater td oscillation. At
the same time, the energy spectra of neutrino events at the near and thordetall be different because
neutrinos of different energies oscillate at different frequenciesh Bate deficit and spectral distortion of
neutrino signal will be explored in the final analysis to obtain maximum sensititddiyen the neutrino event
statistics is low, say400 tonGW-y, the sensitivity is dominated by the rate deficit. For luminosity higher
than 8000 torGW-y, the sensitivity is dominated by the spectral distortion [15]. The Daya Bpgrénent
will have ~4000 tonGW-y exposure in three years, so both rate deficit and shape distortiatsaffé be
important to the analysis.

Many systematic uncertainties will contribute to the final sensitivity of the DegpadXperiment, and
many of them are correlated. The correlation of the uncertainties must &e itaio account correctly. A
rigorous analysis of systematic uncertainties can be done by constructifhduaction with pull terms,
where the uncertainty correlations can be introduced naturally [16,18]15,1

2
N [MA ~ TP (14 0 X5, + Bt e+ <) — nFA = N s

2 .
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whereA sums over detector module‘ssums over energy bins, andlenotes the set of minimization param-
eters;y = {ae, oy, Bis €D, 5d , 77f n:t,mA}. They's are used to introduce different sources of systematlc un-
certainties. The standard deviations of the corresponding paramesgts.ar,, osnp, 0 p, 04, af ,ol a;“}.
They will be described in the following text”! is the expected events in tlhigh energy bin in detector
A, andM# is the corresponding measured evefits, N/*, S# are number of fast neutron, accidental, and
8He/ °Li backgrounds, respectively. For each energy bin, there is a statisticertainty?”! and a bin-to-
bin systematic uncertainty,,. For each point in the oscillation space, tpefunction is minimized with
respect to the parameteys

Assuming each uncertainty can be approximated by a Gaussian, this foyfncah be proven to be
strictly equivalent to the more familiar covariance matrix foyf= (M — T)TV~1(M — T), whereV is
the covariance matrix dfM — T') with systematic uncertainties included properly [16].

To explore the sensitivity t8;3, we use the single parameter raster scan method. We make an assump-
tion of no oscillations so thaf;* are the event numbers without oscillation. For each giten?,, the
"measured” event numbeMZA are calculated with differertin® 20,5. Thesin? 26,3 value corresponding
to x2 = 2.71 is the limit of the experiment to exclude the "no oscillation” assumption at 90% aemfe
level.

The systematic uncertainties are described in detail:

(SN V]

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

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

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

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

o The detector-related uncorrelated uncertainty,is= 0.38%. We take the baseline systematic uncer-
tainty as described in previous section. The goal systematic uncertaintywefipsg is estimated to
be 0.12%.

o The background rate uncertalnt@ﬁ, o2, ando?, corresponding to the rate uncertainty of fast neu-
tron, accidental backgrounds, a%e/ng isotopes. They are listed in Table 3.8.

o Bin-to-bin uncertaintyoy9,: The bin-to-bin uncertainty is the systematic uncertainty that is uncor-
related between energy bins and uncorrelated between differentatetecdules. The bin-to-bin
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uncertainties normally arise from the different energy scale at diffeneergies and uncertainties of
background energy spectra during background subtraction. Tjé@vious reactor neutrino exper-
iment that performed spectral analysis with large statistics is Bugey, wheathaibin-to-bin uncer-
tainty of order of 0.5% [19,20]. With better designed detectors and muché#esground, we should
have much smaller bin-to-bin uncertainties than Bugey. The bin-to-bin tantgrcan be studied by
comparing the spectra of two detector modules at the same site. We will usetbe38ame level as
the background-to-signal ratio, in the sensitivity analysis. The sensiibuitgt sensitive t@,o;, at this
level. For example, varyingy,;, from 0 to 0.5% will change thein? 26,3 sensitivity from 0.0082 to
0.0087 at the best fihm3,.

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

3.5.2 03 Sensitivity

Fig. 3.12 shows the sensitivity contours in the” 26,3 versusAm3, plane for three years of data, using
the globaly? analysis and the baseline values for detector-related systematic uncestdihtégreen shaded
area shows the 90% confidence regiot\ef3, determined by atmospheric neutrino experiments. Assuming
four 20-ton modules at the far site and two 20-ton modules at each neahsitgtatistical uncertainty is
around 0.2%. The sensitivity of the Daya Bay experiment with this desigrachieve the challenging
goal of 0.01 with 90% confidence level over the entir allowed (90% CLyeanf Am3,. At the best fit
Am3, = 2.5 x 1073 eV2, the sensitivity is around 0.008 with 3 years of data. The correspondings/for
other assumptions of systematic uncertainties are shown in Table 3.9.

Systematic Uncertainty Assumptions:Baseline| Goal Goal
with swapping
90% CL Limit: 0.008 | 0.007 0.006

Table 3.9. 90% CL sensitivity limit fogsin? 2613 at Am2, = 2.5 x 1073 eV? for dif-
ferent assumptions of detector related systematic uncertainties as cedsiui&ec-
tion 3.2. We assume 3 years running for each scenario.

Fig. 3.13 shows the@discovery limit forsin® 26,3 at Daya Bay with 3 years of data. AAm3, =
2.5 x 1073 eV?, the correspondingin? 26,5 discovery limit is 0.015. Fig. 3.14 shows the sensitivity versus
time of data taking. After one year of data takimiy? 265 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 bdllayta 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 expettinegiigyr detector”, which is
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located at the mid hall, is not at the optimal baseline. At the same time, the reeletidruncertainty would

be 0.7%, very large compared with that of the full experiment. Howeveséhesitivity is still much better
than the current best limit ain? 26,5. 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. 3.12 in dashed line. With one year’s data, the sensitivity ine@03 forAm? = 2.5 x 1073

eV?

1

2.

w

, 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 to search for oscillations of antineutrimos&actors. The nearby
mountain range provides excellent overburden to supress cosmogekiground at the underground ex-
perimental halls. Since the Daya Bay nuclear power complex consists of muéigadeor cores, there will
be two near detectors to monitor the yield of antineutrinos from these cadesn@rfar detector to look for
disappearance of antineutrinos. It is possible to install another detéctor laalf way between the near 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#egr, 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 &sftlize Ling Ao NPP but with
slightly higher thermal power. When the Daya Bay—Ling Ao—Ling Ao Il NR® all in operation, the
complex can provide a total thermal power of 17.4 GW.

The site is surrounded to the north by a group of hills which slope upwand $iouthwest to northeast.
The slopes of the hills vary from 2@ 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 Dayarn8ldying Ao NPP’s.

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

There are two maritime shipping lines near the site in Daya Bay, one on thedmaans the other on
the west side. Qil tankers to and from Nanhai Petrochemical use thsidasHuizhou Harbor, which is
located in Daya Bay is 13 km to the north. Two general-purpose 10,008sttks 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 fonesh line to the power
plant site is about 6 km. Two restricted docks of 3000-ton and 5000-toacds, respectively, have been
constructed on the power plant site during the construction of the Day&IBR){1].

4.1 General Laboratory Facilities

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

*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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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. Allrieneetal 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 thimw®ches, which are rep-
resented by linE3-7-4-5, line{4-8-Ling Ao nea} and ling5-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 nedas poished further from the
cores as a result of future optimizations. Ljie2-3} 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 fwhiey have different options for
cost optimization).

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

overburden.

Al18;

390.343)
(A33-A18)1

1
I
I
1

900.391
(5-i% /T )

607.074

9
(FEa)

ET T

1% 38 A& %) : ALK {1-2-3-7-4-5-1 JT} B {7-6} C%{8-9} D& {4-8-% T} EL{A33-A18}
M KE (m) @ AZ (2002.276) B, (228.006) C#% (607.074) D (465.127) EZ (390.343)

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{8-
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 aredrzerk K1,

ZK2, ZK3, ZK4 from north to south.
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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 slopeddlihas 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 toetioolljgool which is located
at the lowest point near the Daya Bay near site. The collected water willlog@ed to the surface.

The entrance portal of the construction tunnel is near the lower leveleoDdya Bay Quarry. The
length of this tunnel is 228 m from the entrance to the junction point with the 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 itiresymuch less tunnelling.
After the work on this section of tunnel is finished, the Daya Bay near h#llbe available for detector
installation. Since the construction tunnel is far from the access tunneharidaya Bay near hall, we can
therefore avoid interference with the rest of the excavation activitiegtendssembly of detectors in the
Daya Bay near site can proceed in parallel. The cross section of thigusdit 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 thesitéon 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 providitiatal overburden
to the Daya near site which is not far away from the Quarry. This reqautditional protection slopes and
retaining walls. The rest of the waste could be disposed of along with the fvam the construction of the
Ling Ao Il NPP. Our tunnel waste is about one tenth of the Ling Ao Il NPBteia

4.2 Site Survey

The geological integrity of the Daya Bay site was studied in order to determiseiteility for the
construction of the underground experimental halls and the tunnelscormthem. The survey consisted of
a set of detailed geological surveys and studies: (1) topographieys(®y engineering geological mapping,
(3) geophysical exploration, (4) engineering drilling, (5) On-site teskmeeholes and (6) laboratory tests.
The site survey has been conducted by the Institute of Geology and EecpliGG) of Chinese Academy
of Sciences (CAS). The work started in May 2005 and was completed é2R06.

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

The instrument used for the topographic measurement is a LEICA TCAZOG® Station, with a
precision of+0.5” in angle andt1 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 naapline points are selected. In total,
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7000 points are used to obtain the topographic map. As an example, Fig.o8 gte topographic map
around the far site. The altitude difference between adjacent contosiidioae meter. The area around the
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Fig. 4.3. Topographical map around the far site. The location of the factbe hall is
marked by a red square in the middle of the map.

entrance portal, which is behind the local hospital, and the two possiblérgoiisn 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 stwviy 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 statisfimanation on the orientation of
joints is used to deduce the general property of the undergroundandkhe determination of the optimal
tunnel axes. The survey includes all the areas through which the tumiigdass and those occupied by the
experimental halls. Reconnaissance has been performed along 28igalaloutes, of 18.5 km total length.
Statistics of 2000 joints and rock mine skeletons are made at 78 spots. Rockppiraésals are done with
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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 piet@eathered granite scattered
around the region.

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

The engineering geological survey found mainly four types of rocksigmdtea: (1) hard nubby and
eroded but hard nubby mid-fine grained biotite granite, (2) gray white thédding conglomerate and
gravel-bearing sandstone, (3) siltstone, (4) sandy conglomeratetesaadMost of the areas are of hard
nubby granite, extended close to the far detector site in the north 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.riisvesandstones
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 thetemlyishree 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 weatherggyhzve been identified, as shown
in Fig. 4.4

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

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

| Meteorological Data | Units | Magnitude|

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

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

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

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

area.
According to the historical record up to December 31, 1994, there hese 63 earthquakes above
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magnitude 4.7 on the Richter scale (RS), including aftershocks, within asraflia20 km of the sité.
Among the stronger ones, there was one 7.3 RS, one 7.0 RS, and ten 6 RS6.7Bere were 51 medium
guakes between 4.7 and 5.9 RS. The strongest, 7.3 RS, took place in Nanl8&8 [how far away is
this?]. The most recent one in 1969 in Yang Jiang at 6.4 RS. In additior, ltlage been earthquakes in the
southeast [foreland] and one 7.3 RS quake occurred in the Taiwahd@tiaept. 16, 1994. The epicenters
of the quakes were at a depth of roughly 5 to 25 km. These statistics shbih¢hseismic activities in
this region originate from shallow sources which lie in the earth crust. Thagtr of the quakes generally
decreases from the ocean shelf to inland.

Within a radius of 25 km of the experimental site, there is no record of eagtkes ofM > 3.0 (Mg, >
3.5)Y, and there is no record of even weak quakes within 5 km of the site. Tibdign of the weak quakes
is isolated in time and separated in space from one another, and withoubdny®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 yéaregibn will be in a residual energy-
releasing period to be followed by a calm period. It is expected that ribqeake greater than 7 RS will
likely occur within a radius of 300 km around the site; the strongest seisriidtaevill be no more than
6 RS. In conclusion, the experimental site is in a good region above the litbes@as was argued when the
NPP site was selected.

4.2.3 Geophysical Exploration

Three methods are commonly used in geophysical prospecting: high delesiijcal resistivity method,
high resolution gravity method, and seismic refraction image method using niezhlammmer. The first
two methods together with the third as supplement have been used for theBBaygophysical study
The combination of these three methods reveal the underground strustlmeing: faults, type of granite,
rock mine contact interphase, weathering zone interphase and unaieigrater 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, includengxperimental halls and tunnel
sections from the Daya Bay near hall to the mid hall and the far hall. Theiexgatal halls, tunnel sections,
faults and weathering bags are marked explicitly in the figure. The eleatesistivity measurements are
shown in the middle of the figure, the high resolution density measurements bottbs, and two sections
of seismic refraction measurement in the corresponding part on the tcpu8e of the complexity and
variety of underground structures, the electrical resistivity was medsarboreholes ZK1 and ZK2. The
resistivity and density of the rock samples from the boreholes were vsezlibration of the resistivity
map. Depending on the characteristics of the granite and its geologicdlus#ritbte electrical resistivity of
this area can vary from tens of ohm-m to more than 10k ohm-m. The non-evedtgranite has the highest
electrical resistivity, whereas the sandstone has medium resistivity dugppet moisture. The weathered
zone, consisting of weathered bursa and faults, has relatively loviivagis

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 therioés from the previous survey

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

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 lockipendent relationship betwegf, andM .. In Daya Bay

Ms > 3.0 is equivalent taV;, > 3.5.

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

approaches above ground. These four boreholes are labelledlaZ KR, ZK3, Zk4 from north to south in
Fig. 4.2. The depth of the four boreholes are 213.1 m, 210.6 m, 130.3 m,h3@<pectively (all to at least
the tunnel depth). Figure 4.6 shows sections of rock samples 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 tha0009 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 vigyoof 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 electaaluio dosimeter inserted
into the borehole. An average rate®$8 x 1073 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 Bqg m~2 s~!
measured directly from the rock samples extracted from the boreholle@yurements of the rock chem-
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Fig. 4.6. Rock samples from borehole ZK1.

Bt

ical composition. The chemical elements of the rock were measured, am@wydleenents, the amount

of radioactive U awas measured to be 10.7, 16.6, 14.5 and 14.2 ppm feosauthples in each of the four

boreholes, respectively. The Th concentrations were measured 50)&2.6, 29.4 and 41.9 ppm in each of
the borehole respectively. (8) Water chemical analysis. Water sampiaslie four boreholes and a surface
stream have a pH slightly smaller thagn 7.5, considered neutral. The wateeka is smaller than 42 mg/l

which is considered to be very soft. The underground water is thusneaily 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 propeftgightly weathered or fresh rock
which are the most comment type of rocks in the tunnel construction:

o Density of milled rock2.609 ~ 2.620 g/cm?
o Density of bulk rock2.59 ~ 2.60 g/cm?
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o Softening coefficient).924 ~ 1.000
o Elastic modulus32.78 ~ 48.97 GPa
o Poisson ratio).163 ~ 0.233

4.2.7 Survey Summary

Based on the combined analyses of the survey and tests described I&®Bveoncludes that the ge-
ological structure of the proposed experimental site is rather simple, tingsisainly of massive, slightly
weathered or fresh blocky granite. There are only few small faults witlthwidarying from 0.5 m to 2 m,
and the affected zone width varies from 10 m to 80 m. There are a totalipivfeathering bags along the
tunnel from the Daya Bay near site to the mid site and on the longer constriaatinal option from the
Daya Bay quarry to the mid site. The weathering depth and width are 50-10@stbelow the surface the
granite is mild to mid weathered. This affected zones are well above the tomorel than three times tunnel
diameter away, so it is not expected that the tunnel will be affected by ththereng bags. Nevertheless,
there are joints around this region and some sections of the tunnel will Radsapport.

The far hall, at a depth of 350 m is thought to consist of lightly effloresrdresh granites; the far hall
is most likely surrounded by hard granite. The distance to the interphaselevitimian 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 amechl tests found that it is
actually hard rock. No circulation is found between the underground aatkthe outside boundary water in
this area, underground water mainly comes from the atmospheric precipitdticer. borehole permeability
tests show that underground water circulation is poor and no uniformrgralind water level at the tunnel
depth. At the tunnel depth the stress is 10 MPa, which lies in the normal stggsge. 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 structahgsisn the orientation of the
main compressive stress is NWW. For the east-west oriented excavatiegl, tilns is a favorable condition
for tunnel stability. For the 810 m segment of the main tunnel from the DayanBar hall (#1) to the mid
hall (#4) the tunnel orientation will run sub-perpendicular to the orientatfdhe maximum principal stress
and it will thus be subject to higher stress levels at the excavation perirhbgse higher stress levels are
not expected to cause significant stability problems due to the strength ofathigegrock mass. There are
some tunnel sections, including the access tunnel, where the rock mdisg loglangs to grade IV, and
some belongs to grade V. Figure 4.8 shows the details of the engineerilogigabsection along Line A.
Detailed results from the site survey by IGG can be found in referenteld Y.

4.3 Conceptual Design

We have organized a bid for the conceptual design of the civil congiruclhe major items of the
conceptual design include: (1) the underground experimental hallsptimecting tunnel, access tunnel, and
construction tunnel; (2) the infrastructure buildings above groundih@xlectric power, communication,
monitor, ventilation system, water supply, and drainage, safety, blasbtamd environmental protection.
Two design firms were selected: the Fourth Survey and Design InstitutBiod Railways (TSY) and the
Yellow River Engineering Consulting Co. Ltd. (YREC). TSY has expeitighe design of railway tunnels,
and YREC has a great deal of experience in underground hydmoelkeegineering projects. They submitted
their designs in the end of July and beginning of August 2006.

4.3.1 Transportation Vehicle and Lifting System for Antineutrino Detector

The biggest item to transport in the tunnel is the antineutrino detector module TAB AD is a cylin-
der of 100 T with an outer diameter 5 m and a height of 5 m, with ports extendimgeaThe transportation
of the AD determines the cross section of the tunnel and directly affects tddeuanelling construction
plan.
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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 bpwhtae slightly
weathered granite. The tunnel passes through one region of slightilzeved granite.
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The space in the tunnel is limited, so the transportation vehicle for the heavghalld 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 lowbaier 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.

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.

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

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

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 sageto find a suitable electric
powered vehicle instead of one powered by petroleum.

Lifting systems, mainly for handling the ADs, have been investigated. The liftysgem 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 AD with these two typesasfes are similar; about
12-13 m. Figures 4.11 and 4.12 show these two kind of cranes. Botlsdrame two hooks working during
the lifting which will greatly decrease the height of the hall and can be tgetm@aore steadily. The rails
of the bridge crane are supported on the two side walls of the experiméntlnafinial choice of a crane
system needs further studies.
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Fig. 4.9. Photo of a platform truck with schematic diagrams of wheel rotatitmes.
specifications written in Chinese on the right-bottom are the same as in Table 4.2

4.3.2 Experimental Hall Layout

The experimental hall layout can not be fixed before we know how tolitiséeAD, how to lay the veto
detector on top, and what auxiliary facilities are needed. The two desiginesented two sketches which
include AD transportation, lifting space, and rooms for auxiliary facilities,5g. 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 totnéng room, and other
auxiliary facility rooms, which could be arranged parallel to the countingr,are more flexiblly arranged.
A side tunnel links the main tunnel with the control room and the other possibhes.o

The longitudinal direction of the Daya Bay (#1) and mid (#4) experimentld$ e preferred to be
along the tunnel direction for construction convenience. The Ling Ao Ing&(#2) is the only one with its
longitudinal direction to be about 9Qvith 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 bathiat 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 cragsnsetthe 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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Fig. 4.10. Schematic diagram of a semi-trailer. The dimensions, length, witdth, a
height are in mm.

Width of drainage channel: 0.25 m x 2.

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

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

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

(¢]

o

(¢]

o

o

Figures 4.15 and 4.16 describe the cross sections of the main tunnel. Tigeolirtire tunnel depends
on the rock quality. Here in the Daya Bay site, rock quality varies fromagadb V, grade | being excellent
and grade V poor. According to the site survey, more than 90% of thebelokgs to grade I, 1l or Il 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 emaplertation of the AD.
This tunnel section has a slope of up to 10%. The AD is not yet filled with L8naihis transported down
the access tunnel. The length of the tunnel is less than 300 m and modern mahistial equipment will
have no difficulties in moving on the 9.6% slope of the access tunnel (in theCYdeSign).

There are two possible design strategies for the construction tunnel. @rtesissport 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
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Fig. 4.11. Schematic diagrams of a gantry crane in the experimental hall todift th
antineutrino detector (left panel) and lower it into the water pool (righepan

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

tunnel is 5.0 m and height 5.8 m. There will be a passing section in every 86ng tne tunnel for two
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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.

trucks to cross into the opposite directions. The total length of such a tis®28 m. If a tram is used for
dirt transportation, the tunnel can tolerate a much steeper slope, up to 42281 ). The tunnel length
can be as short as 200 m, the cross section in this case is 4.6 m wide, 4.08.rCdiigstruction with a
tram will allow for a shorter tunnel, therefore saving both time and moneyditheemoval with a tram is
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 constaatipanies 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 submitiEshbji 3] and YREC [14].
They include: (1) electricity, (2) ventilation system (3) water supply amihdige, (4) communication, (5)
monitoring systems, (6) blast control, and (7) environmental effect atiahs.
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Fig. 4.15. An engineering schematic diagram of the tunnel layout prdposd SY.
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Fig. 4.16. An engineering schematic diagram of the tunnel layout Prdpbge
YREC.The dimensions are in meter.

4.4 Civil Construction Overview

The final tunnel design and civil construction contractors will be sediegi® a bidding process. Most
likely the final designer and civil construction team will be separated.vamsight agency is needed for the
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Fig. 4.17. A schematic diagram of the the main portal and the layout of auxiliary
buildings.

construction. The time needed to complete the final design will be 4-5 montasbd 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.

| 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.

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

2. Catalog of Chinese Earthquake&3uoted 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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10.

11.

12.

13.

14.

. 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 I8g8tute of Geology and

Geophysics, CAS, December, 2005;

. Report on Engineering Geology of the Neutrino Experimental, Bigtitute of Geology and Geo-

physics, CAS, May 6, 2006;

. Report on Geophysical Survey of the Neutrino Experimentgli8gttute 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 IB&8tute of Geology and
Geophysics, CAS, April 18, 2006;

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, $itgtitute 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 Antineutrino Detectors
5.1 Overview

It is an experimental challenge to determine the valugof26;5 to 0.01 or better. A value of 0.01 for
sin 26,5 yields a tiny oscillation effect. This corresponds to a small difference indhger of antineutrino
events observed at the far site from the expectation based on the nuhevents detected at the near site
after correcting for the distance scaling under the assumption of no oscilldtoobserve such a small
change, the detector must be carefully designed following the guildlinesssied in Chapter 2, and possible
systematic uncertainties discussed in Chapter 3. The following requirenhents $e satisfied in the design
of the antineutrino detector modules and related components:

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

3. The number of protons in the target liquid scintillator should be well knawplying that the scintil-
lator mass and the proton to carbon ratio should be precisely determine@rgéescintillator should
come from the same batch for each pair of near-far detectors, and the ipigiredure should be well
controlled to ensure that the composition of each antineutrino 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 additioontieycertain size, the rate of
cosmic-ray muons passing through the detector is too high to be able to mtwslrebackground.

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

6. The energy resolution should be better than 15% at 1 MeV. Good\eresglution is desirable for
reducing systematic uncertainty (see Section 3). Itis also important fotuthe af spectral distortion
as a signal of neutrino oscillation.

5.1.1 Module Geometry

Several previous neutrino experiments have designed spherical spalpdetectors to insure uniform
energy response in the entire volume. This type of detector vessel issaxpand requires many PMTs for
the needed # coverage. Two types of alternative detector geometries have beemigaved: cubic and
cylindrical. Both are attractive from the viewpoint of construction. Mongl€ simulation shows that a
cylindrical shape, as shown in Fig. 2.3, can deliver a better energgasition resolution while maintaining
good uniformity of light response over the volume, similar to that of a spheedlipsoid. This design is
verified by our prototype tests as discussed in section 5.6. An opticattmeflean be put at the top and
bottom of the cylinder, so that PMTs are only postitioned on the circumferefitie cylinder, to reduce the
number of PMTs by half.

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

1. The event vertex is determined by the center of gravity of the chaligfegut reliance on time-of-
flight, so that the light reflected from the top and bottom of the cylinder willvaatsen the perfor-
mance of the detector module. The hit times are measured to a resolution offorSbaskground
studies.

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

The total target mass at the far site is determined by the sensitivity goal aswis & Fig. 5.1 as a
function of the far detector mass. To meastirg 26,5 to better than 0.01, a total target mass of 80-100 tons
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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.

is needed, which corresponds to a statistical erres@R% after three years data taking. A larger target mass
is not attractive since the sensitivity improves rather slowly when the target gues beyond 100 tons. By
adopting a multiple-module-scheme as discussed in Chapter 2, two modulé®aes ¢or each near site
to allow a cross check of the module behavior (within the limit of statisticals at thesie). For the far
detector, at least four modules are needed for sufficient statisticsdb tiea designed sensitivity while
maintaining the number of modules at a manageable level. A detector schemétdfleigical modules,
each with a target mass of 20 tons, is chosen. About 600 to 1200 evewusypeer module will be detected

at the Daya Bay near site (300-500 m) with about 80 events per day petteraidhe far sitex 1800 m).

5.1.3 Three-zone Antineutrino Detector

A Chooz-type detector with suitable upgrades can in principle fulfill theirements although com-
pletely new concepts are not excluded. The energy threshold of az@ype scintillator detector can be
reduced by a three-layer structure as shown in Fig. 5.2. The innerlayest(region |) is the Gd-loaded
liquid scintillator antineutrino target. The second layer (region Il) is filled witioamal liquid scintillator
~-catcher to contain the energy of & from neutron capture or positron annihilation, without serving as an
antineutrino target since the neutron-capture time is about a factor of tgerltran that of the Gd-loaded
scintillator. The outer-most layer (region II) contains mineral oil thatlslsieadiation from the PMT glass
from entering the fiducial volume. This buffer substantially reduces thgesirates and allows the thresh-
old to be lowered below 1.0 MeV. The three regions are partitioned with teaespacrylic tanks so that the
target mass contained in region | can be well determined without the needldot vertex reconstruction
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II. v catcher

I. Target

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

and a 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 scintiltegfore converting
to the visible scintillation light. However, therays can also escape from this target region and cause energy
loss outside of this region. To capture escapeadys a layer of regular liquid scintillator surrounding the
target zone is added, thus the energy loss is greatly suppressederpg spectrum of the delayed neutron
capture signal is shown in Fig. 5.3. It can be clearly seen that there iggaddron the low energy side
from events with an escaping The structure around 8 MeV is due to the coexistence of two major isotopes
of gadolinium,>Gd and'®”Gd, which emits severaj-rays with a total energy of 7.93 and 8.53 MeV,
respectively.

A threshold of 6 MeV cleanly separates the 8 MeV neutron capture sigmal the background due
to natural radioactivity. However, this threshold will cause a loss of soeutron capture events and a
loss of detection efficiency. A simulation of the detector giving the correldtietween the thickness of
the y-catcher region and the neutron detection efficiency is shown in Fig. Betfigure shows that with a
~-catcher thickness of 45 cm the neutron detection efficiency is 92%. e a smaller detector and a
~-catcher thickness of 70 cm, and neutron source test showed a-(R4)86 detection efficiency [4]. The
error includes a vertex selection error that Daya Bay will not haveo#ting to Chooz, Palo Verde and
KamLAND the error in the energy scale at 6 MeV is better than 1%. Our detsictolation shows that 1%
error in energy calibration will cause a 0.2% error in the relative neutedection efficiencies for a 6 MeV
threshold. After subtracting the vertex selection uncertainty, the resulite @fficiency test are consistent
with simulation. After a comprehensive study of detector size, detectiotegify and experimental errors,
we choose 45 cm as the thickness of theatcher.

The probability of a neutron capture on the Gd-LS from a neutrino interaggatex in they-catcher
(spill-in) is very similar to the probability of a neutron capture on the undottdm a neutrino interaction
vertex in the Gd-LS target region (spill-out), as shown in Fig. 5.5. Thaghan effective fiducial volume
(relative to the measured Gd-LS taget volume) is largely cancelled forexdmmee detector and the residual
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effect can be corrected by a suitable calibration process in combinatiohwitke Carlo simulation.
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Fig. 5.5. The neutron spill-in and spill-out probbaility as a function of disawfcthe
neutrino interaction vertex to the acrylic vessel surrounding the targairrdor a
two-zone and three-zone detector module.

5.1.5 Oil Buffer

The outermost layer of the detector is composed of mineral oil. The PMTs withbunted in the
mineral oil next to the stainless steel vessel wall, facing the radially inwWéid.mineral oil layer is optically
transparent and emits very little scintillation light. There are two primary pugpfmethis layer: 1) to
attenuate radiation from the PMT glass, steel tank and other sourceseftid module; and 2) to assure
that PMTs are sufficiently far from the liquid scintillator so that the light yieldugejuniform. Simulations
indicate that the location of light emission should be at least 15 cm away f@PN surface, as indicated
in Fig. 5.6. The oil buffer is also used to attenuate radiation from the PMB ghés the fiducial volume.
Simulation shows that with a 20 cm oil buffer, the radiation from the PMT glatsatied in the liquid
scintillator is 7.7 Hz, as summarized in Table 5.1.

Buffer Oil Thickness
Isotope || Concentration 20cm| 25cm| 30cm| 40 cm
(Hz) | (Hz)| (Hz) | (Hz)

28y 40 ppb 2.2 1.6 1.1 0.6

232Th 40 ppb| 1.0 0.7 0.6 0.3

40K 25ppb| 45 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 rock samples collected at the potential detsités has been measured
by IGG. The concentrations 8f3U, 232Th and*°K have been measured with typical values<dfO ppm,
<30 ppm ands5 ppm, respectively. Monte Carlo simulations show singles rates at a thdtesHoMeV of
0.65 Hz, 2.6 Hz, and 0.26 Hz, respectively, after attenuation from the 2v&ter buffer and 45 cm mineral
oil buffer. The total rate in the scintillator volume from rock radioactivityi3.5 Hz.

Summing up the PMT and rock radiation background gives a total backdnmate of of 33 Hz. Radon
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Fig. 5.6. Antineutrino detector response (in n.p.e.) as a function of radiafiém of

a 1 MeV electron energy deposit. The mineral oil volume has been remonketha
PMTs are positioned directly outside thecatcher volume. The vertical red line is
15 cm from the PMT surface and indicates the need for 15 cm of budfievden the
PMT surface and the region of active energy deposit in order to maintafaron
detector response.

radioactivity can be controlled by ventilation, which will be discussed in d&gtet. Other materials near
the antineutrino detector, such as the steel vessel and supporting retruadlds, water, mineral oil, dust
and Krypton in air play a minor role.

Since the PMTs are placed in the mineral oil, and the length of PMT plus its babets 25-30 cm, a
45-cm thick oil buffer will be sufficient to suppress theate and the subsequent uncorrelated backgrounds
to an acceptable level. The propose dimensions of the antineutrino detettiem ishown 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 4.10 8.0-10.0 5.00 | Mineral oil
Table 5.2. Dimensions of the mechanical structure and materials of the antineutr
detector.

The neutrino target is a cylinder of 3.2 m height and 1.6 m radiusy¥tetcher and oil buffer are both
0.45 m thick. The diameter of the stainless steel vessel is 5.0 m, with a heigitt wf &d a total mass of
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100 tons.
5.1.6 2-zone vs. 3-zone Detector

The possibility of adopting a detector with a 2-zone structure, by removing-tetcher from the
current 3-zone design, has been carefully studied. A 2-zone deteithiothe same outer dimension as the
3-zone structure has a target mass of 40 ton (keeping the same oil éuéfercather thicknesses). The
efficiency of the neutron energy cut at 6 MeV will be/0%, compared te-90% with the~-catcher and
the 2-zone 40 ton detector will have omy60% more detected events than the 3-zone 20 ton detector.
The reduction of efficiency in the neutron energy cut will introduce aelaegror due to the energy scale
uncertainty. This error is irreducible, not removable by the near/fativelameasurement, in the different
detector modules due to differences in the energy scales.

The energy scale is possibly site-dependent due to variation of calibmatitions in the different
sites. According to the experience gained from KamLAND, a 1% energig Stability at 8 MeV and 2%
at 1 MeV can be readily achieved. The uncertainties in neutron detecficierty for a 1% relative energy
scale uncertainty have been studied by Monte Carlo for the 2-zone 4fetentor and the 3-zone 20-ton
detector. The uncertainty in the relative neutron detection efficiencydéd-#tone detector is 0.4% at 6 MeV
as compared with 0.22% for the 3-zone detector. Similar uncertainties at sl@/also been studied, see
Table 5.3. This error will be the dominant residual detector error (skle Ba2), while other errors could be

| Configuration|| 6 MeV | 4 MeV |

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

Table 5.3. Uncertainty of the neutron energy threshold efficiency ddwsencertainty
in the energy scale for 2-zone and 3-zone detectors. The enelgyesaa is taken to
be 1% and 1.2% at 6 MeV and 4 MeV, respectively.

cancelled out by detector swapping this one is not (e.g., a doubling of toisveil significantly degrade
thesin? 26,5 sensitivity that can be achieved).

As shown in Table 5.3, lowering the energy cut to 4 MeV can reduce thteameenergy threshold effi-
ciency error. However, the intrinsic radioactivity from the Gd-dopeditigeintillator and the acrylic vessel
will cause a significant increase the accidental background ratextgnal sources (such as radioactivity
from the PMTs and the rock) onlys, with an upper limit o~~3.5 MeV, can enter the detector. For internal
sources, howevets, gs, andas contribute — these can produce significant rates of signals above ¥.5 Me
(e.9.2%%TI has has an endpoint of 5 MeV) as observed by KamLAND. Chooalsasobserved a significant
number of events of delayed energy of 4—6 MeV (see Fig. 5.7). In addg@dolinium has contamination
from 232Th which increases the rate 8F Tl decay in the scintillator. All of these factors make a reduction
of the neutron threshold from 6 MeV to 4 MeV undesirable. The accidé@ekground rate would be a
couple of orders of magnitude larger with the lower threshold at 4 MeV.

5.1.7 Expected Performance

With reflectors at the top and bottom the effective photocathode coverd@édsvith 224 PMTs, the
energy resolution is around 5.9% at 8 MeV when the total-charge methoddsarss.5% with a maximum
likelihood fit approach. The vertex can also be reconstructed with duteso similar to a design with
12% PMT coverage on all surfaces. The vertex reconstruction t&sola ~14 cm for a point-like 8 MeV
event using the maximum likelihood fit, as shown in Fig. 5.8. The horizontalisxise distance of the
reconstructed vertex to the true vertex and the vertical axis is the eventanuSuch a vertex resolution is
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acceptable since the neutron capture vertex~2@ cm intrinsic smearing, as found by Chooz [4] and by
our Monte Carlo simulation as well. The intrinsic smearing of the neutron capéutex is caused by the
energy deposition of thes released from neutron-capture on Gd.

5.2 Containers and Calibration Ports

The stainless steel vessel is the outer tank of the antineutrino detector matigrrounds the buffer
oil region. It will be built with low radioacivity 304L stainless steel and wiltiséy the following require-
ments:

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

¢. mechanical strength to support the 256 photomultiplier tubes (position ipre@sgiven at about
1cm);

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

The stainless steel vessel is a cylinder of 5000 mm height and 5000 mm digex¢é¢éenal dimensions)
with a 10 mm wall thickness (304L stainless) as depicted in Fig. 5.9. It weidiutsta 0 tons and has a
volume of~95 n¥ (without the chimney).
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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.

The stainless steel vessel will be industrially machined in several piecesttarisported to the Daya
Bay site for assembly. Each vessel consists of ten half-rings of stastiesissheet and two half-bottom
and -top lids. All pieces will be pickled and passivated at the contractedfiaztnring company. Half-rings
and lids will be initially welded. The stainless steel vessel structure will betedteby welding 3 rings of
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stainless steel sheets. Tubes for the inner photomultipliers cable paths widlltbed afterward. The work
platform and necessary tools will be designed and manufactured to faditieatessembly procedure and to
guarantee good cylindricality of the vessel. Special care will be reqinred these processes, especially
during part of the welding process which is to be carried out after thdlmtsta of the phototubes. Leakage
of welds will be systematically checked through the sweating method. The stabtkeel vessel will then
be cleaned with de-ionized water and weak nitric acid. A reinforcing streetill be added at the top and
bottom of the steel tank to increase its strength and to prevent distortion.

5.2.1 Acrylic Vessel

The target vessel is a cylinder of 3200 mm height and 3200 mm diametern@xtémensions) with
10 mm wall thickness (acrylic). It weighs580 kg, and contains a volume e25 n? (without chimneys).
The~-catcher vessel surrounding the Target is a cylinder of 4100 mm heeglt 100 mm diameter (external
dimensions) with a 15 mm wall thickness (acrylic). It weighs 1420 kg, andaios a volume of-53-
25=28 nt (without the chimneys). At the top of the target vessel, there are two oe ttienneys for
injecting the LS and for passage of radioactive calibration sourcese Tk be one or two chimneys for
the~-catcher as well. The chimneys diameter willb80-100 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 andy-catcher vessels will be built of acrylic which is transparent to photons wathe-
length above 430 nm. Both vessels are designed to contain aromatic liquidslaitt @rm leak-tightness
(free from leakage for ten years) and stability. The critical constraimEei£hemical compatibility between
the vessel and the scintillating liquids, for at least five years. There neusbldegradation of the liquid
properties (scintillation efficiency, absorption length) nor any signifidegradation of the acrylic material
(yellowing or crazing of more than a few percent of the acrylic surfaea)aThey-catcher vessel will also
be chemically compatible with the mineral oil in the buffer region.

Acrylic is normally PMMA plus additional ingredients to prevent aging and UVitigbsorption. Dif-
ferent manufacturing companies have different formulas and tradetsdor the additional ingredients,
resulting in different appearance, chemical compatibility, and agingtsfféor the material choice, we
have surveyed many kinds of organic plastic. We have identified two pessibirces 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 a centrifugal casting method for their goisir of the vessel. The
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approach of Nakano’s subsidiary company uses bent plate sheetglteeddgogether by the polymerization
method. It appears at this time that this method will be preferable as it shavidem higher quality vessel.
In the polymerization gluing method, they add the same raw materials as the aBiMIMA + in-
gredients) into the gap between the plates. Thus the joints consist of exac#grite 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 gfeeets 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 menthweek 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-=fBomm for a 2 m-diameter tank. The tank can have
reinforcement structures at both the top and bottom; therefore the meakstnéngth is not a problem for a
very thin tank &1 cm). However, a thin sheet tends to have more residual stress whichenpaglidematic
for chemical compatibility. The minimum thickness of our tank is to be discussedthe compatibility
test of acrylic sheets with LAB is completed. Figure 5.11 shows a example alciftyéic plastic vessel.
Mechanically, the double vessels must be strong and stable enough te Eletical shapes between near

Fig. 5.11. A sample production of the acrylic vessel at the Gold Aqua Teghto. in
Taiwan. The diameter and the height are both 2 m, with high 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 camgkcations to the experiment
and they need to be studied in great detail. Simulation has shown that theottatisp phase is hazardous
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for a double acrylic vessel which has been completely assembled. Vitgafeorerated by the suspension
system during ground transportation could be significant if the full douédsel construction were com-
pleted at the manufacturer’s plant. This problem could also be solved,uwvithanging the baseline design,
by transporting the target andcatcher vessels separately, and integrate and glug-tag¢cher top lid and
the chimney in the integration hall. There will be no annealing after the vegsemsate, 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 obtixedacrylic vessel will be
done in several steps:

a) the target vessel will be entirely built, annealed and checked for tightatehe manufacturers;
b) The chimney will be glued in the Daya Bay asssembly hall;

c) the~-catcher vessel will be built without the top lid. It will be glued later in the DBggy assembly
hall.

For the final step, air conditions in the integration hall have to be well contdrdllering the 24 hours
of polymerization of the glue, the temperature has to be kept stable. In thee Bay assembly hall, the
assembly will be handled with the ceiling crane and specifically developed Tdwds/-catcher vessel will
arrive mounted on a supporting structure used to minimize the deformatiorthemdotated. The target
vessel then will be inserted intecatcher. After the on site cleaning of the vessels, the top lid of itatcher
and the chimney will be glued by technicians from the manufacturer. Then;tatcher will undergo final
insertion in the buffer vessel (the phototubes will already be partially mdunte

In Daya Bay all regions within the stainless steel vessel have to be filled sirealialy. The filling
phase generates constraints related to the differences in height of tide Agaording to mechanical simu-
lations, if we neglect density variations, the difference in acceptable tisi§h cm.

5.2.2 Calibration Ports

In addition to the central chimney port, the buffer vessel lid will have s8\J&6) ports, each 100—
200 mm diameter, to facilitate the deployment of radioactive calibration soarab$ight sources. These
ports will have gate valves to isolate the calibration devices when they aiie nse and facilitate their
removal. Around the side wall of the stainless steel vessel there will b@32 @f 5-10 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 £ minimize
interference with the water Cherenkov system. The cables may either bnazhin pipes, or we will
design a fail-safe isolation connector to allow the cables to be in the water.

5.3 Liquid Scintillator

The gadolinium-loaded organic liquid scintillator, Gd-LS, is a crucial compboéthe antineutrino
detector. The H atoms ("free protons”) in the LS serve as the targetdéantterse beta-decay (IBD) reac-
tion, and the Gd atoms produce the delayed coincidence, so importantckgrband reduction, between
the prompt positron and the delayed neutron from the IBD. The LS comtal@6 hydrogen. Gd has a
very large neutron-capture cross section; éhef natural abundance Gd is 49,000 barns so that isotopic
enrichment of the Gd is not required. Two stable isotopes of Gd contribugt ofiadhis cross section:
o(1%5Gd) = 61,400 barns andr(1*"Gd) = 255,000 barns. Furthermore, neutron-capture on Gd leads to
emission ofy rays with a total energy o£8 MeV, that is much higher than the energies of thrays from
natural radioactivity which are normally below 3.5 MeV. Hence, organiabfed with a small amount of
Gd is an ideal antineutrino target and detector. Both Chooz [4] and Pede Y&] used 0.1% Gd-doping (1 g
Gd per kg LS) that yielded a capture timeof28 us, about a factor of seven shorter than that on protons
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in undoped liquid scintillator,{ ~180uSs). This shorter capture time reduces the backgrounds from random
coincidences by a facter7.

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

Major R&D efforts on LS and Gd-LS are being carried out for this Dayg Banceptual Design Report
(CDR) at BNL in the US, IHEP in the PRC, and JINR in Russia:

A. The Solar-Neutrino/Nuclear-Chemistry Group in the BNL Chemistry Diapant has been involved
since 2000 in R&D of chemical techniques for synthesizing and charaogeozganic liquid scintil-
lators loaded with metallic elements, M-LS. They helped to develop a propeseldw-energy solar-
neutrino detector, LENS/Sol [8]. Concentrations of M in theL5-10% by weight were achieved to
serve as targets for solar neutrino capture, with M being ytterbiurd(Yam) and indium (Id+ ion).

It was obvious that these chemical results could readily be extended tewheeactor antineutrino
experiments, to prepare Gd-LS (with &9 at the much lower concentrations required for neutron
detection,~0.1%. BNL began R&D in 2004 on solvent extraction methods to synthesizeS5d-L

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

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

It should be noted that the general approach of these differenpgispretty much the same, to prepare
organo-Gd complexes that are soluble and stable in the LS organic sdtiemtver, the chemical details
of their R&D programs do differ in significant respects at present, sadh ¢&e purification procedures,
the control of pH, and reliance on either solvent-extraction methods orattwn of Gd-precipitates to
isolate the Gd organo-complex. While this CDR discusses the current sfahes major similarities and
differences of these approaches, we note that the differences oiteat deriously affect the general goals
of this CDR and are acceptable at this CD-1 stage of development of thee Baysin? 20,5 project. As
closer cooperative R&D ties between these groups develop in the coming mibighexpected that these
issues will be resolved.

5.3.1 Selection of Solvents

Several aromatic (organic compounds based on benzene) scintillation Ngerdsstudied at BNL to
test their applicability as solvents for Gd-LS. (1) Pseudocumene (P@hvgthe 1,2,4-isomer of trimethyl-
benzene (and mesitylene, the 1,3,5-isomer), has been the most commongolvesd for Gd-LS in pre-
vious neutrino experiments. But it has a low flash point (&3 and aggressively attacks acrylic plastic.(2)
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Phenylcyclohexane (PCH) has a lower reactivity than PC, but only Haleolight yield. (3) Both di-
isopropylnaphthalene (DIN) and 1-phenyl-1-xylyl ethane (PXE)ehaptical absorption bands in the UV
region below 450-nm that cannot be removed by purification. (4) Rec@mew LS solvent, Linear Alkyl
Benzene (LAB) [9], has been identified as a potentially excellent sofeerdd-LS. LAB is composed of
a linear alkyl chain of 10-13 carbon atoms attached to a benzene rindyaanal light yield comparable
to PC. LAB also has a high flash point, which significantly reduces the safetyerns. It is claimed by
the manufacturers to be biodegradable, and is relatively inexpensice,isis used in the industrial man-
ufacturing of detergents. (5) Mineral oil (MO) and dodecane (DChbmve very good light transmission
in the UV-visible region so that no further purification is required. Theydpce little or no scintillating
light. It has been reported that mixtures of PC + mineral oil will not attacklieciPC and LAB, as well as
mixtures of PC with DD and of LAB with PC, have been selected as the candidiatilation liquids for
loading Gd in the Daya Bay neutrino detector. In China, an un purified L&Bpde obtained from Fushun
Petroleum Chemical, Inc. has an attenuation length longer than 30 m; if its qualitifasm from produc-
tion batch to batch, it can be used directly as the required solvent withlfyurification. In the US, pure
LAB has been obtained from the Petresa Company in Canada. Even ttiosigtf\B is quite pure, BNL
routinely uses purification procedures to ensure that all of its LAB sanfyales uniform properties. The
chemical properties and physical performance of these scintillation $s)y#us mineral oil and dodecane,
are summarized in the Table 5.4.

LS Gd Load Density | abssg | Purification| Relative || Flash Paint
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 9’C
DIN Yes 0.96 | 0.023| Column 0.87 >140°C
PXE | Yes, butis not stable 0.985 | 0.022 Column 0.87 167°C
LAB Yes 0.86 | 0.000| Column 0.98 130°C
MO No 0.85 | 0.001 | Not needed NA 215°C
DD No 0.75 0.000 | Not needed NA 71°C

Table 5.4. Properties of Selected Liquid Scintillators, as compiled at BNL

5.3.2 Preparation of Gadolinium Complexes

One of the major research challenges is how to dissolve the Gd into the ddigaidrscintillator.
Since an LS detector is made of an aromatic (i.e., containing benzene rgaygjosolvent, it is difficult to
add inorganic salts of Gd into the organic LS. The only solution to this problémfam organometallic
complexes of Gd with organic ligands that are soluble in the organic LS.

The recent Chooz and Palo Verde antineutrino experiments used diiffeethods to produce their Gd-
doped liquid scintillator. In the Chooz experiment, Gd(N$was directly dissolved in the LS, resulting in
a scintillator whose attenuation length decreased at a relatively rapid ##e p@r day. As a result, Chooz
had to be shut down prematurely. On the other hand, the Palo Verdemgpeused the organic complex,
Gd-ethylhexanate, yielding a scintillator which aged at a much slower ra@0p@r day.

In the Periodic Table, Gd belongs to the lanthanide (Ln) or rare-eaigssarelements. Lanthanides
such as Gd can form stable organo-metallic complexes with ligands that coryajen, nitrogen, and phos-
phorus, such as carboxylic acids, organophosphorus compamtbeta-diketones. Several recipes for Ln-
LS have been developed based on these organic ligands. For examgthyhexanate (Palo Verde, Univ.
Sheffield, Bicron), In-, Yb- and Gd-carboxylates (BNL and LENSJ-triethylphosphate (Univ. Sheffield),
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Yb-dibutyl-butylphosphonate (LENS), and Gd-acetylacetonate (DeQhtz0z).

Complexants that have been studied at BNL are (i) carboxylic acids (RF)@hat can be neutralized
with inorganic bases such as NGH to form carboxylate anions that can then complex th&Lion, and
(ii) organic phosphorus-oxygen compounds, "R-P-O”, such astfiifmhosphate (TBP), or trioctyl phos-
phine oxide (TOPQ), that can form complexes with neutral inorganiciespsach as LnGl[12]. Initially,
work was done with the R-P-O compounds. The extraction of Ln is efigdbiut the attenuation length is
only ~few meters and the final Ln-LS was not stable for more than a few monththeCather hand, the car-
boxylic acids, "RCOOH”, form organon-metal carboxylate complexes¢ha be loaded into the LS with
more than 95% efficiency using solvent-solvent extraction. Moreovecdhgoxylic acids are preferable
because they are less expensive and easier to dispose of as cheasitglasmpared to the phosphorus-
containing compounds. In principle, the chemical reactions are (a) tizatian, RCOOH + NHOH —
RCOO™ + NHJ + H,0 in the aqueous phase, followed by (b) Ln-complex formatior;'L.a3RCOO™ —
Ln(RCOOY}, which is soluble in the organic LS. These reactions are very sensitiVg: tihe neutralization
step to form the RCOO depends on the acidity of the aqueous solution, and hydrolysis of tfie ¢am
compete with formation of the Ln(RCO©gomplex.

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

Several instrumental and chemical analytical techniques have beeati®dd as guides for optimiza-
tion of the synthesis procedures for Gd-LS. Besides the measureméigtst gfeld and optical attenuation
length to be described below, are measurements in the LS of the concestriti(i) GF* by spectropho-
tometry, (2) the total carboxylic acid, R-COOH, by acid-base titrationsth@Lncomplexed R-COOH by
IR spectroscopy, (4) the different organo-Gd complexes in the ardigmiid by IR spectroscopy, (5) the
H2O by Karl-Fischer titration, and (6) the NHand CI- by electrochemistry with specific ion-sensitive
electrodes. These measurements produced very interesting resultdtbateich that the chemistry of the
Gd-LS is more varied and complicated than what is expected from the simptéaaieeactions (a) and (b)
listed above. The Gd molecular complex in the LS is not simply Gd(MYA)t contains some OH as well,
and the form of this complex changes with changing pH. So, even thoudbritpéerm studies consistently
show that the Gd-LS is chemically stable for perigdbyear, there is the lingering concern that hydrolysis
reactions might occur over long times in the LS. Careful attention to chemitalsjespecially pH control,
is crucial here, as is long-term monitoring of the Gd-LS. To date at BNL ynmaimdreds of Ln-LS sam-
ples have been synthesized, including scores of Gd-LS. There amppvoaches for preparing batches of
the Gd-LS: (i) synthesizing each batch at the desired final Gd contentr@.1-0.2%, or (ii) synthesizing
more concentrated batches1-2% Gd, and then diluting with the organic LS by a factdrO to the de-
sired concentration. The two approaches are not identical, with regaassible long-term effects such as
hydrolysis and polymerization. Approach (ii) is preferred because itlgiggthe logistics of preparing and
transporting very large volumes of Gd-LS. At IHEP, thirteen organic ligancluding four organophospho-
rous compounds, five carboxylic acids, and foudiketones have been tested. The carboxylic acids seem
most suitable; three of them have been used for further study. TherBalkgdate can be synthesized by the
following methods:

a. Carboxylic acids are neutralized by ammonium hydroxide and reactedwiih to form a precipi-
tate. The solid is collected by filtration, washed with distilled water, and drieoloah temperature.

b. Carboxylic acids are dissolved in an organic solvent that is also thed S1&xed with a GdGJ water
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solution. Then the pH of the solution is adjusted with ammonium hydroxide. Thea@ibxylate is
simultaneously formed and extracted into the LS solvent.

Method [a], the preparation of the solid Gd complex, is currently being esipddat IHEP.

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

5.3.3 Purification of Individual Components for Gd-LS

Most purification steps developed at BNL are applied before and dtivagynthesis of the Gd-LS [13].
Chemical separation schemes that would be used after the Gd-LS hasyhtessized are usually unsuitable
because they would likely remove some of the Gd as well as other inorganidiiegu

The removal of non-radioactive chemical impurities can increase thentissisn of the light in the
LS and enhance the long-term stability of the Gd-LS, since some impurities daneirslow chemical
reactions that gradually reduce the transparency of the Gd-LS. CHegpnitfication steps have been de-
velopedto for use prior to or during the chemicla synthesis: (1) The pafidit of chemical ingredients
in the aqueous phase, such as ammonium hydroxide and ammonium caiboisytione by solvent ex-
traction with toluene mixed with TBPO. (2) LAB, which has low volatility, is purifieg d&bsorption on a
column of activated AlO3. (3) High-volatility liquids, such as the carboxylic acids and PC, are pdrifie
temperature-dependent vacuum distillation<éx 04 bar. For the organic solvents, it is expected that vac-
uum distillation will also remove any radioisotopic impurities, including radon. feigul2 and Figure 5.13

Purification of LAB by Column Separation

0.1 7y
APy \—LAB before|
2.08 % —LAB after | |
0.07 Y ———
, 0.06 \
3 005 \
0.04 \
0.03 \
0.02 .
ALY S == —
I e e — —— e — R — i — i
350 400 450 500 550 600 650 700

Wavelength (nm)

Fig. 5.12. UV-visible spectra of LAB before and after purification

compare the optical spectra before and after the purification steps. E2gtiows the effects of the activated
Al,03 column on the optical spectra of LAB. Fig. 5.13 shows the results of vadistifiation for PC, and
shows as well the spectrum of the yellowish high-boiling impurity that remaitiseagnd of the distillation
process.

Two methods, cation exchange and solvent extraction, are being cartsateBNL for the purification
of radioactive impurities associated with Gd, mainly the U and Th decay cidiasontents of the radioac-
tive impurities in the commercially obtained 99% and 99.999% G&EL O solids that are used as starting
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Purification of PC by Vacuum Distillation
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Fig. 5.13. UV-visible spectra of PC before and after purification plusluesfraction

materials were measured by low-level counting at BNL and at the New Yiate ®epartment of Health
and found to be less than the detectable limits¢1§/g). More sophisticated radioactivity measurement
steps will have to be developed to quantify these radioactive speciesagrtations of 10'° g/g in the
Gd (implying impurity levels of 102 g/g in the final 0.1% Gd-LS). At IHEP, a criterion is set to keep the
random coincidence rate below 50 Hz, so that the LS has radioactivitaroamation of?38U, 232Th, and
40K pelow 107! g/g. Although this goal is achievable routinely for unloaded LS (i.e., withdded Gd),
[6], special care is required for Gd-loaded LS since the Gd (and tath#ranides) obtained in China usually
containsg’32Th at a level o~0.1 ppm. For Gd loading of 0.1% by weight in the antineutrino detector, the Gd
has to be purified to a levet10~°g/g. In order to eliminate the Th, G&; powder at IHEP is dissolved in
hydrochloric acid and passed through a cation-exchange resin caRrgiiminary assays at IHEP showed
that this Gd purification procedure reduced the Th content at the pplbleaefactor of four.

5.3.4 Characterization of the Gd-LS
5.3.4.1 Optical Properties and Long-Term Stability

The long-term stability of the Gd-LS preparations is periodically monitored Q@™ quality control,
program, by measuring their light absorbance and light yield. Samplesthrersame synthesis batch are
sealed respectively in 10-cm optical glass cells for UV absorption measnts, and in scintillation vials
for light yield measurements. Monitoring the UV absorption spectrum ascifumof time gives a more
direct indication of chemical stability than does the light yield. In Figure 5.1& UK absorption values
for a wavelength of 430 nm (in the UV spectrometer) are plotted for BNLLGdamples as a function of
calendar date, until May 2006, for different concentrations of Gohf@o2% to 1.2% by weight in a variety
of solvent systems — pure PC, mixtures of PC and dodecane at difigeggiit percents, and pure LAB.
The figure shows that, since synthesis, samples of: (a) the 1.2% and D&d46ropure 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) thédyrelsveloped 0.2% of Gd in pure
LAB has been stable so far for approximately 6 months.

The value of the optical attenuation lengthis extrapolated from the UV absorption data. It is defined
as the distance at which the light transmitted through the sample has its intensitgdedl /e of the initial
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Fig. 5.14. the UV absorption values of BNL Gd-LS samples at 430 nm asctidn
of time

value: L = 0.434 d/a, where is the absorbance of light at wavelength measured in an optical cell dhleng
d. Note that for d = 10 cm, a value af= 0.004 translates into an attenuation lengjth11 m. However, it

is difficult to extract accurate optical attenuation lengths from these phatirtength measurements because
thea values are close to zero. Measurements over much longer pathlengtieeeesl. BNL has constructed
a system with a 1-meter-pathlength, horizontally aligned quartz tube. The digitesis a He-Cd, blue laser
with A = 442 nm. The light beam is split into two beams with 80% of the light passed thrtheyl-m
tube containing the Gd-LS before arriving at a photodiode detectorrérhaining 20% of the light passes
through an air-filled 10-cm cell and reaches another photodiode deteatweasure the fluctuations of the
laser intensity, without any interactions in the liquid. Use of this dual-beamdgseem with 1-m pathlength
confirmed the values of the attenuation length extrapolated from the meassenitd the 10-cm cell in the
UV Spectrometer. For 0.2% Gd in a 20% PC + 80% dodecane mixture withots fthe 1-m measurement
gave 99.54% transmission, corresponding to attenuation lep2@m. This agreed with the value21.7 m
that was extrapolated from the measused).002 in the 10-cm cell.

The long-term stability of the Gd-LS developed at IHEP has also beentigats] with a UV-Vis
spectrophotometer using a 10-cm optical cell. IHEP also has developeptiaal system with variable
vertical pathlengths up te2 m to measure the optical attenuation more accurately. Figure 5.15 shows the
long term stability over time of four IHEP Gd-LS samples as measured by opbisakption at 430 nm. In
all of these IHEP samples, fluors were added, 5 g/L PPO and 10 mg/L bi&s-M& concentrations of Gd,
complexing ligand, and solvent in the four samples are:

A. 2 g/L Gd, isononanoic acid as ligand, 4: 6 Mesitylene/dodecane;
B. 2 g/L Gd, ethylhexanate as ligand, 2: 8 Mesitylene/dodecane;
C. 2 g/L Gd, isononanoic acid as ligand, LAB;
D. 2 g/L Gd, 2:8 ethylhexanate as ligand, 2: 8 Mesitylene/LAB;
The IHEP results show that the variations of the absorption values aremail during the four month

period for all four samples. The attenuation lengths of samples C and Drgyerltthan 10 m. The IHEP QC
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Fig. 5.15. Long-term Stability Test: 2 g/L IHEP Gd-LS as a Function of Time.

program of long-term testing stability will continue forl year. At JINR, optical properties of samples of
LAB and light yields are being measured.

5.3.4.2 Light Yield

The light yield of the Gd-LS is also measured at BNL and at IHEP. At BNdgiatillation vial contain-
ing ten mL of Gd-LS plus the wavelength-shifting fluors, butyl-PBD (3 g/Ld bis-MSB (15 mg/L), is used
for measurement of the photon production. The value of the Gd-LS light, yaénich is determined from
the Compton-scattering spectrum produced by an extéth@k y-ray source that irradiates the sample, is
qguoted in terms of S%, relative to a value of 100% for pure PC with no Gd IgatMeasured S% values
are respectively 55% for 0.1% Gd in 20% PC + 80% dodecane, and 9595% LAB + 5% PC.

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

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

Table 5.5. Light yield for several Gd-LS samples prepared at IHEPsuned relative
to an anthracene crystal. M: Mesitylene, D: dodecane, LAB: linear dikgizene

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

At BNL, a sample of commercially available Gd-LS, purchased from BicBf+521, containing 1%
Gd in pure PC, has been compared with a BNL Gd-LS sample containing 1.2% 3@ BC-521 is the
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concentrated Gd-doped scintillator with organic complexing agent in PC thatugaed in the Palo Verde
reactor experiment after it was diluted to 40% PC + 60% mineral oil. The lighds/ief the respective
BNL and Bicron samples were found to be comparable, 82% vs. 85%, mieasured at BNL relative to
100% PC, and, as quoted by Bicron, 57% relative to anthracene. 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 vait.0 m for its sample. This significant difference in attenuation
may reflect the care put into the BNL pre-synthesis purification steps.

The chemical stability of these BNL and Bicron BC-521 samples are beingvedian our QC program.
No perceptible worsening of the optical properties of these samples kasdbserved over periods of
1.5 and~1 years, respectively. Note that Bicron simply characterizes the stabilitg BIC-521 as being
"long term”. Our results support the claim of the Palo Verde collaborationtbiear Gd-LS showed some
degradation during its initial period of use and then stabilized.

5.3.6 Future R&D in Preparation for Scale-Up to Full-Scale Productionof Gd-LS

Tasks that have begun or will be undertaken in the next several mameths #llows: (1) to continue the
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 produatidright attenuation, in
order to decide upon a final recipe for the Gd-LS synthesis; (3) to budibsed synthesis system that
eliminates exposure of the Gd-LS to air; (4) to scale the chemical procethrr&d-LS synthesis up from
the current lab-bench scale to volumes of several hundred litersidtotppe detector module studies, and
as a prelude to industrial-scale production on the level of 160 tons; (f)donate many of these chemical
procedures, which are currently done by hand; (6) to use standdrdl&TM-type tests to study the chemical
compatibility of the LS with the materials that will be used to construct the detecéseljee.g., acrylic; (7)
to find methods to measure accurately, with high precision, the concentratiios, IC/H and Gd/H, and the
H and C concentrations.

5.3.7 Storing and Handling Ton-Amounts of LS at Daya Bay

The basic assumptions that underlie the following discussion are that:

1. Pairs of detector modules will be treated as matched pairs, so that thieyosve to be as identical
as can be prepared. Comparison of any differences in the operatingctéristics of these identical
detectors will provide crucial information about the control of systematmrerThus, at a minimum,
40 tons of 0.1% Gd-LS, well mixed and equilibrated, will have to be prepatrede time, to be able
to fill two of the central detector modules at the same time.

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

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

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

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

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

1. Minimum capacity is 140 tons, the total amount of undoped LAB needectpape the solution
of 0.1% Gd in LAB that will fill all eight central detectors.

2. If desired, this tank can be large enough to store ALL of the LAB reguio fill all of the
gamma-catcher regions as well as the central detectors. Maximum capeaikgchis 400 tons.

3. This LAB tank will not be for passive storage. It will have to contaimsomixing apparatus
(e.g., mechanical stirrer or gas bubbling) to ensure uniformity of the caddiguid (assuming
that more than one shipment of LAB is received from the manufacturer).

4. This LAB tank on surface will also be used to dissolve and mix the fluors.

5. This tank will require a purification column (containing,®k) in its inlet line, since the LAB
will have to undergo final purification prior to addition of the fluors.

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

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

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

o As discussed in Section 5.3.7.4 below, transport of batches of the liqoidstifie tanks, A and B, on
surface to underground will be done in dedicated ISO containers.

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

5.3.7.3 Underground Activity

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

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

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

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

o All tanks containing LAB-based liquids, on surface and undergrownlll,need Teflon-like inner
liners. The tanks themselves may be stainless steel or other material (sed?paWant to avoid
rusting as well as contact of the metal with the organic liquids. Choice of miateniy depend on
the cost.

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

o I1SO containers, with thermal insulation or possibly active temperature ¢ontiieeither be leased or
purchased. These have capacities of several thousand gallogswilliee carefully cleaned prior to
use. Individual ISO containers will be dedicated to use with particular lgguide for LAB, one for
1% Gd in LAB, and if needed, one for mineral oil. Their main use will be fonsgort of the liquids
from the surface to underground.

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

5.4 Photomultiplier Tubes of the Antineutrino Detectors

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

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

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

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

5.4.1 PMT Options

There are currently two candidate photomultiplier tubes for use in the animedgtectors, the Hama-
matsu R5912 and the Electron Tubes 9354KB. Both ar®®ITs with a 190 mm-wide photocathode and
peak wavelength sensitivity near 400 nm. They are similar in design anttectien. However, the R5912
has 10 dynodes while the 9354KB has 12. The Hamamatsu R5912 is an ithpereeon over the R1408,
which was used by SNO. The R5912 is used by MILAGRO and AMANDALIB®MTs will be extensively
tested.
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The manufacturers will be asked to integrate potted bases and oil-resigfantoltage and signal ca-
bles into the construction of the deliverable products. Also we plan to gpeeitype of the voltage divider
optimized by us for Daya Bay operation, which the manufacturer will buildhflagh radiopurity com-
ponents and seal in the PMT/base assembly. The final decision on thiéosetda specific manufacturer
will be made after verifying the compliance with the required level of raditypudetailed performance
comparisons, and price.

5.4.2 Testing

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

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

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

5.4.3 Support Structure

The mechanical support of each PMT is a tripod structure which is mountathenwall of the steel
vessel. A tripod is stable and convenient for adjusting the orientation of Mie Pigure 5.16 shows the
support structure. This structure is light and will be made of radio-purtenaés. The orientation of the
PMT can be adjusted by varying the lengths of the three legs. The ciraipargrovide reliable suopport
of the PMT in all possible positions relative to the direction of the buoyawefor

5.4.4 High-Voltage System

The high voltage and its control system is designed around an Analogd3éwviariant of the 8052
microcontroller. It functions for both HV control and monitoring. The sysis capable of 0.5 V resolution
up to 2048 V. An EMCO DC-to-DC HV generator will be mounted near the pghiband will act as our
voltage source. The EMCO chips have low ripple, good regulation, anda@nomical. The base will be a
simple tapered divider design mounted directly to the phototube, having aifdsmaller 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 otbatt from a single serial port
(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
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Fig. 5.16. The PMTs mechanical support structure.

5.5 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 eléukeioeutrino energy spectrum.

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

o Provide fast information to the trigger system.

5.5.1 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
PMTs. For a given PMT, the minimal number of p.e.'s is one and, basedameVCarlo 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 PMTs for a
cosmic-ray muon passing through the detector, the dynamic range of the BMGuired 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.
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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. Téigrlgoal 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 delayeslyenh their time interval
is a crucial parameter for physics analysis. The precision of this interdaiminated by the trigger signal
which is synchronized to the 100 MHz system clock. Hence a 10 ns precsstxpected, which is sufficient
given the fact that the coincident window of sub-events is 20@nd the resulted uncertainties to efficiecy
is less than 0.03employed at the trigger board to measure the actual trigg&rtane with respect to the
system clock, a better precision can be achieved.

The dynamic range of the time measurement depends on the uncertainty idglee ftency 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 determineetitevertex.
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 systematicsemoran additional handle for studying
backgrounds. The Readout Electronics Specifications are summarizabl&5.6.

| Quantity | Specification |
Dynamic range 0-500 p.e.
Charge resolution <10% @ 1 p.e.

0.025% @ 400 p.e|

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

Table 5.6. Readout Electronics Specifications.

5.5.2 Readout Modules

Each detector module is designed to have a readout electronic systemtveittyorelationship with
that of other modules except receiving a common clock signal and GP&niation. The positron and
neutron sub-events are both recorded with time stamps and the their matchingwiltioeedone offline by
software. The readout electronics for each detector module is house®UnVME 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 modubes mamimized.

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

A simplified circuit diagram of the electronic readout system, showing its maictifons, is given in
Fig. 5.17.
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Fig. 5.17. Block diagram of a readout module for processing PMT signals

The analog signal from a PMT is amplified with a fast, low noise (FET inputstaigpplifier. 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 1.562fl the RMS of the time
resolution is less than 0.5 ns.

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

The readout module has a standard VME A24:D32 interface. Both ADT Bx@tidata of the triggered
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event are sent to a buffer, which can store a maximum of 256 eventglakaevill be readout through the
VME backplane by the DAQ system within a reasonable time span.

5.6 Prototype and Test Result

The critical step towards the successful construction of the antineuteiteetor is R&D on a scaled
down prototype, which is built at the Institute of High Energy Physics, Beif@tgna. The goal of this R&D
work is multifold: 1) to verify the detector design principles such as reflsabthe top and the bottom,
uniformity of the response in a cylinder, energy and position resolutioneofiétector, etc.; 2) to study the
structure of the antineutrino detector; 3) to investigate the long term stability digiid scintillator; 4) to
practice detector calibration; 5) to provide necessary information for thet&/ICarlo simulation.

5.6.1 Configuration of the Prototype

As shown in Fig. 5.18, the prototype consists of two cylinders: the innerdspiis 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. lidugd scintillator consists
of 30% mesitylene, 70% mineral oil with 5 g/l PPO and 10 mg/l bis-MSB. Theespatween the inner and
outer vessel is filled with 4.8 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

An optical reflector made of Al fiim is placed at the top and bottom of the cytindéncrease 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. 5.18. Sketch of the prototype (Left) Top view, (Right) Side view.

The prototype is placed inside a cosmic ray anti-coincident detection frahieh\was a dimension
3 mx3 mx3 m. It covers fully the five sides except the bottom. The top side is coveréd HOF counters
(used earlier by the BES TOF system), each 15 cm wid&m long. The four side walls are covered by
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36 1.2 mx 1.2 m square-shaped scintillation counters, which were used by the R€iment. Figure 5.19
shows a photograph of the prototype test setup, before and aftertttemencident counters are mounted.

Fig. 5.19. The prototype test set up, before (left) and after (right) miecaincident
detectors being 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&lindis that to be used in the
experiment as a prototype.

5.6.2 Test Results

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 deafifration
tube inside the liquid scintillator to study the energy response of the prototyygegdin of all PMTs are
calibrated by using LED light sources, and the trigger threshold is sé pte3, corresponding to about
110 keV.

Figure 5.20 shows the energy spectrum after summing up all PMT resfaorise 13" Cs source located
at the center of the detector. A total of about 160 p.e. is observeespannding 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 10simulation is performed to compare the experimesls with the expecta-
tion, as shown in Fig. 5.20. Very good agreement is achived, showinghthaetector behaviour is well
understood.

Sources with different energies as listed above are all tested at the oétfie detector, resulting an
energy response to different energies as shown in Fig. 5.21(lefb)d (Bwearity is observed although at low
energies, non-linear effects possibly due to light quenching and Gkmrdight are observed. The energy
resolution at different energies is also shown in Fig. 5.21(right), follgvairsimple expression 6f% /\/E,
in good agreement with Monte Carlo simulation as shown in Fig. 5.20.

The energy response as a function of vertical depth along the z-aXiswsisn Fig. 5.22. Very good
uniformity (better than 10shows that the transparency of the liquid is goaldthe light reflector at the top
and the bottom of the cylinder works well as expected. The fact that lacadi@ Monte Carlo expectation
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are in good agreemnt, as shown in Fig. 5.22, demonstrates that the prototypeéing its light yield, light
trasnport, liquid scintillator, PMT response, and the readout electroniasgysly understood.
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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. Praz@duwould be employed
after relocation of a detector module or after some other change thategeguaareful investigation of the
detector properties and will involve a subset of the activities in procetiyrdf substantial changes are
detected during procedure 2.), then we would likely opt for reverting ¢cgmure 1.). Finally, procedure
3.) will involve both continuous monitoring of some detector parameters as wéikquent (i.e., daily or
weekly) automated procedures to acquire data from LED light souraksaaiioactive sources deployed
into the detector volume. The requirements and proposed solutions fadonacl.) are listed in Table 6.1.
These will be manually operated procedures using equipment and systbmsléscribed below, and will

| 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 22Cf neutron source

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

likely entail several weeks activity.

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

The requirements and proposed solutions for procedure 3.) are listeble @.2. Procedure 3.) will
entail continuous in-situ monitoring (Sec. 6.3), monitoring of continuouslylpeced spallation-induced
activity (Sec. 6.4), and regularly scheduled automated deployment afeso(Sec. 6.5).

6.1 Sources

The main goal of the source calibration is to reach the maximum sensitivity tamzoscillations 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 ldaghtalstortion in the measured
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] Requirement | Description \ Proposed Solution(s) \

Mechanical/thermal Verify these properties are stablel Load sensors, thermometers, etg.
Optical stability Track variations in light yield Gamma sources, spallation products
Uniformity, light attenuation|| Monitor spatial distribution of light| Gamma sources, spallation products
Detection efficiency Monitor e for neutrons and positrons Gamma sources, neutron sources
PMT gains Monitor 1pe peaks LED source

Table 6.2. Requirements for automated calibration procedure 3.

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

The sources will be used in the calibration are listed in Table 6.3. Theseesorwver 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
28pyd3cC 6.13 MeV
Gd neutron capture ~ 8 MeV

Table 6.3. Radioactive sources to be used for calibrations.

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

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

The positron detection can be simulated b¥?Ba source. When &Na source emits a 1.275 MeV
gamma, a low energy positron will emitted along with the gamma and then annihilaterilfeey gamma
and the following annihilation gammas mimic the antineutrino event inside the detector.
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The sources must be encapsulated in a small container to prevent ailyl@e®ntamination of the
ultra-pure liquid scintillator. They can be regularly deployed to the wholeagtlume of the detectors and
the gamma catcher.

6.2 LED Calibration System

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

LED assembly
i
|

Optical fiber bundle: each
Pulse \ of equal length
—— Generator
oul :
Pulse ‘ o
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 temsisamong detector modules,
a single controller box will be used and it can be coupled to the optical fibedle 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 separatiofiapEdgrammable 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 arsgtwsd 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 difllseat various
locations inside the detector.

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

The performance of the LEDs will be checked regularly against scintillggioduced by a gamma source
in a solid scintillator viewed by a PMT. This could be done by coupling the cbettmox to an optical fiber
bundle that is viewed by the same PMT. The number of diffuser balls andidications inside the central
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acrylic vessel and the gamma catcher will be determined through computertsmuldost of the diffuser
balls will be fixed while a few can be moved in the vertical direction by using déineesdeployment system
for radioactive source calibration. The diffuser balls and optical iléll 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&t#edet and the LS gamma
catcher, a laser-based monitoring system for the position of the acryBelyescelerometers, temperature
sensors, and pressure sensors for the cover gas system. A saonplauntine 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 experimengdbree 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 oadhdic 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 tareaphapossibly 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 detectotemedllihelp monitor some
of the basic detector properties.

The transport of the filled detectors to their location and the swapping aftdesever a distance of up
to 1.5km is a complex and risky task that will require close monitoring of thetstralchealth of the detec-
tors modules during the move. The proposed swapping scheme of the deie@movel 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 aoledot for all changes in the
detector response or efficiencies. The accelerometers, preseaogsseand 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. Recoatiynghanges in the detector modules
will also help us understand possible differences in the detector respefsre and after the move. The AV
position monitoring system will use a laser beam and reflective target orMarfaces. 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 useftilishd radioactive iso-
topes and spallation neutrons. These events will follow the muon signat{eeéts the veto as well as
the detector) and will be uniformly distributed throughout the detector voldrherefore, these provide
very useful information on the full detector volume which is complementary tortleemation obtained
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Fig. 6.2. Diagram illustrating the variety of monitoring tools we will integrate into the
design of the detector modules.

by deploying point sources (Sec. 8.5 and 8.6). For example, suclsemenused by KamLAND to study
the energy and position reconstruction as well as to determine the fidutimhe&oAs with KamLAND,
the Daya Bay experiment will use primarily spallation neutron capture'dBdiecay ¢ = 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
12 180/day 8/day

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

Regular monitoring of the full-volume response for these events, compéttethe regular automated
source deployments, will provide precise information on the stability (partiguté optical properties of
the detector, but also general spatial uniformity of response) of thetdeteodules. With the addition of
Monte Carlo simulations, this comparison can be used to accurately assesdatikie 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 ortierQperhaps
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 orpthbé ttee detector module,
and will be capable of deploying four different sources into the detecioime (see Fig. 6.3). This will be
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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 MeXé to simulate the threshold positron signal,
¢ 99Co source providing a signal at 2.506 MeV

e 252Cffission source to provide neutrons that simulate the neutron captugd.sign
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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 deployedlindedector module at a time.
Simulation studies are in progress to determine the minimal number of locatiorssapcéo sufficiently
characterize the detector (in combination with spallation product data assiégtin 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 s@gelsy the ongoing
simulation studies.

Simulation studies indicate that we can use these regular automated soumandeys 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@wd source deployments. Both methods can clearly be
used to measure the attenuation length of the Gd-loaded liquid scintillator. Tesesrtiethods will provide
frequent monitoring of the condition of the scintillator, and will allow us to trakcrnges and differences
between detector modules.

neutron uniform/center ratio vs attenuation length Co60 cornericenter ratio vs att. len.
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Fig. 6.4. The left panel shows how the scintillator attenuation length cantbaaed
from the ratio of the neutron capture peak from spallation neutrons (amifdstribu-
tion) to that from a source at the center of the detector. The right phoetssa similar
measurement using the ratio of tff&Co 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 make a long support pipe. This design wdulterthe 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.

111



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 antineutrino detectors are separated by 1 m from each other and Ednes large pool of highly-
purified water. The pool is rectangular in the case of the near halls aagesip the case of the far hall. The
minimum distance between the detectors and the walls of the pool is 2.5 m. Theshigier constitutes
the inner section of the pool and is instrumented with phototubes to detear&ogrphotons from muons
impinging on the water. The sides and bottom of the pool are lined 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 layers extend 1 m beyond the edge pbthén all directions, both to
minimize the gaps in coverage and to allow studies of background causeddoyim@ractions in the rocks
surrounding the pool.

Note that it is not envisioned that this system will act as an online veto. Thigldgi 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 an 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 Wialeras a Cherenkov tracker
by deploying large PMT’s in the water with 1.6% coverage. Such systenexpezted to have 95% effi-
ciency. A second tracking system, in our baseline a combination of RPIJ3 gbove and water Cherenkov
modules [4] at the sides and bottom of the water shield, can give an indiepesificiency 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 antineutrino detectoeséssary in order to study
this radial dependence. All the technologies we are considering aableaqf achieving 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 fractioasro€rosecond. More stringent
requirements are imposed by other, technology-dependent, considsratlee water shield PMT’s need
~2 ns resolution to minimize the effect of accidentals and assure event int&gréywater Cherenkov
modules require-3 ns resolution to match the position resolution given in the transverse dirdgtitre
1 m granularity of the system (see Sect. 7.3.6). If scintillator strips are tssdime resolution will allow
the random veto deadtime from false coincidences in that system to be hetddaodtr of 1%. RPCs will
need~ 25 ns resolution to limit random veto deadtime from false coincidences in thigs\a 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 antineutrint@asteA 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 oft 1, 2, 3 25 ns for scintillator, water shield, water Ch modules, and RPCsatggly
Thickness of the water buffer of at least 2 m

Table 7.1. Muon system requirements

7.2 Water Buffer

The neutrino detectors will be surrounded by a buffer of water with a tieisk of at least 2.5 meters in
all directions. Several important purposes are served by the watgr.fRst-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 bipad&2 for every 50-cm of water.
Second, the water will insulate the neutrino detectors from the air, redbeokground from the radon
in the air as well as gamma rays from surrounding rocks and dust in thé/ittirthe low-energy gamma
ray flux reduced by a factor of 10 per 50-cm of water, the water caneféectively reduce the accidental
background rate associated with the gamma rays. Third, the inner portibie efater buffer, the “water
shield” can be instrumented with PMT’s for observing the passage of casaoas via the detection of the
Cherenkov light.
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Site || bottom | sides| total |
DB Near 60 192 | 252
LA Near 60 192 | 252

Far 100 240 | 340
All three 220 624 | 844

Table 7.2. Number of PMT'’s for the water shield.

The active water shield, together with the RPC and the Cherenkov watelerdetactors, 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 lggiokind, and for determining the
amount of cosmogenitHePLi background. Finally, the large mass of water can readily provide ataah
operating temperature for the antineutrino detectors at the near and$aebiténating 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 potijooation. The cylin-
drical neutrino detector modules are placed inside a rectangular cavityWillegurified waterj.e. a water
pool configuration. The dimensions of the water pool are 2618 mx10 m (high) for the far site, and
16 mx10 mx10 m (high) for the near sites. The four detector modules in the far site withbeersed in
the water pool forming a 2 by 2 array. As shown in Fig. 7.1, the adjaceatte modules are separated by
1 meter and each module is shielded by at least 2.5 meters of water in all dise€@rthe near sites, the
two neutrino detector modules are separated by 1 meter. Again, any reeatrgamma rays from the rock
must penetrate at least 2.5 m of water in order to reach the neutrino detexdates. The weight of water
is 2170 tons and 1400 tons, respectively, for the far site and for ddbk two near site detectors.

As discussed in Sect. 7.3.6, Cherenkov water module detectors ofllmmcross sectional area and
lengths of up to 16 m will be laid against the four sides and the bottom of the watd, shown in Fig.
7.1. Therefore, the water buffer is effectively divided into two indefgg 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. IAvard-viewing
PMT arrays will be mounted on frames placed at the sides and on the botth pdol, abutting the inner
surfaces of the Cherenkov water modules. The PMT’s will be evenhildiséd forming a rectangular 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 ldaof the water shield
detectors. The HV system will be very similar to that described in Sect. 5.4thdaantineutrino detector
PMT's.

7.2.3 Readout electronics of the water shield PMT

The readout electronics for the water shield PMT will be identical to thatHerneutrino detector
as described in Sect. 5.5. 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 @igecurrent water shield
configuration, most muons would traverse at least 5 meters of water.gladtmaccount the 1.6% PMT
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Fig. 7.2. Muon efficiency of the water shield as a function of threshold{mlver of
PMT's hit).

geometric coverage, these muons would produce at least 320 photmeteictithe PMT's. Depending on
the trajectories of these muons, these photoelectrons will be distributedtdeaist 16 PMT's. Therefore,
the dynamic range of 1 to 500 photoelectrons for the readout is entiretyuatie In addition to the pulse
height information, timing information will also be provided by the readout ed@dts. A timing resolution

of 2 nsis easily achievable for a single PMT channel. The energy sure 8NfT’s as well as the multiplicity
of the struck PMT’s will be used for defining the muon trigger (see Sec38.1

7.2.4 Calibration of the water shield PMT'’s

The gain stability and the timing of the PMT’s will be monitored by a LED/Laser systientical 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 andpreigobial growth.

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

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

7.2.6 Expected performance

Optimized efficiency, position resolution, energy resolution, timing resolugittn are to be determined
from Monte-Carlo simulations now in progress. Initial results are showrign#2 which shows the effi-
ciency of the water shield as a function of the number of PMT’s demandedxX PMT’s, the fraction of
false triggers is only 0.1%, whereas the efficiency is 99.2%.

7.3 Muon Tracker

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

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

7.3.1 Resistive Plate Chambers

The RPC is an attractive candidate tracking detector since it is economigatimmenting large areas.
Furthermore, RPC's are simple to fabricate. The manufacturing techroqleth 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. dittye is applied on
the plates to produce a strong electric field in the gas. When a chargedeppatsses 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
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The RPC's for the BESIII spectrometer were constructed using a nenofyphenolic paper laminates
developed at IHEP. The surface quality of these plates is markedly indbmy@pared to the Bakelite
plates previously used to construct RPC'’s. IHEP has developed ddaeho control the resistivity of the
laminates to any value within a range df® — 102 Q. About 1000 bare chambers {500 n?) 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 gbi3s Bperated in streamer
mode.

The efficiency and noise rate of the BESIII RPC’s have been measurédg. 7.3, 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 itltbudead region caused by the
insulation gasket. This kind of dead area covers 1.25% of the total detacianThe efficiency of the RPC
reaches plateau at 6.8 kV and rises slightly to 98% at 7.2 kV. There is nousbgifference in efficiency
above 7.0 kV for thresholds below 250 mV. The singles rate of the RP@\shier production is shown in
Fig. 7.4.

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/cn?.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. 7.5a shows the efficiency distribution. Tfidse@cy was obtained with no
corresponding excessive chamber noise. Fig. 7.5b 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

7.3.2 Design for Daya Bay

The above measurements were made with one dimensional readout R&¥Glse Paya Bay experi-
ment, we are planning to use RPC’s with readout in two dimensions in order botpex and y-coordinates
of the cosmic muons (similar in design to the BELLE RPC'’s [3]). Three dousjelgyers would be com-
bined to form a module. A shield is inserted between the layers to avoid chos§ha structure of a single
such module is shown in Fig. 7.6.

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

Bakelite modules as large ax2 m are straightforward to manufacture. Two of these will be bonded
together to make a single 22 m unit. The chambers will be read out by strips~af4cm dimension.
Thus each unit will have 28 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 tagss,
and a total of 17,640 readout strips.

Alternatively glass modules as large as»155 meter are easy to make and convenient to handle. They
would have~19 cm-wide readout strips. These would require a total of 1092 unitsgdd2 readout strips.

7.3.3 Mounting of RPC’s

Fig. 7.7 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 expectehal@fficiency of a single layer
to be at least ~96%. If we adopt the definition of a track as hits in at least two out of thrigerdathen the
coincidence efficiency is® + C3e%(1 — ) = 0.96 + 3 x 0.962 x (1 — 0.96) = 99.5%, whereC3 = 3 is
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Fig. 7.7. Sliding roof mount for muon tracker modules above the water pool.

the binomial coefficient. Assuming a bare chamber noise ratef,800 Hz/n? is achieved (consistent with
BES chamber measurements), a signal overlap widti 20 ns, and a coincidence aref,of 0.25 n?, the
noise rate would b&?2 A%r27(1 m?/A?) = 3 x 8002 x 0.2 - 10~7 = 0.0384 Hz/m?. For the Far Hall, this
gives a total accidental rate of 13.8 Hz and a corresponding contribtatithre deadtime of 0.28% in the
case that a muon signal is defined by a hit in the RPC’s alone. A test of tlyer3skeenario with prototypes
of the Daya Bay chambers, using a track definition of two out of three biis\df a coincidence efficiency of
99.5+0.25%, which is consistent with the calculated efficiency. The efficienoyesuare shown in Fig. 7.8.

Initial simulation results based on measurements of radioactivity in the Abefdemel predict singles
rates of~15 Hz/n? and coincidence rate of 0.06 HZ/mmainly from double Comptons. This corresponds
to an overall rate of 216 Hz in the Far Hall and a contribution to the veto deadfithd2%.

7.3.5 Electronics and Readout of RPC'’s

The readout system consists of a readout subsystem, a thresholl sabBystem, and a test subsys-
tem. The readout system, shown in Fig. 7.9, contains a 9U VME crate loclatee ¢he detector, which
holds a system control module, a readout module, an I/O modules, andzacdfrol modules. The system
clock will operate at 100 MHz.

1) Control Module

The control module receives the trigger signals (L1, Clock, CheckRaasett) 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 BO12ockets connected by

119



I %

Efficiency

HV

Fig. 7.8. Efficiency as a function of gap voltage for the individual modoféke Daya
Bay prototype RPCs (blue) and for the system when two out of three hitie®dre
required (red).

a data chain. The I/O module drives and transmits the signals of the clockiggmet 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 dadaut It not only reads and
sparcifies the data from all the data chains (it can read 40 of them in parediestructs 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 transmissioreddieut module checks and
resets signals control signals to the trigger system. It also controls thegesad sparcifying of the FEC
data, the requesting of a DAQ interrupt, and the counting and resetting wigger number.
4) Front-End Card

The FECs are located on the RPC detector. Their task is to transform digmalghe strips into a bit
map, store the data in a buffer and wait for a trigger signal. Events with &tvgd be transmitted in a chain
event buffer in the VME readout modules. Events without a trigger asg@te Analog signals from groups
of 16 strips are discriminated and the output read and stored in parallel itdoa shift register, which is
connected to a 16-shift daisy chain. A total of 16 FECs compose one FEi&y-Qhain, which covers 256
strips. The data from each chain, as position information, are trangfeitrby-bit to the readout module in
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Fig. 7.9. Configuration of the electronics & readout system.

the VME crate through the I/O modules using differential LVDS signals. Ekthm of the chain will be
stored temporarily in the relative data chain buffer of the readout modtier the data sparcification, the
whole data chain will be stored into the sub-event data buffer awaiting DAQegsing.

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

The principle of the threshold setting circuit is the same as the test circuit. Thgtpulges are gener-
ated by the threshold controller in the system control module, and sent té\tbédgyenerate 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, transfoemt®thmand into
the JTAG control timing, and sends it to the FECs. Each of the JTAG modusetzhslots 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 thedlttetting control module in
the VME crate, and a threshold-setting generator in the FEC.

7.3.6 Water Cherenkov Modules

As a part of the preliminary R&D for a long baseline neutrino oscillation exparintee novel idea of
a water Cherenkov calorimeter made of water tanks was investigated [44téy vank prototype made of
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PVC with dimensions £ 1x13 m? 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 imagade of PVC, covered

by aluminum film with a protective coating. Cherenkov light produced byuihegoing 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 thegiaoncidence 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 exporidmgtavior ofe~*/*, wherez is
the distance of the muon event to the phototubearstthe 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. 7.10, the total light collected atdiin
of x at several locations was obtained as shown in Fig. 7.10. It can alscebérsen Fig. 7.10 that, for
a through-going muon entering the center of the tanRD photoelectrons are collected by each PMT,
corresponding to a statistical determination of aboutv/%/
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Fig. 7.10. Position dependent response of the water
tank to cosmic-muonsX 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 (5.24€.29) m.

As discussed in Section 7.2 the Daya Bay antineutrino detector modules arsttieliled from external
radiation (such as gamma-ray and cosmic-ray induced neutrons)-Bysam thick water buffer. One could
use modules similar to the above-mentioned Cherenkov units as the muon {Figk&t1). Such modules
have many advantages: (1) very good cosmic-ray detection efficimegrétically, 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 wpatew ¢bst because water is
used as the medium.
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Fig. 7.11. The geometry of a water Cherenkov mod-
ule unit. Four 8-in PMT'’s are installed in each end,
with an Al mirror.

The geometry of the water Cherenkov units located at the four sides aof paaikis shown in Fig 7.11.
We use four PMT’s at each end to decrease the risk of failure of a wmieiPMT dies. The unique geometry
of two ends reduces the optically dead region. Similar modules would be phatlee 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 Water Cherenkov Modules

A GEANT4 simulation tuned to match the performance of the prototype desailmde was adapted
to the longer modules proposed for Daya Bay. To study the detection effycier the Cherenkov photons
of this unit, we have been developing a full GEANT4 simulation. The opticampaters come from the our
previous MC simulation program of the prototype. Preliminary MC resultstaves in Table 7.3. These

show that adequate signal can be obtained from both ends of these mfmtuleuons at any point along
them.

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

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

Position resolution in the direction transverse to the axis of the module will le: dpy its 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 wateapadbit 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 drphotoelectron to those that are
several hundred photoelectrons. Thus the same electronics disouSsd. 7.2.3 can be used here.
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Fig. 7.12. Cross-section of single strip scintillator.
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7.3.7 Plastic Scintillator Strips

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

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 scintillator strip detectors

If the scintillators are used for the entire muon tracker system they will beasftfrom the walls and
floor of the pool by 50cm to allow attenuation of the gammas from rock ratiidigic For a similar reason
they will be mounted 50 cm below the top of the pool. There will be two orthodagars on each wall, the
floor and the top. In the case where only the top is to be covered by scintstaijus, they would be arrayed
in the manner described above for the RPCé& there would be three layers mounted on the sliding roof.
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«m2 mx0.01 m extruded polystyrene,
co-extruded with a coating of TiO2-doped PVC. Five 1 mm Kuraray 200§ S-type wavelength-shifting
fibers will be glued into 2 mm deep 1.6 mm wide grooves in the plastic using optical glue [6]. Six such

scintillators will be placed in a single frame and read out as one 1.2 m-wide igiZ .2 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 9iR®B used to
read out 30 fibers on each end of the six-scintillator module. The PMT sbwillun at positive HV, via a
system similar to that discussed in Sect. 5.4.4. Calibration will be via thin¥filém sources placed near
the ends of the scintillators. The sources provid0 Hz of~0.5 MeV signals.
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g Fig. 7.14. Exploded view of the end of

Fig. 7.13. Extruded container for six- the scintillator housing module show-

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

Fig. 7.15. H-clip to hold the scintillator Fig. 7.16. Side walls of the strip scintil-
housing. lator strip system partially assembled.

7.3.7.3 Counter Housing and Support

Above the water, the counters will be mounted on a simple system of strdrggbapported 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. 7.13. Theebds are closed by custom
manifolds that contain the fiber ends which are dressed to have an eogtdl & ~90 cm. The fibers will
be routed through a molded cookie, gathered into single bundle and ¢eddna PVC pipe through the
water into a separate small enclosure containing the PMT/base assembly. Figshows the module end,
routing cookie and PMT containment.

The scintillator housings will be supported by a steel frame in a manner similag té-ttip technique
used by MINOS [7], although our version, shown in Fig. 7.15, will be mafdePVC. It will be glued onto
the module housing and fixed to the frame with two hole-drilling screws or blredsi Fig. 7.16 shows the
support scheme for the side walls of the scintillator system.
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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. 7.17 shows the vyield of photoelectrons versus distance to the photomultigdies. Note that our
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Fig. 7.17. 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 faat¢t + the variance of the dis-
tribution). With PMT’s of the type discussed, this will result in an inefficienfy-0.6% in the worst case
(hit at one end of the counter). An upper limit on the position resolution isrgby the granularity of the
counterso, = 120cm/+/12 ~ 35cm. For a muon that hits two sides of the pool, the resolution on the
position at the center of its trajectory through the pool wilkb@5 cm. End-to-end timing and pulse height
are expected to improve this. A timing resolution of 1 ns will contribufies cm to the resolution along the
counter andv11 cm to the resolution at the center of the trajectory for through-going sauon

Plastic scintillators are sensitive to the ambient radioactivity from rock. dé#tese rates were carried
out with a scintillator telescope in the Aberdeen Tunnel in Hong Kong [8iclvhas similar granite to that
of Daya Bay. These indicate that the true coincidence rate of two 1cnslatarthreshold 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 coulddogreel to register as well on the
side or bottom of the pool, the random veto rate would be reduced to a neglayblgwith 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. 5.5.
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8 Trigger and Data Acquisition System
8.1 The Trigger System

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

8.1.1 Requirements

The signature of a neutrino interaction in the Daya Bay antineutrino detdsterprompt positron
with a minimum energy of 1.022 MeV plus a delayed neutron. About 90% ofélérons are captured on
Gadolinium, giving rise to an 8 MeV gamma cascade with a capture time p§28he main backgrounds
to the signal in the antineutrino detector are fast neutrons produceaghycmuon 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 independently trigger on both the prompt positjoals
of 1.022 MeV and the delayed neutron capture event with a photon easta8 MeV with very high
efficiency. The threshold level of the trigger is set at 0.7 MeV. This legalesponds to the minimum
visible positron energy adjusted for3a energy resolution effect. This low threshold requirement
fulfils two trigger goals. For the neutrino signal, it allows the DAQ to recordralinpt positron signals
produced from the neutrino interactions, enabling a complete energlyameanalysis that increases
the sensitivity tdd3. For background, it allows the DAQ to register enough uncorrelatekigbacnd
events due to either PMT dark noise or low energy natural radioactivitpdble a detailed analysis
of backgrounds offline.

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

3. Time stamp: Since neutrino events are constructed offline from the time correlation eetihe
prompt positron signal and the neutron capture signal, each FE, DQ®iggel unit must be able to
independently time-stamp events with an accuracy better thanThe trigger boards should provide
an independent local system clock and a global time-stamp to all the DAQEnekidout boards in
the same crate. The trigger boards in each DAQ crate will receive timinglsifjpen a global GPS
based master clock system as described in section 8.2. Events recyittiecalntineutrino detectors
and muon systems can thus be accurately associated in time offline using théatinpe-s

4. Flexibility: The system must be able to easily implement various trigger algorithms usingntlee sa
basic trigger board design for different purposes such as

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

(b) Using different hit multiplicities to increase the rejection power due to thewalated low
energy background and for special calibration triggers.
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(c) Implementing different pattern recognition for triggering on muon sigimetise different muon
systems.

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

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

8.1.2 The Antineutrino Detector Trigger System

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

1. An energy sum trigger

2. A multiplicity trigger

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

3. Calibration triggers of which there are several types

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

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

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

4. A periodic trigger to monitor detector random backgrounds.

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

A VME module with on-board Field Programmable Gate Arrays (FPGA)s is tsétiplement the
antineutrino detector trigger scheme outlined in Figure 8.1 based on exqgexigained at the Palo Verde
[1] and KamLAND experiments. Figure 8.1 shows the schematic diagram adsitpe trigger scheme. We
use an OR of both an energy sum and a multiplicity trigger to signal the preeséneutrino interactions in
the antineutrino detector. These two triggers provide a cross-cheak@sstcalibration of each other.

The multiplicity trigger is implemented with FPGAs which can perform complicated patteognition
in a very shorttime. FPGAs are flexible and can be easily reprogrammaltigtigger conditions change. In
addition, different pattern recognition software can be downloadedtedyrauring special calibration runs,
such as might be needed for detector calibration with sources. The gigmadifferent PMTs is compared
with the threshold on on board discriminators in the front-end readous eardescribed in Section 5. The
output of the PMT discriminators are input into the trigger module FPGA whicfopas clustering and
pattern recognition and generates the multiplicity trigger decision. The damntwate of the low activity
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Fig. 8.1. A simplified trigger scheme.
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Fig. 8.2. Trigger rates caused by PMT dark current as a function afntiigplicity
threshold.

central detector PMTs is typically around 5 kHz at & At a multiplicity of 16 PMTSs, the total trigger rate
would be of order 1 Hz with a 100 ns integration window at the PMT as shown the simulation results
in Figure 8.2.
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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 thdardisaetor 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 dgbagnd: One is the natural
radioactivity originating in the surrounding environment which is less thaib@&s shown in a Monte
Carlo simulation in Section 5. At this threshold, the energy sum trigger ratetfte PMT dark 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-correlation will be performed offline gfoge 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 too hig

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

8.1.3 The Muon Trigger System

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

The presence of a muon which goes through the waegenkov detector can be tagged with energy
sum and multiplicity triggers using a similar scheme and hardware modules asougbd antineutrino
detector. In addition, a more complicated pattern recognition scheme usitigédaanergy and multiplicity
information may be used. The trigger rate in the water Cherenkov detectumnisated by the cosmic muon
rate which is<25 Hz in the far hall and<200 Hz in the near halls (see table 3.4). In addition to the water
pool Cerenkov detector trigger, muons could be tagged by a system of doubts kfyscintillator 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 RRIGhough the readout elec-
tronics of RPC is very different from that of the PMT, the trigger boad 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 dhireé layers within a time
window of 25 ns in a localized region of typically 10°nSince 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.
3. The energy sum of the two ends with a threshold of approx 20 p.e.

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

An alternative to the water tracker modules discussed above, two layse@ntilator strips in the
water pool can be used as described in Section 7. The 0.5 m of waterepetiweewater pool walls and the
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scintillator strips provides some shielding from radioactivity in the rock whisthegates a rate of 180 Hz of
background in the largest plane (bottom of the far detector). The scintiPMid’s noise rate is<2 kHz at
15° C. Requiring a co-incidence of two hits in overlapping layers with a 100 ngriatien window reduces
the fake trigger rate from the scintillator strip PMT noise to a negligible levelricpal, the same trigger
module design can be used for both RPCs and scintillator strips with diffeR®A software to handle the
stub formation in the different geometries.

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

8.2 The Timing System

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

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

8.2.1 Timing Master Clock

The global timing reference can easily be provided by a GPS (Global Rusgi®Gystem) receiver
to provide a UTC (Universal Coordinated Time) reference. Commerciatiytable units have a typical
accuracy to better than 200ns relative to UTC [2,3].

This GPS receiver can be placed either at one of the detector sites (@mvshiEntly the mid hall)
or in a surface control building. If the master clock is located undergfotine GPS antenna may require
an optical fiber connection to the surface, which again is commercially alail@ne such possibility is
illustrated in Figure 8.3

The receiver will generate a time reference signal consisting of a 10 8tttk signal, a PPS (Pulse
Per Second) signal, and a date and time. These signals can be enctdadoe-way fiber optic link to be
carried to each of the detector halls where they are then fanned-ouivlirad trigger boards as shown in
Figure 8.4

Additionally, the GPS receiver will be used to synchronize a local complités computer can then be
used as a Tier-1 NTP peer for all experiment computers, in particularAige D

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

This method allows each site to operate independently of the master clock danmgissioning or in
the case of hardware failure, but in normal operation provides good ¢éifaeence. This clock could be used
to multiply the 10 MHz time reference to the 40 MHz required for the front etds clock will reproduce
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Fig. 8.4. Block diagram of the Daya Bay clock system.
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8.2.2 Timing Control Board

The timing control board will act to control the local clock operations (i.e.lévesit to the master
clock or let it run freely) and to generate any timing signals required by idpgetr, DAQ, or front end that
need to be synchronously delivered. Typical examples include kaiffap signals, run start/stop markers,
and electronic calibration triggers. In addition, this board could be usedrtergte pulses used by optical
calibration sources. This board would be interfaced to the detector toatnputers.

8.2.3 Timing Signal Fanout

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

This fanout system could work, for example, by encoding various Ednjeencoding them on a serial
bus, such as HOTLink. The trigger board in each FE and DAQ VME cratédcthen receive the serial
signal and distribute it via the crate backplane. The crate backplanesevilctrry the 40 MHz clock, the
PPS signal (to reset the clock counters), and the other timing signalgdrtistep marker, calibration, etc).

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

8.3 The Data Acquisition System

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

3. Perform fast online processing and event reconstruction foreomionitoring and final trigger deci-
sions.

4. Record event data on archival storage.

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

8.3.1 Requirements

The Daya Bay DAQ system requirements are:

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

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

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

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

and muon detector modules.

2. Event ratesThe trigger event rates discussed in the previous Section are summarizadlen2. The
trigger rate is dominated by cosmic muon events in the central detector and yst@ms. RPC noise
is a significant but not dominant contributer to the RPC trigger rates.
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Table 8.1. Trigger event rates by system (check numbers!)

System

Maximum event rates

Antineutrino Detector
RPC on top of water pool
Water Cherenkov detector

Muon tracker

150/200 Hz in far/near hall
100/300 Hz in far/near hall
25/200 Hz in far/near hall

25/200 Hz in far/near hall

While the trigger rate in the antineutrino detector is of order a few 100 Hz,Rwof®he three muon
trigger systems will produce a maximum trigger rate<df kHz. The Daya Bay event rate design
requirement is therefore taken to be an average of 1 kHz. In additioniggetron the correlated
neutrino and fast neutron signals in the antineutrino detector, the DA tedtk able to acquire
events that occur s or more apart.

3. Bandwidth
Table 8.2. Estimated number of readout channels from various detestensyat the
far site.
Detector Option Geometry Approx number of channels
PMT channels
Scint tracker 2 layers
strip module side/bottom
1.2mx5.25m water pool ~ 530
OR
Water tracker 8 PMTs ~ 450
modules per module
1 mx16 m module side/bottom
Water Cherenkov 1 PMT/2 ™
pool 4 sides/bottom ~ 350
Antineutrino detector 4 modules 912
Total PMT channels ~ 1900
RPC channels
RPC on top 3 layers of
of water pool double gap
2 mx2 m module modules 10770

The maximum number of electronics channels for the Antineutrino Detectatgr\®herenkov pool,
and Muon Tracker PMTs at the far site is estimated to be at most 2000 d¢basnghown in Table
3. We assume that the largest data block needed for each PMT chaGdebits or less, provided
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waveform digitization is not used, the breakdown of the channel dat& btmdd be as follows:

Address : 12 bits
Timing(TDC+local time): 32 bits
FADC : 14 bits

For the RPC readout its 1bit/channel + header (12bits) + global time-stadiyitg6= 1.4 kBytes
maximum.

Assuming maximum occupancy numbers of 10% for the RPC system, 100% 0oL the 4 antineu-
trino detectors, 10% for the water tracker and 50% for the water Chevelith reflecting surfaces),
we estimate the maximum event size at the far site 1€ kBytes including DAQ/Trigger header
words and global time-stamps. With a maximum trigger rate of 1 kHz and someigafoa trigger
decision words this corresponds to a maximum desired data throughgutOofMBytes/second/site.
If waveform digitization is used, this could increase the maximum desired datagtimput by an order
of magnitude to<100 MBytes/second/site.

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

8.3.2 The DAQ System Architecture

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

The DAQ architecture design is a multi-level system using advanced comhuntiputer and network
technology as shown in Fig. 8.5. There should be three sets of DAQ systemdor each of the three
detector sites. The DAQ system levels shown in Fig. 8.5 are as follows:

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

The Far and Near detector halls, will have the same DAQ architecture butifféhent number of
VME readout crates to accommodate the different number of readonihelsain the Far/Near halls.
Each VME crate holds a VME system controller, some front-end read®&E) modules and at least
one trigger module which supplies the clock signals via the VME backplane f&Banodules. The
VME processor, an embedded single board computer, is used to colkegrquess, and transfer data.
The processor can read data from a FEE board via D8/D16/D32/MBltfaé4fer mode, allowing a
transfer rate up to 80 MB/s per crate which is sufficient to meet the bandeeigitirement. All readout
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Fig. 8.5. Block diagram of data acquisition system.

crates of the entire DAQ system at a single site are connected via a fashasyous Ethernet switch
to a single local event builder computer.

. Event Builder and DAQ control: At each site an Event Builder computer collects the data from
the the different VME crates for the different detectors and conctderthe FEE readout to form
single antineutrino or muon events. The data stream flow can work in two, \Wdapending on the
requirements of offline analysis. One scheme is to send muon events aneugitim events out
into one data stream on the readout computer. Another scheme is that padf sub-event, muon
events, or antineutrino events, have a different data stream and witbeded as separate data files
in permanent storage. The second scheme is simpler from a DAQ desigrouand complies with
the DAQ system design principal of keeping each detector system compledelyendent for both
hardware and software. The Event Builder computer at each site algesdbo local operation and
testing of the DAQ system.

. Data Storage:

Data from the Event Builder computer at each site is sent via a fast opbeallifik through a dedi-
cated switch at a single surface location where it is transfered to perirgtoesge on tape and hard
disk arrays.

Since the DAQ system is required to be dead time free, each DAQ level shauéda data buffer

capability capable of handling a random data rate. In addition, both the VildEabd network switches
should have enough margin of data bandwidth to deal with the data througftbetexperiment.

The DAQ control and monitoring systems should be able to run both remotefytfre surface control

room computers and locally on the Event Builder computer in each detedtomlha run control design
should be configurable allowing it to run remotely for data taking from allesys and locally. Run control
should allow both global operation of all detector systems simultaneousloealcdperation of individual
detector systems for debugging and commissioning.

8.3.2.1 Buffer and VME Interface

For each trigger, the event information (including the time stamp, trigger tyggetrcounter) and the

snhapshot of the FADC values should be written into a buffer that will bd oed via the VME bus for
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crosscheck.

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

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

8.4 Detector Control and Monitoring

The detector control system (DCS) controls the various devices of fheriement (e.g., high voltage
systems, calibration system, etc.), and monitors the environmental paranmetelestector conditions (e.qg.,
power supply voltages, temperature/humidity, gas mixtures, radiation, et 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 costdpandximize the mainte-
nance ability. LabVIEW with Data logging and Supervisory control modul@Elpis a costs effective choice
for the DCS.

The endpoint sensors and read modules should be intelligent, have digitlifgut, and conform to
industrial communication standard. We will select the minimum number of negdidd bus 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.
3. TrueTime Ltd, http://www.truetime.net/software-winsync.html
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9 Installation, System Testing, and Detector Deployment

The construction and installation of the Daya Bay experiment will proceeévaral phases taking
into account the progress of the construction of the undergroundatmvgrand experimental halls and
the requirements for the assembly and filling of the detector modules. This ptivésoped based on
years of experience in the underground operation of the SudbuririNe@bservatory in the Creighton
mine of Inco Corp. in Sudbury, Canada, and the KamLAND experiment irKdmioka mine in Japan.
The collaboration’s experience in the logistical challenges of the Ice@uperiment will be helpful in
developing a sound installation and commissioning plan.

All of the assembly work of the antineutrino detector modules except for Itimgy fivill be performed
above underground in a Surface Assembly Building (SAB). This will glewa facility for the assembly and
testing two antineutrino detector modules. The SAB will also include storageeatidg facilities for other
subsystems such as the muon veto as well as some storage and mixing facilitiessfiotineutrino detector
liquids (see Chapter 5.3.) A separate Storage Building (SB) will also be blafiar storage of arriving
equipment. Some elements, such as the mineral oil storage tanks, will &aigh for installation on the
surface or in the tunnel. Other elements, such as the muon tracker willedayigf retesting to ensure that
no damage occurred during transport. However, elements such agitreigimo detector tanks will require
assembly under cleanroom conditions and system testing prior to the tramsg@erground and filling with
liquid scintillator.

Careful logistical coordination will be essential for the receiving, ad®g installation, and testing
of all detector components and subsystems. This chapter discussesfdbmbéasic considerations in the
installation process and outlines a plan for the assembly, filling, and deployhdre detector modules.
They are the most critical elements of the experiment.

The logistics of assembly and installation of the antineutrino detector will folloviatie@ving guiding
principles:

1. All detector modules will be fully assembled and tested with inert gas fillucldanroom conditions
in the Surface Assembly Building (SAB).

2. The detector modules will be assembled (and filled) in pairs for deployofiéittentical” detectors
at the near and far site.

3. Only empty detector modules will be moved down the ramp of the entrancel tintie under-
ground laboratory on a special transportation system. During the trdrkpen the access tunnel the
Antineutrino Detectors are unfilled (and are therefore only about 202D%r their final weight).

4. All detector liquids will be transported underground in special ISO liquidtainers to ensure the
clean and safe handling of all liquids (See Chapter 5).

5. The detector modules will be filled in pairs at the underground filling statiensure “identical”
target mass and composition in pairs of detectors.

6. Once a pair of detector modules has been filled the detectors are ceatpfoyment in one of the
experimental halls.

7. Once a module is filled with liquid it will only be moved in the horizontal tunnels betwthe exper-
imental halls.

8. The filling station is designed to allow for the draining of all detector modulékeaend of the
experiment.
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9.1 Receiving and Storage of Detector Components

As detector subsystem elements arrive at the Daya Bay site, they will verdelito the SB or SAB.
Special arrangements for the detector liquids (the scintillator, Gd, and maigmaay be made (see Chap-
ter 5). The elements of the detector — antineutrino detector tanks (stainlesarsdeacrylic), calibration
systems, muon detectors, PMTs, liquid storage tanks, and so forth — viike amn a well coordinated
timeline so that the assembly and filling of the detector modules can proceedsn pair

9.2 Surface Assembly Building

A surface assembly building of the scale of 1560 m (750 m) is required to assemble, survey
and test multiple antineutrino detectors at once. This building will be largegénmuhouse many of the
steel tanks and nested acrylic inner vessels. It will also have a crandfizient capacity to assemble the
nested vessels and to lift the completed (but dry) antineutrino detectordhmitdrailer or transporter.
The SAB will require clean assembly space for working on the open lgegsenaintain the appropriate
surface cleanliness. Once subsystems are assembled and testedred,rdagy will be moved down into
the underground laboratory for the filling of the detector modules andeainfor the installation.

In parallel with the assembly of the antineutrino detectors, the muon detedtblevinspected and
tested. A building of this size will allow us to set up several inspection and gestations and have a
station for survey and alignment. It is sized to handle the assembly of two amiiveedetectors in parallel
plus a short incoming RPC panel test station. If the building is arranged inga(0 m), fairly narrow
(15 m) orientation, a single 30 T bridge crane running the length of the buidiinga smaller 5-10 T crane
utilizing the same rails is sufficient. This allows for the manipulation of partially 8y tompleted (dry)
antineutrino detectors while moving muon detector panels or staging othdustsim parallel.

The SAB will be designed to ensure several levels of cleanliness cobDetdctor components can be
stored in sealed conditions in a regular laboratory environment. During#eerdoly of the detector modules
more stringent cleanliness requirements apply. Both the level of particalatethe environmental air will
have to be monitored. Cleanrooms inside the SAB or movable clean tents with filEeP&\to cover the
detector modules can be used to provide the appropriate environmeng fibetéctor assembly.

9.3 Assembly of the Antineutrino Detectors

The major components of the antineutrino detectors will be fabricated atatiffplaces worldwide and
shipped to the Daya Bay site for assembly and testing. The tasks involved assbmbly of the detector
modules include:

. welding and construction of the steel tank
. installation of the PMTs and cabling inside the detector tank
. installation of monitoring equipment in tank

. lifting the acrylic vessels into the detector tank

. final cleaning
. pressure/leak testing of acrylic vessels and detector tank after dgsemb

1

2

3

4

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

6

7

8. test installation of automated calibration systems (to be removed beforpdransderground)
9

. precision survey of tank and acrylic vessel geometry
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The entire assembly of the detector modules will be performed under cleditions. This complex
assembly and integration task will require close coordination of sevendingogroups (detector design,
engineering, calibration, monitoring) and the on-site presence of keytiici@nd technical personnel.

9.4 Precision Survey of Detector Modules

Before transporting the detector modules underground the geometrydstidetor modules is surveyed
to high precision using modern laser surveying techniques. The precisiomonly achieved in modern
equipment is of the order of£25 pum in both the radial and the longitudinal direction. This will serve as
a baseline reference for the as-built detector geometry. In-situ monitegagpment inside the detector
modules will then be used to track any changes during the transport or &fiithg modules.

Similarly, the muon chambers, PMT support structure and other detectystains will be surveyed in
the SAB prior to the transport underground. Relating internal systemmeies to external fiducial points
in the experimental halls will ultimately allow a precise relative understandingtefctbr geometry to the
experimental hall and the outside world.

9.5 Subsystem Tests

Following the assembly of detector modules and subsystems system testingeegaritical task to
ensure a smooth turn on and commissioning underground once the systénstalled. The collaboration’s
QA and QC experience from IceCube will be invaluable in preparingystesis, getting them ready, and
finally installing them underground with a high success rate.

All incoming equipment will be inspected for obvious damage. System elemaxttarih completely
assembled and tested to meet specifications at far away sites (the US angl fBeigxample) will require a
limited retest to ensure no internal damage occurred during shipment. Tiestlmgken channels or shorts
in RPC chambers, PMT function, calibration system function, etc., will alelgetired. To accomplish these
tasks, appropriate test stations will be assembled and utilized in the SAB. Sttetattions will be manned
by technicians, grad students, post-docs and physicists and will utilizelbsathaf simple electrical tests
performed to a written test specification. It is not likely we will repeat all thigioal performance tests
performed at the originating institutions. However, we may need the capabilisotade appropriate gas
mixes and high and low voltage power as well as a low-noise test environment.

For the detector modules we plan to perform

1. apressure and leak test of the detector tank and acrylic vessels
2. run the PMTs and all cabling with a gas fill inside the detector zones
3. test the functionality of all ports, calibration, and monitoring equipment

Once the detector module passes these tests it is ready for transpagroodd.
9.6 Filling the Detector Modules

The underground filling station is designed to accommodate two detector matiuleg the filling
process.The goal is to fill two detector modules from the same batch of liquidstoesthe same target
mass and composition in pairs of detectors. They can then be deployedbeithext the same near site for
a check of the relative detection efficiency, or one at the near and teeatk at the far site for a relative
measurement of the antineutrino flux. The underground filling station aermdia 40-t storage/mixing tank
for the 0.1%Gd-LS and two more storage tanks for the gamma catcher LSeamrtéral oil for the buffer
region. This allows us to fill all three regions of the detector modules simultasheand balance the liquid
levels in the detector modules to minimize stress and loads on the nestect acisgils v&@ke underground
storage tanks are sufficiently large to hold the full liquid volumes for two detecodules.
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Dedicated fill lines for the Gd-LS, the gamma catcher LS, and the mineral oilext the storage
tank to the detector module during the filling process. The filling station will béeed with a variety of
instrumentation on the storage tanks and the fill lines for a precise anddauiumeasurement of the target
mass and composition. Each fill line may use multiple flowmeters in series for addligiggstematic control.
The instrumentation we envision using during the procedure of filling detembolules includes (see also
chapter 6):

On the storage tanks
1. liquid level sensors
2. load sensors
3. temperature sensors
4. access ports for extracting liquid samples
In the fill lines
1. Coriolis mass flowmeters + density measurement
2. conventional volume flow meters
3. temperature sensors
In each detector module
1. load sensors in the support of each acrylic vessel
2. liquid level sensors in each zone or volume

3. CCD imaging of inside of detector modules

The filling of the detectors will be performed sequentially. This ensuregtieaame set of instrumen-
tation and flowmeters is used in determining the target mass in each detecta . deetimario the systematic
uncertainty on the relative target mass between detector modules comebhéroapeatability of the mass
flow measurements of one set of instrumentation while the uncertainty on theaeasses between dif-
ferent detector zones (which is less critical) comes from the absoluteetiffe between different sets of
instrumentation. After the filling of two modules the detectors will be transportedeaf the experimental
halls and deployed.

(One option under consideration is to combine the filling station and the Daya&ayhall so that
the detector modules can be filled as they are deployed in the Daya Bayalledihirs would allow us to
perform a first commissioning test of the detector modules after filling in th@Bay near hall (including
a short period of real antiineutrino data taking) and check their relagitection efficiencies before they are
ever moved. This commissioning run would provide a test of the intrinsic systeditierences between
the detector modules at the point when they are expected to be as idenfioakdsde. However, this option
places significant construction and logistical constraints on the Daya &ayhall and is currently being
evaluated)
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9.7 Transport to Experimental Halls

Detector modules and elements will be transported to the experimental hallhi&@AB using tractors
and flat bed trailers or self-propelled transporters. There aregéssues associated with this task that make
it somewhat more difficult than simply using conventional transportation etgrip

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%) in the entrance tunnel.

Because of this, the transport mechanism should:
1. Have a low bed heigh&(1 m).
2. Be powered by an electric drive or by some very clean burning tiehl as LPG.

3. If practical, be capable of ‘leveling’ the bed to maintain the vertical axte@fntineutrino detectors
in a vertical orientation.

Note that the detector modules will be filled in the underground filling station amdwlill only be
transported in the horizontal tunnels between experimental halls after gveyleen filled. During the
transport to the experimental halls the antineutrino detectors are #ll2dQ T). We are currently investi-
gating several transportation systems. Custom made (short and widedlflddlvboy’ trailers pulled by an
electric airport pushback tugs, is one option. A second option is to uspreeklled, computer and remote
controlled, small wheel diameter transporters which often have hydraginglitapability. A third option is
an electric powered train-like transporter which runs on rails. All of tgséems have the benefit of having
a bed height of around 0.5 m. All of these can be powered by electric motocsean, safe operation in
confined spaces.

9.8 Final Integration in the Experimental Halls

The muon detector elements (RPC chambers, structures and PMTSs) wiliegatkto the Experimen-
tal Halls after test and check out on the surface. These elements will taéledsin the pool (PMTs and
PMT supports) and over the roof of the pool (RPCs).

After the Antineutrino Detector havs been filled they will be slowly transpattieaugh the tunnels to
the EH. Once there, they will be deployed in their final location by lifting themtimeeempty water pool and
onto their stands. All cabling and electronics will be re-connected anddakration systems reinstalled
so they can be calibrated and checked.

9.9 Precision placement and alignment

Precise knowledge of the ‘global’ location of each hall (with respect taghetor cores) will be cap-
tured in permanent survey markers in each experiment hall. These 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 Antineutrino Detectors will be surveyed into approximate (but preclgadyvn) location on their
stands at the bottom of each water pool. The knowledge of the locatiorloffedineutrino Detector, with
respect to the fiducial markers in the halls, can be at the level of 10QisnofThe location of the Muon
Detector System elements also can be surveyed and understood at thi0€ésya# um level. This is both
with respect to the Antineutrino Detectors and the EH.
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Therefore, the precise relationships between the detector elements arddtwe core will be known
to the required precision of better than 30 cm.
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10 Operations of the Daya Bay Experiment

Operations of the Daya Bay experiment requires a variety of specialimkobatine tasks including:
. underground transport of detector modules and deployment intoiequetal halls
. data taking with the detector modules in the experimental halls

1

2

3. frequent automated calibration of each detector module
4. full-volume calibration of the detector modules as required
5

. monitoring of the state of the detector modules and the underground k&msyimcluding the scin-
tillator and mineral oil storage systems

(o3}

. monitoring and maintenance of muon veto

\‘

. monitoring, maintenance, and repair of electronics and data acquisition

The routine monitoring of the experiment will be performed by members of thebawation and spe-
cial technical personnel trained in emergency procedures of thegroded lab facility. A surface control
room will be set up in the vicinity of the access portal for monitoring and d&iadgaDaily walk-around
checks in the underground facility will ensure the safety and operatiah ofiderground systems.

All shift duties related to data taking ad monitoring will be shared between the arerob the Day
Bay collaboration. On-site shifts as well as remote, off-site shifts will bé @arunning the Daya Bay
experiment. Groups responsible for specific subsystems will make areergs for the maintenance of
detector subsystems. The scientific and technical team of the Daya Beregpt will have support from
the power plant as the owner, China Guangdong Nuclear Power GE&BNRG) is a collaborator on the
experiment.

10.1 Operations Plans

The operations of the detector will consist of monitoring the detector pedioce and data quality,
routine calibration, and online data analysis. The calibration procedurénalilide automated calibration
runs to be performed by shift members operating the detector. Speciabhwaiibration runs are to be
performed by expert personnel.

10.1.1 Commissioning at the Daya Bay Near Hall

After filling two detector modules they can be operated for a short pericwdral weeks or a few
months at the Daya Bay near hall. This commissioning at the near hall is a wpgoetunity to test the
operation of each detector module before one of them is moved and deé@bilee far site. The intrinsic
detector background, the cosmogenic background at the near sitbeamedhative detection efficiency of the
detector modules can be checked during this commissioning phase. This tsk@plifor the first detector
pair but requires more resources for the following pairs.

Running all detector pairs at the Daya Bay near hall first requiresrgralend space for a total of four
detector modules at this site at one time and a time commitmen8e6 months for the commissioning of
each detector pair. The collaboration may decide to skip this initial commissionthigrenediately deploy
the two detectors from each pair at the near and far sites respectivelgedite the overall experiment. In
this second scenario two detector are assembled and filled at the same timeremdglof them is deployed
at a near site and the other one is immediately moved to the far site. Data takingedativa measurement
of the neutrino flux between these two detectors can then commence immediately.

Different deployment and commissioning scenarios are currently beagated from the point of view
of logistics, cost, and physics reach and impact.
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10.1.2 Detector Swapping

The purpose of swapping detectors has been described in Sectionarnt] 2. A an overview of the
swapping procedure has been outlined in Section 5. Detector swappingtiizé the transport methods
developed for the deployment of the detectors. As such, detector swgajges all of the same techniques
and procedures that are developed for the initial deployment of thetdeteodules and the installation of
the experiment.

After all detectors are commissioned and located at their initial sites the expenivilecollect data
for approximately six months. After a six month interval two pairs can be se@pptween the near and far
sites (as described in Table 3.3). At this point the experiment can chebtsedn two different scenarios:

1. swap every six months for the optimal cancellation of the experimentahsgsts (as described in
Table 3.3), or

2. run the experiment for about 3 years in a static configuration to obtaist gfiysics result and then
start swapping.

10.1.3 Logistics of Detector Swapping

The total estimated time for detector swapping in the baseline water pool c@atitguis 4—7 days. It
includes a sequence of steps outlined below:

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 antineutrino detector ligrafion

2. Drain water pool to level below antineutrino detector modul&q00—-1500 ) and pump water out
through tunnels to pond by entrance, replace with fresh filtered water veffiling

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

Remove/prepare calibration system & piping as required from top oferitino detector

2 e

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

N

Attach required lifting devices to antineutrino detector

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

9. Connect tractor to trailer (if using trailer)
10. Drive Antineutrino Detector Module<{1 km/hr) to new location

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

The Daya Bay Project (the Project) will be international in scope, fundimdj organization. In this
chapter, we will present an overview of the international Project azgéon as well as some of the man-
agement approaches. We will present a summary of the planning andutiolgeprocess as well as our
proposed tools. While there will be many international agencies and rewvietlie Daya Bay Project, here
we will only summarize the planned function of our own U.S. standing andoadcsbmmittees and our
technical review process. For example, the function of the Project AgviBanel and Physics Advisory
Panel, as well as the expert ad-hoc technical reviews, will be dedcribe

A detailed Project Management Plan will be developed in the not to distarefutuprior to the
DOE CD-1 review. In addition to the management organization and standing coesnifiéscribed here,
this document will further describe the management organization detailsgeraeat processes, reporting
approach, management of contingency, process of change conttapdorth.

11.1 Daya Bay Project Organization

Looking at the Project from the oversight agency level, the internatmngalnization for the Daya Bay
Project is shown below in Figure 11.1. Figure 11.1 highlights the roles ofdiné Qversight Group (JOG)

Oversight and Financial Organization

US DOE PRC Other
Agencies
l International
Finance
Committee (IFC)
Joint Oversight
Group (JOG)
Spokesperson Project
& Collaboration Advisory
Executive Panel (PAP)
Board
Chinese US Proj
Proj Mgm't Office
gm't Office

Fig. 11.1. Project organization chart.

and International Finance Committee (IFC). These two bodies will aid the multiptérfg agencies in the
oversight of the International Daya Bay Project.

The JOG has among its members Sam Aronson (Brookhaven Nationalat@atyoDirector), Heshen
Chen (Institute of High Energy Physics Director) and Jim Siegrist (LaeaeBerkeley National Lab As-
sociate Director for General Sciences). This oversight group will megptlarly with the leadership from
the Daya Bay Collaboration and the Project leadership to assess gragieplans. They will report their
views regularly to the U.S. DOE, Chinese Academy of Sciences (CAS), MimEScience and Technology
(MOST) and the rest of the international funding agencies.

The IFC will have representatives from each of the international fgndgencies and will meet annu-
ally to receive an overview of Project financial status and future fughdiquirements. Both of these groups
will provide the project with valuable input as well as reporting their viewprofect status to the multiple
funding agencies.

Figure 11.2 highlights the internal organization of the Project and its oveérisaards and panels. The
Spokespersons and Collaboration Executive Board (CEB) will helpgeghiel Project organization in its goal
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of delivering the experimental apparatus and software that will meet ibetsic goals/requirements of the
Daya Bay Collaboration.

The Project Advisory Panel (PAP) is a panel with expertise in large giogathered from the relevant
international experimental physics community. This panel will provide véddugiidance and advice to the
Project over the course of the Projects complete construction lifecycle.

11.2 Project Subsystem Organization
The U.S. and Chinese Co-Subsystem Managers (at Level 2 of the WB$83ted below in Table 11.1

WBS | Description | U.S. Manager| Chinese Manager

1.1 Antineutrino Detector
1.2 Muon System

Table 11.1. The Daya Bay Subsystem Managers

11.3 Cost and Schedule Development Plans and Tools

The Project will undertake the development of a detailed cost estimate hadude over the coming
year. Under the guidance and support of both the Project Office,ubgyStem Managers will oversee the
collection of cost estimates in the framework of a detailed WBS (down to the rppsbgriate level —
probably 5 or 6). The cost collection tools we will utilize are based on thébdatasystem developed and
used by LIGO for the Advanced LIGO Project. This system utilizes Miditosccess and simple to use data
input templates for developing a full WBS based cost database.

The cost estimates will be gathered from the best available information,veoiior quotes based on
detailed engineering specifications to engineering estimates based onategigpts. The information gath-
ered, besides include labor and materials for base costs, will also inclB&di¢tionary entries, basis of
estimate information as well as a detailed contingency/risk analysis on thesedsas. All this information
will be ‘rolled up’; and made presentable in a variety or output reportayatevel of WBS detail.

Subsystem schedules will be developed concurrently with the costs aghiteis into a system sched-
ule to help create a budget/funding profile that will allow the Project to meet itstaniles. Preliminary cost,
schedule and fiscal year budget information will be reviewed and itematexdthe coming year hopefully
leading to a baselined project plan for the Daya Bay Experiment aftercassicl DOE CD-2 review.
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11.4 Technical Reviews

In addition to the various agency review processes, the Project will ht#ddhal reviews at specific
points in the development of the Project and its subsystems. Early in thesseinsgevelopment process,
requirements reviews will be held to ensure the system scientific requireffemtdown correctly to de-
fine subsystem technical specifications. Additionally, subsystem desiggws will take place at specific
points in the development of the subsystem technical elements. Lastly, piitidtng large procurement
activities, production readiness reviews will be held. Each of thesewswieéll have uniquely assembled
committees, utilizing relevant expertise, both internal and external to the omk&n as necessary, to en-
sure the subsystem designs are optimal.
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12 Schedule, Scope and Cost Range

In this chapter, the overall project plan will be described. This will incladeoverview of the project
schedule, and the concept for the international division of scope @sitd lcater, the planned US scope
and cost range will be outlined. Because this is a joint project with an irtenaé collaboration, the cost
accounting approach differs substantially from country to countrnjePr@ost accounting in the Peoples
Republic of China is quite different than the approach taken for US pmojat the PRC, essentially all
labor (Physicist, Engineer and technician) costs do not appear in thestimsate for example. The primary
cost item in China is materials. Also, the price of labor for items such as mininghaltiswery 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.

12.1 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-
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—12 months earliethibdinal (Far) hall. The
schedule for the detector elements is therefore driven by the completioa fifsitwo Antineutrino Detec-
tors and a small portion of the Muon System hardware by the fall of 2008dierd@o deploy these in this
first experimental hall. This first hall will be used as an early opportuniipgtall, perform system testing
and begin partial experiment operations — a chance to debug and gaim insggdetector operations. The
next hall to follow will be the Mid Hall. This hall and its detectors will most likely ba#able 4-5 months
later (early in calendar 2009). This would then allow us the first opportdoiteginning measurements
of 613 by late summer of 2009. The remainder of the detectors will be installed and ceiongd 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 12.1 below.

12.2 Project Scope

The entire project’s technical scope has been described in the prehapters. The total Daya Bay
project includes the civil construction of the experimental facility at thedCBgy Nuclear Reactor complex.
In addition to the facility construction, detector elements (Central DetectousnhMbystem, Calibration
System, DAQ/Trigger, On-line and Off- line hardware and software)irarieided. Crucial to all of these
activities are the project integrating elements, Installation and System Teggnsintegration and Project
Management.

12.2.1 U.S. Project Scope Range

The U.S. Project scope will not be set until a formal MOU is developedsagited between the U.S.,
PRC and other countries. Therefore, the present status of discaiggihin the collaboration is presented
along with the possible range of US costs in Table 12.1.

The major elements of US scope deliverables include the Gadolinium loadei [Sgintillator, the
PMTs (w/bases and control boards), the PMT support structure antdatsporter system for moving the
assembled and filled Antineutrino Detectors. Also included is the majority of thenMbystem - the PMT
based water cherenkov system and the roof tracking system (pos&klg)RA significant portion of the
Calibration system will also be a US deliverable - the automated deploymeetsgad the full monitoring
system. Additionally, many elements will be cooperatively developed - the-&od electronics design
for both Antineutrino Detectors and Muon System and many of the infrasteutems (e.g., on-line and
off-line software). System design integration, installation and test arjdginmanagement will be jointly
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Fig. 12.1. Daya Bay Project Summary Schedule.

planned, managed and executed.
12.2.2 U.S. Project Cost Range

The U.S. Cost range associated with the above scope is shown in Tabhl&éHtbtal cost range for the
proposed US scope, in FY06 US dollars, is $27M to $33M. This total insl&@® in “common fund”s to
support conventional systems and common infrastructure items such agestanks, assembly hardware,
racks, cooling system elements, data archiving and data analysis hafdwaxample. It also includes such
items as System (or design) Integration and Project Management. Insta#laticiest is included, but the
US contribution will primarily be used for installation/system test planning antesdat limited (capped)
execution funds. It is possible to cap the US contribution in Installation astlaBethe PRC can supply a
large portion of the technical resources necessary for assembly statlation. Finally, the total includes
contingency at the level of 26-29% of the base cost (less common fund).

The cost estimates for most elements are very preliminary. We will begin téogavere detailed cost
estimates in the near future as the design and US scope mature. We will utilibastataols, previously
developed and utilized in other projects, to capture and build our cost book
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WBS || Description China uU.S. U.S.
base conting.
1 Antineutrino Detector X $5-6M 40%
System design, steel vessels, LS, mineral oif X
FEE co-design and manufacture, racks X
safety systems, assem. and test X
acrylic vessels, PMTs and support, Gd-LS X
LS purification, transporter X
FEE co-design, cables, crates X
2 Muon System X $5-6M 40%
System design, muon tracker, water Cherenkov X
PMTs and support, assem. and test X
FEE, safety systems X
3 Calibration and Monitoring X $2-2.5M 40%
automated system, glove box X
monitoring system and system test X
manual system, LED, radioactive sources X
low background counting system X
4 Trigger/DAQ/Online X $1-2M 30%
Trig/DAQ board co-design and manufacture| X
monitoring/controls hardware and software X
racks X
Trig/DAQ board co-design, crates, cables X
Online hardware and software X
system test platform X
5 Offline X X $1-2M 30%
offline architecture and data archiving in U.S| X
offline hardware and software and simulations X X
6 Conventional Construction X 0%
tunnels, halls, underground utilities X
safety systems, surface facilities X
7 Installation and Test X X $1.5-2M 15%
Onsite installation and system testing X X
planning, execution X X
8 System Integration X X $3.5-4.5M| 10%
System level mechanical engineering X X
System level electronics engineering X X
Common Fund $2M 0%
9 Project Management X X $7-9M 10%
Planning, communication, coordination X X
reporting, reviews X X
U.S. project contingency $6—-7M 0%
| U.S. Total Cost Range \ | $27-33M [ 30%

Table 12.1. Daya Bay project scope and U.S. cost. All costs in U.S. $.

152




A Acronyms

AC
AD
ADC
BES
BINE
BNL
CAS
CDR
CcC
CCG
CERN
CL
CpP
CPT
CVS
DAC
DAQ
DC
DCS
ES
ES&H
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

central antineutrino detector

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

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
Institut Laue-Langevin

International Standards Organization
electronic standard for testing & downloading FPGA's
Kamioka Liquid Scintillator 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 in Japan
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 Apparatus
p.e. photo-electrons

PC pseudocumene

PC personal computer

PMT photomultiplier tube

PRD Pearl River Delta (elevation above sea level)

PVC Poly Vinyl Cloride

PWR  pressurized water reactors

QA quality assurance

QE guantum efficiency

REE rare earth elements

R&D  research and development

RS Richter scale

RPC resistive plate chamber

RPVC rigid polyvinyl chloride

SAGE Soviet American Gallium solar neutrino Experiment
s.p.e.  single photo-electron

SNO  Sudbury Neutrino Observatory

SNO+ proposed solar and geo-neutrino experiment using liquid scintillatbeiaxisting SNO detector
SS stainless steel

SAB surface assembly building

TDC  time to digital converter

TSY Fourth Survey and Design Institute of China Railways
uv ultraviolet light

VME  Versa Module Europa

WBS  work-breakdown structure

YREC 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.

] 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

Table B.1. Daya Bay Work Breakdown Structure (WBS) shown at level 2

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 scojgestien 12.2.1.

WBS 1.1: Antineutrino Detector

This element covers labor, materials and equipment associated with the,deasilyar prototyping,
construction, assembly and testing of the Antineutrino Detector, its tankgpdugiructures and moving
equipment. This element also includes the liquid scintillator, Gd loaded LS, mioitaiffer and liquid
handling/purification systems. The element includes the PMTs, HV and tbotads, front-end electron-
ics and associated power supplies and cables. It also includes safttynsyneeded specifically for these
elements. It also includes any special fixtures required to fabricatemass and install the Antineutrino
Detectors at the Daya Bay Site. Note that final assembly in the SurfacenBlsBuilding and installation
of the Antineutrino Detectors in the experimental halls, plus subsequeittiinystem testing, is included
in WBS 1.7. All required management activities associated specifically with thi@eutrino Detector are
included here. The complete WBS for the Antineutrino Detector to level 3 iwsimTable B.2.

| WBS || Description \

1.1 Antineutrino 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

Table B.2. Daya Bay WBS for the Antineutrino Detector shown to level 3.

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.

| 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

Table B.3. Daya Bay WBS for the Muon Detector, shown to level 3.

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, gesigtyping, construc-
tion, assembly and testing of the Trigger, DAQ and Online hardware amdagef It also covers all non-
physicist labor associated with the specification, design, prototypinin@.adtegration and testing of the
Trigger, DAQ and Online software. The hardware includes all ragiates, power supplies, cables, custom
and off-the-shelf boards, as well as computers and communication equiginéerface documents will be
developed with strict interface definitions between this hardware anddhednd/readout systems of each
of the major detector elements.) This also includes any air or water coolingrs;gpéumbing, ducting,
fans and heat exchangers that may be required. (The strict definitibe imterface with conventional utili-
ties (see WBS 1.6.5) will be documented elsewhere.) It also includes syéteyrs needed specifically for
these elements (in rack smoke detection and fire suppression for exalipleludes any special fixtures
required to assemble and install these hardware elements in the SurfacetsBuilding or experimental
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| WBS || Description

1.3 Calibration and Monitoring Systems

1.3.1 || Automated Deployment System

1.3.2 || Manual Calibration Systems

1.3.3 || LED System

1.3.4 | Radioactive Calibration Sources

1.3.5 || Detector Component Monitoring Systems
1.3.6 || Low-Background 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

Table B.4. Daya Bay WBS for the Calibration and Monitoring System, showrvéd le
3.

halls. Note that installation of the Trigger/DAQ/Online Hardware elements whilesildsembly Building,
experimental hall, and subsequent in-situ system testing, is included in \WBAIlllrequired management
activities associated specifically with Trigger/DAQ/online hardware antiveoé are included here. The
complete WBS for the Trigger and DAQ to level 3 is shown in Table B.5.

| 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 Systems
1.4.6 || Subsystem Test
1.4.7 | Subsystem Management

Table B.5. Daya Bay WBS for the Trigger and DAQ, shown to level 3.

WBS 1.5: Offline Hardware and Software

This element covers all non-physicist labor associated with the specificdgsign, prototyping, cod-
ing, integration and testing of the offline hardware and software. It aidodes hardware and 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 actstesiated specifically with
offline hardware and software are included here. The complete WBBd@ffline 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 tiga 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 timetsirhalls 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,
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| 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

Table B.6. Daya Bay WBS for the Online and Offline Software, shown td Rve

etc. are included here. Detector specific elements (for example flammaldedy@&DH detection) will be
included under their WBS costs. All required management activities assocpecifically with the Civil
Construction and Infrastructure are included here. The complete WHBBd&@onventional Construction to
level 3 is shown in Table B.7.

| 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

Table B.7. Daya Bay WBS for the Conventional Construction, shown td 8eve

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 uniergassociated with a single detec-
tor subsystem above) equipment required to perform these functionex&mple, lift trucks, scaffolding,
and rigging equipment. However, it does not include the custom installatibieahhardware required for
individual detector elements — these are included in the WBS elements abaisn includes the overall
system testing and commissioning of the experiment once installed. The elewlademactivities in the
surface storage and assembly buildings as well as in the undergroterdsand rooms. It includes all tech-
nical and engineering labor required to install the detector elements, btitenphysicist and engineering
efforts from the subsystems supporting the installation and test activitieggMired management activities
associated specifically with Installation and Test are included here. Thplete 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 drawingeketaubsystems.
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| WBS || Description \
1.7 Installation and Test
1.7.1 || Installation

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

Table B.8. Daya Bay WBS for Installation and Test, shown to level 3.

Developing and maintaining system level drawings of the experiment.

Creating and maintaining experiment plumbing, cabling and safety systaa 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 o A~ W N

Planning and scheduling detector installation activities.

The complete WBS for the System Integration to level 3 is shown in Table B.9.

| 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

Table B.9. Daya Bay WBS for System Integration, shown to level 3.

WBS 1.9: Project Management

This WBS element includes the cost of labor and materials necessary tarpldg,manage, maintain
effective communications, distribute drawings and documents, and penfecessary EH&S and QA tasks
during all phases of the project. However, subsystem related managamaesupport 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 $§ihdable B.10.

| WBS || Description \
1.9 Project Management
1.9.1 | Planning

1.9.2 || Management

1.9.3 | Tracking and Reporting
1.9.4 | Meetings and Reviews
1.9.5 || Project Contingency Funds

Table B.10. Daya Bay WBS for Project Management, shown to level 3.
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C Project Development Plan

The Daya Bay Project is moving forward rapidly in China and is begining t@m=ck in the U.S. as
well.

Informal agreements have been reached with Chinese funding agandi¢lse U.S. DOE’s Office of
High Energy Physics, such that China will provide funding for the cieihstruction and approximately
half of the detector construction and the U.S. will provide funding for exipnately half of the detector
construction. The Project has passed reviews by the Chinese Acade®eience (CAS, May 2006) and
the Chinese Ministry of Science and Technology (MoST, August 2@G6his time the Project has secured
funding committments from CAS, MoST, the National Science Foundation ofsaGNB8FC) and the Guan-
dong provincial government. Discussions are ongoing with additionaifignagencies, but already more
than 75% of the requested funding has been secured.

The next key review in China will be a Preliminary Design Review commissiogdddST towards the
end of 2006. At the same time, work is proceeding towards a bid for thectimitruction design contract.
The goal for start of civil construction is April 2007.

Inthe U.S., the Project is looking forward to a Physics Review in Octobes 266 a CD-1 review early
in 2007 with a goal for a CD-2 review late in 2007. This is a very agressiliedule, that is in part dictated
by the advanced state of funding and planning in China. For the U.S. to renpagductive and influential
partner a rapid project development process is necessary. To fa¢hitatapid project development an R&D
plan was submitted to DOE-OHEP on January 23, 2006. This plan outlinggarachedule (FY06—FYQ7)
to advance the project to approval and project funding. A revisedat-glan was submitted on Janaury
31, 2006. The as-funded FY06 R&D budget and as-proposed F&¥@Test are presented in Table C.1.
The FY07 R&D budget request will be updated and presented to DOERCH{iEEr an expected request for

R&D Task FY 2006 | FY 2007
($kUS) | ($kUS)
Project Development 150 500
Liquid Scintillator 100 670
Simulations 500
Antineutrino Detector| 300
Calibration 550 180
Electronics 430
Muon Detector 300
Site Development 220
] Total H 800\ 3100\

Table C.1. Daya Bay R&D plan for FY06—07. All numbers are in US $k.

proposals towards the end of 2006. The U.S. collaboration has grdvstestiially since the original R&D
request and the project has progressed significantly.
A brief summary of each of the R&D tasks follows:

1. Simulations: A critical element of the U.S. contribution to the experiment is atigbrunderstanding
of the key design issues: optimization of reflection and PMT coverage ddrttieeutrino detector,
calibration and monitoring procedures, electronics integration and sampling, tim®n system de-
tectors and configuration, refinement of antineutrino detector desigralbaptimization of detector
size, location, background and systematic errors.

2. Liquid Scintillator: Gd loaded (0.1%) liquid scintillator (Gd-LS) provides thérgeutrino target and
has stringent constraints on its long term chemical stability, high light outputcmgdattenuation
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length. Good results have been obtained with pseudocuomene basefi @ulkecently very promis-
ing results have been obtained with linear akkyl benzene (LAB). AdditiB8a is needed on the
chemical compatability with acrylic, control of chemical and radioactive impgrdied on scaling up
of production processes.

3. Antineutrino Detector: The antineutrino detectors must be preciselgéabd, with low radioactivity
components to minimize the experiment’'s systematic uncertainties. The designaiidation of
the acrylic tanks ans their interfaces are a critical goal of this R&D. Theifaeiion and testing of
PMTs is a critical component of this plan as is the overal design of the staisties| vessel and its
transportation.

4. Calibration: Precise characterization, calibration and monitoring of tiveeautrino detectors is key to
the control of systematic uncertainties to the required precision. R&D on tiiregte$ prototype of an
automated calibration, in-situ attentuation length measurement and LS volume ssxcheesurement
systems is key to the successful design of this critical system.

5. Electronics: The dynamic range of time and charge measurements, multigtel atleup resolution
are critical parts of the experiment. R&D to refine the specifications and preliyngtesign of the
system and components are key elements of the U.S. contribution.

6. Muon System: The muon system is key for reducing and measuring tkgrbaods. A variety of
configurations and technologies are under consideration. R&D on texgynchoices and simulations
to optimize the system are critical to the success of the experiment.

7. Site Development: There are many engineering issues that couple dimsbéy civil construction,
including the detector and tunnel profiles, transportation and lifting devi¢desU.S. has substantial
experience to bring to these issues, but given the time schedule in Chisa,résources must be
brought online quickly in the U.S.

8. Project Development: There are many issues related to the develograeettistic and manageable
construction project and some challenges associated with an equakglaipiizetween the U.S. and
China. Resources are needed to address these issues rapidly itoqraes the way for a successful
collabroation on this project.

In order for the U.S. to make a substantial impact on the Daya Bay experiengaytid rampup in re-
sources is required. The intial funding profile presented to DOE-OHBERIiih 2006 is shown in Table C.2.
Actual R&D funds provided in FY06 amounted to $800k.

year || Source Total

(US $M)
FYO06 || R&D 2.0
FYO7 35
FY08 || Construction 10.0
FY09 14.0
FY10 8.0

Table C.2. Daya Bay U.S. funding profile as of April 2006.
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