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Chapter 1

Introduction

One of the central issues in particle physics, as well as in astrophysics and cos-
mology, is the question of whether or nol the rest masses of the neutrinos are
exactly zero. In the minimal SU(2); @ U(1) standard electroweak model, all
neulrinos are massless and lepton number is exactly conserved. Despite long-
standing success, however, the standard model is incomplete and inadequate,
with many parameters left unspecified and a physically unreasonable global
syminetry needed to enforce exact lepton number conservation.

The standard mode!, therefore, is generally agreed to need significant ex-
tensions, Althougl the nature of the necessary modifications is unclear, most
proposed extensions of the standard model allow finite neutrine mass and many
othiers require it. Experimental scarches for neutrino mass are therefore im-
portant both to test the standard model and to guide theorists seeking a hetter
model. Clear experiinental evidence for finlie neutrine mass would herald a new
era of physics “beyond the standard model”.

Furthermore, il the neulrinos are experimentally proven to have mass, not
only would there be deep tmplicaiions for our theorelical ideas on particle
physies and on the unification of forces, but also for our understanding of esseu-
tial astrophysical phenoinena such as ihe energy generating mechanism of the
Sun, the final stages of siellar evolution, and the listory of the Universe itself,
Thus, the experimental searclh for finite neutrino mass could well provide the
key to a rich domain ol new phenomena.

We are propaosing here an incisive new experiment combining and extending
provenr methods of particle detection and background rejeclion 1o scarch with
order-ol-magnitude improved sensitivity for the phenomenon ol neutrino oscilla-
tions. If discovered, such oscillations would provide clear proof of the existence
ol fnike neatring niass,

This areq s ripe for a new and potentially defintive experiment., 1y Lhat ex-
perimental hings for the existence of neatrino oscillations come o iwo distiney
sels ol olwervations: a long series of unexpectedly fow results in miecasurements
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of the terrestrial fux of solar neutrinos; and the observation of an anomaly in
the flux of cosmic-ray produced muon neutrinos observed by deep underground
detectors. Achicving sensitivity to the neutrino mass scales indicated by these
hints requires a new generation of long bascline neutrino oscillation experiments
such as the experiment we here propose.

There are a number of experimental approaches Lo detection of a linite neu-
Lrino rest mass. Precision measurements of low energy beta decay spectra in the
vicinity of their end points {(i.¢. zero neutrino kinetic energy) offer perhaps the
most direet, approach. Current mass limits provided by this technique, however,
are not very sensitive. Even it the most favorable case of clectron antineutrinos,
experiments have been able to attain sensitivity limiis of only about 10¢V.

Otlier methods sensitive Lo smaller neutrino masses include investigation of
the Lime structure of neutrino pulses from collapsing stars, probing for neutri-
noless 383 decay, and searcling for nenirino matter and vacuum oscillations.
Since oscillation experiments make use of 4 quantum mechanical interlerence
elfect, they have the advantage of polentially exquisiie sensitivity to the mass
differences of the oscillating particles. For example, the observed sirangeness
oscillations in the %R systemn reveal an underlying mass difference of Am =
3.5 x 107%eV!

The Chooz experiment which we propose here makes use of the oscillation
techinique to perform a very sensitive scarch for extremely small neutrino masses.

In Chapier 2 we review the current status of neutrino oscillation experiments,
emphasizing the experimental hints that exist for the presence of neutrino os-
cillations.

Chaplers 3 and 4 present an overview of the Chooz experiment and a de-
tailed discussion of its design. In Chapler 5 we treat the Chooz electronics,
and in Chapter 6 the planned calibration procedures. Chaptlers 7 and 8 con-
cern the expected performance of the detector for neutrino events and for ihe
background, respectively.



Chapter 2

Neutrino Oscillations

If at least one neutrino has a finite rest mass and if the separate lepton numbers
Loy Ly aml Ly are not exacetly conserved in natnre, it is likely that the neutrino
llavor cigenstates, vy, (where f = ¢ p, 1) produced by Lhe weak interaction would
notl be sdentical with Lhe Lrne peulrine miass eipenstales vy, bul would eonsist
of a lincar combination of the ;. Thal is,

v = Z Uivi
;

where {/1; is known as the mass eigenstale mixing matrix. If the off-diagonal
contponents of this matrix were non-vero, mixing ammong the flavor eigenstates
would exist and the various neutrino species would evolve in time as linear
combinations of mass cigenstales. '

This intrigning phenomenon, known as neutrino oscillations, was firsi pro-
pounded by Poniecorvo [1] in the context of v,-T, transitions, well belore 1he
discovery of additional neutrino flavors. Maki ef el [2] were the [irst to discuss
neutrino flavor osciflations of the type of interest here.

For the simple case of oscillalions hetween neutrinos of the flavors € and g1,
the above eguation becomes

ve Y _ [ cos siuf vy
vy } 7\ —sind cosl s
For an initially pure v, state, the », amplitude evolves at time ¢ to

~ihiyt —ifit

e ({) = —v sinfl e + 1y cosl ¢ ,

and the probability of finding a v, at distance L = ¢f hocaines

BT
I

P, = sin20 sin® [— —



CHAPTER 2. NEUTRINO OSCILLATIONS 4
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Figtire 2.1: Neutrino flux vs. distance Tor a monochromatic 3MeV 7, beam
al Gosgen and Chooz for maximal mixing at two different values of Am*. lor
Ani® aslow as 1073 eV2 the neutrine Hux reduction al Chooz would be a readily
ohservable 20%.

where Am* = il — mf," i eV, Lois Lhe distance in meters and 2, is the
neutrivo energy i MeVO Il we have a delector sensitive only o 1, , then the

ohserved eount rate will be proporijonal lo

g7 g2
P, =1-0P, =1—sin"20 sin” [I 2‘—;\,”—!}
o

This result applies Lo nstbuation where the gontrinos have a single enerpy and
where the nentrino sauree aml detector are poipt-like, The observed connt rate
will thus oscillate betaween | and {—sin®2¢, as shown in Pig, 2.1, bo the case of 4
vov-toochronitic soitree or non-painl like geomelry, the oscillation amplitwie
will e reducesl. T exiremie cases, £, will reacli s constant cquilibrium valae
ol 1 Lsin™20,

T o experinient searehing for weuteine osellations. the ovegarehing nea
stre ol quabity s e alibity to diseern soadl values ol sio” 20 and X Walk
pespect o the Boter, laege vislnes of £ ind stosdUeadnes of £, are requieed. The
proprosed Clhaoz experiment atbaims iy hinh sensiosdy T doing both, reach-
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o

ing an L/E, ratio of about 500 m/MeV, an order of magnitude higher than in
previous laboratory-quality measurements,

The results of neutrino oscillation experiments are usually plotted on grapls
of Am? vs. sin®28, in which regions excluded (or ncluded, in the event of a
discovery) are delincated by contours at various confidence levels, usually 90%
(1.6450). Examples of such “exclusion plols™ are shown in Figs. 2.3 and 2.4

2.1 Experimental Hints

2.1.1 Solar Neutrinos
503 Neutrinos — Homestake and Kamiokande II

For over Lwently years, a radiochemical *”Cl neutrino experiment in the Home-
stake Gold Mine [3] has heen monitoring the flux of relatively high encrgy neu-
trinos (thought to be mainly from 3B decays in the Sun) with a count rate
consistently about a factor of three below the value expecied from standard
models of solar physics [4, 5]. Apparently, either our models of the Sun’s inte-
rior are incomplele or our understanding of neutrino physics is deficient. Cal-
cuiated values for the Homestake chlorine experiment are in the range 6-8 SNU
(1 solar neutrino unit = 1073% captures/target atom/second), while the mea-
sured v, + 3701 — 37Ar + ¢ production rate is 2.3 £ 0.3 SNU (0.44 £ 0.05
captures/day) after subiracting a terrestrial background of 0.4+ 0.2 SNU.

The low flux at Homestake has heen confirmed by Kamiokande II [6], a
1000 ton water Cerenkov detector which uses the neutrino-electron elastic scat-
tering reaction to measure the 8B recoil electron spectrum. The observed recoil
electron angular distribution is shown in Fig. 2.2 together with the expected dis-
tribution based on the Bahcall-Ulrich standard solar model prediction [4]. The
peak in Fig. 2.2 gives a clear indication of an excess signal from the direction of
the Sun corresponding Lo a flux

(.46 £ 0.05(stal) £ 0.06(syst)

tinmes that of Ue standard solar madel.

Proton-Proton Neutrinos - SAGE aund GALEEX

In the standard solar model, more than 99% of the Lerminations of the prolon-
proton chain lead to emisston of an electron neutrino with energy less than
0.42MeV. "1Ga, with a threshold of .23 MeV, is so far the only feasible Largel
malerial capable of detecting the intense flux of these low-energy p-p neutrinos.
Using the standard solar model, the total counting rate in galliuvm, inetuding all
reactions, is expected 1o be 132 SNU, corresponding to 2 connts/day in a 601on
experitnent,
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Figure 2.2: Measured Kamiokande IT recoil electron angular distribution after
1040 live detector days (from rel. [6]). The independent variable is the angle
hetween the reconstricted electron direction and the Sun. The plot clearly
shows an isotropic background plus an excess of events from the direction of the
Sun. The solid histogram shows the expected distribution using a Monte Carlo
simulation based on the standard solar model.

Two "'(ia experiments are currently in operation. The first is the 60 ton
Soviel American Galliwn Experiment (SAGE) at Baksan [7], which has recently
reported a signal level of "JB“_'I_E + 14 SNU., The second 18 the 30 ton GALLEX
experiment at Gran Sasso [8], which sces 83 £ 19 £ 8 SNU. The two results
are consistent, and bolh suggest a neutrino fux Jevel low compared (o Lhe
total expected from standard solar model calenlations. The results are not yet
good cnough to be able 1o make a strong case, however, for flux levels lower
than the p-p prediction. Assuming the experhinents are correct (neulrine source
calibrations are planned for holh SAGE and GALLEX in the near future), it is
not at all clear whether the answer les witl the nentrine physies, solar plysices,
or a combination of both [9, 10, 1 1.
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Interpretation of Solar Neutrino Results

The flux of the high energy ®13 neutrinos to which the clilorine and water experi-
ments are most sensitive is critically dependent on the temperature of the Sun’s
core. To calculate the 37 Ar production rate to within a factor of ~ 3, the solar
core temperature must be known 1o an accuracy of ~ 5 — 10%. Numerous non-
standard solar models [12] liave iherefore been suggested, incorporating a variely
of heavy metal abundances, high magnetic flelds, turbulent difTusion, contino-
ous tuixing, rapidly rotating or burned-out helium cores, convective mixing of
hydrogen into the core, or new equations of state. All of these eflects go in the
direction of lowering the solar core temperature. lowever, these non-standard
tmodels generally have difficulties accounting for other observad features of the
Sun.

In addition to selar model effects, 1. has also been suggested that our uu-
derstanding of the relevanl pariicle pliysics may be incomplete. Mikheyev and
Smirnov [13] and Wolfenstein [14] have pointed out that the different couplings
of e, vy, and v; to matter can cause an oscillation effect. If v, ,, ; are orthog-
onal linear combinations of the same mass eigenstaies, then v, produced by 2B
decays in the solar core can oscillate into v, or vy as they propagatle outward
through the Sun’s overlying layvers. Since the chlorine deteclor is insensilive
to v, and »; (and water only weakly sensitive), Lhe Homestake and Kamio-
kande rates would be suppressed. Over Lhe range of neutrine mass differences
Am? ~ 1077 — 107%eV? and vacuum mixing angles sin®20 ~ 1074 — 1, the
counting rate suppression could be jusi the required factor of 2 - 4.

Neutrino magneltic moments, lransition motuents, neutrino decays, as well
as weakly interacting massive particles and nuclei wilh extra quarks in the solar
core have also been invoked as possible causes of the solar neutrino problem,

Il we interpret the delicit of solar neuirinos as heing due to the oscillation
of v, — 1y, then this observation can be used in conjuuction with the seesaw
niechanism [15] to set a scale for ncutrine masses. For example, if these ex-
periments imply that Am? is in the range 10=% to 107%eV2, then the scesaw
mechanisim would yield

m,, = 107 o 107 1oV
and
my, =310 3 x 1077V,

. . . _: e \ . Lo
implying that Al _, =1 x 30" to 1 x 1073 eV=. Further, if lepton mixing
roughly corresponds with the corresponding quark mixing, we would have

sin“20 ~ 107 for v, — v,

sin2 20 ~ 1074 Tor vy — vy
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and
sin®20 ~ 107 for v, — Yy

2.1.2 Atmospheric Neutrinos

Atmospheric neutrinos are produced by the interaction of primary cosmic rays in
the almosphere, These neutrinos penetrabe the Barth and arrive almost sotrops-
ically at large underground detectors, having traveled distances from ~ [0 km
{when coming direetly fromi above) to ~ 12000 km (coming from below). These
large distances, together with the relatively low mean energy of Lhe neutrinos,
provide an opportunity to study oscillations to very low valucs of Am?.

Qscillation studies with atmospheric neutrinos have several drawbacks, how-
ever, limiting their sensitivity to large mixing angles. The flux is composed of
roughly cqual proportions of clectron and muon neutrinos and antineutrinos.
This composition makes an appearance cxperiment impractical. Morcover, the
energy spectrum is mostly below charged current T threshold, so oscillation 1o
v, would manifest itself only as a loss of muon neuirinos. Finally, the low en-
ergy spectrum erecates problems with the interpretation of the data. This encrgy
region, while in principle well understood theoretically, involves mainly quasi-
clastic and resonance production processes, in which numerous resonances are
cither not well established or have form-factors which have noi heen measured
accnrately. In addition, the interactions in Lhe detector take place mainly within
oxygen nuclei, which makes modeling difficult.

Nevertheless, large samples of contained neutrino interactions have heen
analyzed for the presence of neutrine oscillations.

Nentvino Events Coutained within the Detector

The most accurately predicted feature of almospheric neutrinos, (5%}, is the
ratic of the muon ueutrino flux to that of the electren veuirines, If oscillations
ol any kind take place, this ratio could change.

To study this effect it is necessary Lo identify the leptons produced in the
neutring interactions, namely to bhe able to differentiate between nuon and
clectron signals. There are two miethods for accomplishing this Lask:

e Muon decay signature identification, i the IMB-3 detector, the observed
wen deeay fraction was about 2¢ helow expectalion.

¢ Lepton identification using “showering” vs, “non-showering™ tracks. In
the visible energy range 100 - 1500 MeV, the IMB-3 detecior observed
a non-showering fraction (muons) which was 3a.q below the expected
fraction [16].

A ginttlar deficii tias heen reported by the Katdekande deteetor, whielr also
measured an anomalously fow non-showering lraction [17], Neither TMB nor
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Kamiokande observed a correlation of this deficit with energy or angle (neu-
trino path-length) as one muight expect [rom oscillations. Nevertheless, the
Kaimiokande delicit has heen interpreted as a manifestation of muon neutrino
oscillations with a most probable Am? of 1072 ¢V? and with a mixing as high
as sin“20 ~ 0.69 [18].

Neutrinos Interacting Beneath the Detector

Another source of information for oscillatiou studies was provided by neulirinos
which interacied in the rock and produced secondary particles (mainly muons)
which entered the detector from below. Computer simulations based on a variety
of flux, interaction and transport models predicted the rates and energy spectra.
No significant deviations were secen.

The sensitivity Lo mixing angle in these analyses was limited mainly by the
20% systematic uncertainty in the flux. To overcome this limitation, the detec-
tors studied the flux-independent ratio of the rate of up-going tracks stopping in
the detector to the rate of exiting tracks. Since the median energy of stopping
muons is 5 GeV while that of exiting muons is 80 GeV, the ralio is sensilive
Lo oscillations. The measured value was in good agreement with the predicted
value (depending on the model applied). Again, no evidence for oscillation was
Jeell.

These intriguing observations constitute the “atmospheric neutrino ano-
maly” and richly deserve further study, Sce Fig. 2.3.

2.1.3 Single Solution to the Atmospheric and Solar Neu-
trino Anomalies

Au interesting analysis has been oflered [19] which tries to find a common solu-
tion to the two neutrino puzzles. The anomalously low ratio of the atmospheric
v, flux to v, flux at low energles is attribwted 1o v, — v, mixing. The lack
of similar depletion of the high energy upward-going v, flux is explained in
this model by suppression of the vacuum mixing lactor sin*(20y ) due to matter
effects in the IFartl [20]. A further consequence of this maodel is the energy-
independent depletion of solar neutrinos to about 60% of the predicted Mux
in radiochemical experiments and to aboul 66% in r-e scallering experiments.
With three-Tamily mixing, values as low as 33% are obtained, thus explaining
the long-standing solar neutrino deficit. The oscillation parameters suggested
by this analysis are Am? ~ (0.5 — 1.4) x 1072eV? and sin?(20y) ~ 0.8, which
eastly fall within the range of Chooz.

This analysis tllusirates the possible existence of new physics in the domain

K

Between 1072 eV and 107% V2, the region of interest for the present proposal.
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2.2 Neutrino Oscillation Experiments at Reac-
tors

2.2.1 Motivation

As we have seen by combining Lhe results from atmospheric and solar neutrinos,
the largely unexplored Am? — sin“20 region between Am® ~ 107%eV? and
10-1eV? is extremely interesting. Further, as we have shown, the solar neutrine
results, when combined with the seesaw mechanism, imply thal a search for
v, — vy oscillations in this region may be crucial.

Since sensilivity to low-mass neulrino oscillations requires a large value of
L/ E,, large and cosily experiments have been envisaged using GeV accelerator
neutrino beams and very long distances (hundreds of kilometers) to achicve a
Am? sensitivity approaching ~ 107%eV?. An experiment using reactor neu-
trinos has the major advantage that the average neutrino energy is very low
{~ 2MeV), a factor of 1000 lower than the energy of typical acceleralor neu-
trino beams. Therefore, 1o achieve the same Am? sensitivity, shorter distances
and much smaller, less costly experiments are required.

In this decument, we propose a new reaclor neutrino oscillation experiment
to achieve a sensitivity of Am? = 10~3eV?2, In addition, the experiment pro-
posed Liere will contribute toward the design of later experiments capable of
sensitivities down to ~ 107*eV? and possibly beyond.

2.2.2 Previous Reactor Experiments

Nuclear power reactors provide intense, rather well undersiood sources of low
energy P.'s. Nol only is the neulrino energy spectrum known to an accuracy ol
a few percent, but the neutrine flavor composition (pure %) and angular distri-
hution (isotropic) of the reactor neutrino beam are known essentially perfectly,
unlike accelerator neutrino heams. Thus, reactors provide nearly ideal sources
for neutrino oscillation experiments,

Over the years, therefore, a nuuber of neutrino oscillation searches have
been perlormed. Table 2.1 compares & number of these experiments, as well as
three Tuture experiments.

The best present limits from a reaclor neutrino oscillation measurenent,
come from an experiment led by . Boehm at Gosgen in Switzerland which
was 65 neters from the reactor and achieved a Am? sensitivity approaching
~ 107 eV? [23]. A more stringent limit in Am® has been obtained recently by
a Kurchatov [ustitute group [20}. but the seusitivily in mixing was not as goad
(sin? 28 ~ 50).

The Gosgen experiment measured the ¥, spectrun at three distances up to
64,7 m from the reactor by using the inverse heta decay reaction #, + p —
et 4+ 1w Phe reactor had o thermal power of 2800 MW, while the delector
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EXPERIMENT | NEUTRINO| REACTOR Am? REF.
TARGET | DISTANCE | (90% c.l.)
MASS (max.) (min.)
Grenoble 320 kg 8.75 m A5 [21]
Savannah River 260 kg 24 m 05 [22]
Gosgen 320 ke 6H m 019 (23]
Krasnoyarsk 600 kg 92 m 014 [24]
Rovuo 200 kg 25 m .06 [25]
Krasnoyarsk 600 kg 200 m .01 [20]
Bugey 111 1200 kg 40 m m progress [27)
San Onofre 12000 kg 700 m 2 x 1073 (28]
Chooz 4800 kg 1025 m 1 x 1073 | this proposal
Perry 1000 ton 12.9 km Ix10-* [29]
*68% c.l.

Table 2.t: Summary of reactor neutrino oscillation experiments. The last three
experiments listed are current or future proposals.

provided a targel mass of 320 kg and yielded a neutron detection efliciency of
21.7%.

The results of the Gasgen experiment as well as several other reactor neu-
Lrino oscillalion experiments are summarized on the exelusion plot shown in
Fig. 2.4, In this plot, lor example, the area above and to the right of the curve
labelled “Gosgen” is the region of the Am? vs. sin” 20 phase space where neu-
trino oscillations would have been detected by this experiment had they heen
present. The minimum detectable Am?® for maximal mixing was 1.9 x 1072 eV?,



CHAPTER 2. NEUTRINO OSCILLATIONS 13

REACTOR NEUTRINO OSCILLATION LIMITS
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Figure 2.4: Reactor neutrino oscillaliou limits showing 90% c.l. exclusion con-
tours. The Chooz experiment will extend existing resulls by more than one order
of magnitude in Am?, The future Perry experiment would aliow an additional
Len-lold sensitivity improvemeut.



Chapter 3

Description of the
Experiment

We arc proposing the Cliooz experiment as a highly sensitive neutrino oscil-
lation search using an underground facility near a nuclear power station. We
believe this experiment is the next logical step in the systematic exploration of
the neutrino oscillation parameter space. Additional motivation is provided by
the unexplained anomalies observed in solar and atiospheric neutrino neasure-
ments.

The experiment will look for the spectral distortion and llux reduction which
would signal the existence of vacuum oscillations of the electron antineutrino
Lear emitted by the twin power reactors, The limits on neutrino oscillations ex-
pected are shown in Fig. 2.4 by the curves labelled “Clooz”. For maximal mix-
ing, the experiment would detect oscillations for values of Am® > | x 1073 eV?,
an order-of-magnitude improvewent. over currently available limits, The exper-
inent would also provide an excellent testing pround for methodology {or the
future Perry experiment {sce Table 2.1 and ref. [29)). An overview of the Chooz
experitrent s shown in Fig. 3.1.

3.1 Neutrino Source and Site

e neutrino source is a pair of reactors at the Chooz I3 nuclear power staiion n
the Ardennes region of northeastern France. Lach of the PWR reactors will have
a thermal power of 4.2 GW and is schoduled Tor startup by the end of 1995, An
essential feature of the experimental site s the availability of o tunnel with an
overburden of 115 m of rock, equivalent to 300 nof water. Buildiug the nentrino
deteetor in this tunnel will provide the cosimic-ray shielding needed 1o preseeve
the signal /noise ratio against a one lidred-fold neatrino flux rednetion with
rospocl Lo previons experimients  The advaniages of sueh asite are imade elear
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by Fig. 3.2

3.2 The Detector

The neutrino detector is shown in Fig. 3.3, while its principal design param-
elers arc exhibiled in Iig. 3.4. The peutrino target will be contained in a
5.9-m-diameter cylindrical sicel tank shielded locally by about 75 cm of low ra-
dioactivity maierial. The tank will contain three conceniric liquid scintillation
deteciors: an outler 90-ton veto counter; an intermediate 17-ton oplically sep-
arated event containment detector; and a central acrylic vessel containing five
tons of a specially developed gadolinium-loaded liquid scintillator. The outer
two vessels will contain a high flash point pure hydrocarbon scintillator also
specially developed for this experumnent.

Scintillation photons from particle interactions in the two inuer detectors
will be collected by 160 eight-inch photomultiplier tubes and processed hy fast
multi-hit ADC/TDC’s and fast waveform digitizers, The detector will have good
energy resolution, with about 76 pholoelectrons detected per MeV of ionizalion
energy deposited.

In the veto counter, Jight will be collected by 40 PMT"s which can be installed
either on the same siructure as the 160 Larget-viewing PMT’s or on Lhe top and
hottom parts of the main tank. The first of ihese options would provide a 50%
larger photoelectron yield, but would require the use of more expensive PMT's.

Primary shiclding against background will be provided by the 300 mwe-thick
rock overhurden, which witt reduce the surface cosmic ray muon (lux by a faclor
of 300, as shown in Fig. 3.2. The residual cosmic ray backgreund is lurther
suppressed by the 90-ton outer veto counter, whicli also provides additional
shielding against ambient radioactivity.

Neutrinos abave the threshiold energy of 1.8 MeV will be detected by the
reaction ¥, + p — ¢+ 4+ n. The observable energy from this reaction will equal
the positron kinetic energy augmented by 1.022 MeV resulting from detection
of the positron annihilation gamina rays. Following thermalization of the re-
coil neutron, an additional 8 MeV will be detected as a result of capture ol the
neulron by a gadolinium nucleus {time constant 28 ps). Thus, a readily recog-
nizable delayed coincidence pulse pair will signal the neutrino interaction. The
B MeV neuiron caplure event will be well separaled from the bela and ganuna
radiation accompanying deeay of members of the ulyiquitous uranium and tho-
rium decay chains and from the decay of K. Further significant rejection of the
accidental coincidence background will he possible by soltware reconstruction
of the positron and neutron capture vertices Lo which would he applied a cut,
requiring spatial separation not to exeeed 1.5 m.
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! Chooz. B
Nuclear Power Station
2 x 4200 MWith

Chooz Underground Neuirino Laboratory
Ardennes, France

Figure 3.1: Overview of the expertment. Detection of the weak neutrino signal
al 1 km is made possible by the 300 meler of waier equivalent shielding above
the detector, which attenuates the otherwise overwhelming cosmic ray muon-
induced hackground by a lactor of 300 and by the layered design of the delector
and its loeal shielding. The high detection elliciency for anlineutrine events
{(more than 80%) further enhances the expected sigial-to-background ratio and
facilitates accurate determination of the detector efficioney, needed [or aceurale
comparison of the neasured and expected neutrine fluxes,
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Figure 3.2: Muon depth vs. intensity and neutrino flux at various sites. At
Chooz (and Lo a somewhat ilesser extent al Perry/IMB) the low neutrino fluxes
available for long baseline oscillalion experiments are compensated by compa-
rably reduced nmon fluxes. Since cosmic ray muons produce the most serions
backgrounds in these experiments, shallow siles suchi as thal at San Qnolre are
al. a serious disadvantage.






CHAPTER 3. DESCRIPTION OF THE EXPERIMENT 19

[ CHOOZ DESIGN PARAMETERS ]

( DIMENSIONS AND MASSES ) ( PHOTOELECTRON YIELD j
Region 1 volume, cu. m 5.6 No. of PMT's viewing target 160
Region 2 volume, cu. m 19.6 PMT radius, cm 10.2
Region 3 volume, cu. m 105.5 | |PMT coverage 12.3%
Total volume, cu. m 130.7 | |Scintillation yield (% anthr) 42%
Region 1 mass, tons 4.9 eV per scintillation photon 162
Region 2 mass, tons 16.7 Quantum efficiency * collection 12
Region 3 mass, tons 90.1 Effective attenuation length, m 10
Total mass, tons 111.7 | |Typical light transmission .84
Region 1 surface area, sqm  15.8 Photoelectrons/MeV 76
Region 2 surface area, sq. m 422 Energy resolution @ 1 MeV 11.5%

ehduspar xls
20.8pr83

[Figure 3.4: Design parameters of the detector.
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We anticipate a total running time of two years will be adequate Lo achieve
our goal of a stalistical error betler than 4%. Neuirino oscillations would be
uncovered by comparing the observed integral count rate with an accurately
calibrated detector-efficiency Monte Carlo caloulation. [uformation on reactor
powcr and fuel burn-up will be available from the power station. The neutrine
flux per unit power will be determined from caleulations which currently are
reliable to about 2%, especially at low energy, where a neutrino oscillation signal
would probably be strongest. In the event of a positive signal, it would be useful
to construct a close-in detector Lo provide a flux independent confirmation. A
detector site at tess than 180 m from the reactors is available il needed.



Chapter 4

Details of the Experiment

4,1 The Neutrino Source

4.1.1 The Chooz Reactors

‘The neutrino source for the experiment will be a pair of reactors which are in
the final stages of construction at the Chooz B nuclear power station of the
Prench national utility company Electricité de France (Ldl"). The pressurized
light waler reaclors (PWR’s), located in the Ardennes region of northeasiern
France, will each have a thermal power of 4.2 GW and are hoth scheduled for
startup by the end of 1995,

The main fissile material in the Chooz PWR’s is ***U, which undergoes
thertnal neutron fission. The fuel is enriched to about 3.5 % in the ***U isolope.
Fast fission neutrons are moderated by light water pressurized to 150 bar. The
dominant natural uranium isotope, #*¥1, is fissile for fast neuirons (threshold
0.8 MeV) and generates fissile **Pu by thermal neutron capture -

no4 BB B BN — PPy (T = 24,100y)
The isotope 21 Pu is produced in a similar mamer from the **Pu -
n 4 Py — MPut a — FPu (T = 14y) .
For each fission, the nmean encrgy release is ~ 204 MeV, and the average num-

her of %, is ~ 6. Therefore, al full power for the two Cliooz reactors (8.2 GW),
the rate of neutrine production can be estimated ta be

6x Py Gx82x 107 x 6.21 % 10
204 MeV 204

Ity

21
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Start of Cycle | nd of Cycle
BV 60.5% 45.0%
B 7% 8.3%
BIpy 27.2% 38.8%
241py 1.6 % 7.9%

Table 4,1: Fraction of fissions from the four fissile materials {cycle 11 of Bugey
reactor §).

= 1.5x 108,57,

As the reactor operates, the concentration of ?**U decreases, while those of
239py and 2" Pu increase. After about one year, the reactor is stopped and 1/3
of the {uel elements are changed. Typical numbers for an annual eycle are given
in Table 4.1.

4.1.2 Monitoring the Neutrino Rate
Thermal Power of the Reactor

In previous reactor neutrino experiments at Bugey, the thermal output was ob-
tained from measureinents on the secondary water loop, where the temperature
difference is larger than on the pritnary one (typically 270° C vs. 219° C). The
error on this parameter is < 1 %. Measurements were available every 10 minutes
over a computer nelwork. The data were cross-checked with continuous neutron
flux measurements aronnd the reactor vessel. This error includes the error on
small corrections (aboul 11 MW,},) due to power for the pritnary pumps, efc.

Changes of the Fuel

The unit used to describe the nuclear fuel evolution is the MW day /ton, which
measures Lhe amount of energy per Lon extracted from the nuclear fuel since its
first entry in the reactor core. This quantity is called 2, the “burnup”.

‘I'he core of each Clicoz reactor will contain 205 nuclear fuel elements, 1/3 of
which will e changed cach cycle. The new nuclear fuel elemenis are installed
in the outer part of the core. Burnup data for each element will be provided by
the utility company al the start and end of each cycle. For the start-up of the
reactors, all fuel elements will be brand-new with 2 = 0. To simulate partially
used nuelear fuel, 1/3 of the core will be less enrviched and 1/3 will have a very
low enviclunent:

(Y9 clements at 1.8 %
GB elemients at 2.4 %
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350 | 2017406
Hag | 2050+ 0.9
Pyl 2100409
Mpyl 21244 1.0

Table 4.2: Boergy release per fission, in MeV.

68 elements at 3.1 % .

The fuel enrichment for the following cyeles is notl yet entirely defined, but
should he ~ 3.5 %.

Knowing the burnup of each element al the beginning and end ol each cycle,
as well as the total daily burnup, we can compute the daily burnup ol cach
element. These values are then used to obtain the day-to-day amount of cach
fissile elemnent in the reacior using a table which exists for each initial 35U
enrichment.

Since Lhe energy release per fission from each fissile element is known (Ta-
IMe 4.2), we can compute the mean cnergy released per fission cach day. The
number of fissions is then obtained by dividing the thermal power by this num-
ber.

4.1.3 Neutrinos From Each Fissile Element

Among the four fissile materials, three (**3U, ***Pu and 21 Pu) undergo thernal
neubron fission, while 2*8U is fissioned by fast neutrons,

The neutrine rate per fission hias been measured for the fivst three isotopes by
Borovoi et al. [39] and by Schreckenbach el el [40] -[13]. ‘The lalier measurement,
includes the shape of the energy spectrum and has an accuracy of 2 % from point
to point. and an overall normalization error of 2.8 %. 'T'he normalization error
is the most important in onr case, sinee we waul to measure the lolal numiber
of neutrinos at 1k from the source. The point-to-point error, which will he
uged to determine the elfect of the positron threshold, is also known from high
slatistics nieasurcments such as those at Rovue [44] or Bugey 3 [15].

The Schreckenbach measurement can be compared 1o several computations
and is found to be in good agreenient with that of Klapdor and Meteinger [46].
We will therefore use this computation for the U neulrino rate, which has
nol. been measured. The 80 contribulion to the total numiber of fissions is
< 10%, and is therefore not a major source of error.

4.1,4 Direct Neutrino Measurements

A very precise measurcment of the total mumber of neutrinos lias heen pub-
lished by the Rovio group PIT]. Their detector measnres the integral number
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of neutrino interactions by detecting only the neutron frpm the inverse heta
decay reaction, thereby avoiding positron threshold corrections and most of the
analysis cuts needed for the correlated positron-neutron selection. The targel
is pure water, and the neutron is detected in *le proportional counters in the
water. The published error on this measurement is 2.8 %.

The same detector 18 now running at 15 m from the Bugey reactor, with new
electronics, to evaluate some of the systematic errors of the Bugey neutrino pro-
gram. This measurement is heing performed by three laboratories of the Clhooy
collaboration {Moscow, Paris and Annecy) and will be useful for knowledge of
the Chooz reactor neutrino flux, with an overall uncertainty <3%. Since the
Bugey and Chooz reactors are both pressurized water reactors, measurements
can be scaled from one reactor to the other with small systematic errors.

4.2 Detector Mechanical Design

The Chooz detector consists of a vertical eylindrical steel tank containing three
scintillating volumes {see IFig. 3.3}. A transparent acrylic inner vessel (Region
1) contains the gadolinium-loaded liquid scintillator neutrino target. Regions 2
and 3 are filled with an unloaded high Rash point hydrocarbon liquid scintil-
lator. Separating Regions 2 and 3 is a structure (the “geode”) Lo support the
photomultiplier tubes. The geode allows {ree passage of liquid, but is opaque to
allow the use of Region 3 as a cosmic-ray tagging delector.

160 PMT's will collect light from the inner vessel, while 41 more will be
mounted on the geode facing outward toward the veto region. (A possible design
option is Lo mount the veto PMT’s on the top and bottomn of the steel Lank,
as shown in Iig. 3.3). The inner and outer surfaces of Region 3 will be coated
with a white diffusing paint to optimize light coliection in the veto. Inside Lhe
geode, black paint will be used to improve the event localization performance
of the detector by reducing reflections.

4.2.1 Target

The wnner vessel is made of two hemispheres joined by a cylinder the outer
dimeusions of which are 1.8 m diameter and 2.8 high. The inner volume is
5.6m% while the inass is 150 kg (emply).

The vessel is fabricaled froin the thermoplastic polymer polymethylmeth-
acrylate (commercial name - Altuglass) which has excellent optical and me-
chanical properties and resistance lo the chemicals of the ligquid scintillators.
LBacl henisphere is formed withoul the use of expensive molds by a blowing
process consisting of pressurlzing the gap belween a hol acrylic sheet and a
flal metal sirlace 1o which thie sheet is firmly attached. The size of the aceylic
sheets 15 2 x 3my, leading to a hennsphere diameter of L.dm. After blowing and
miaehine fimshing, each hemisphers is Hanged.



CHAPTER 4. DETAILS OF THE EXPERIMENT 25

Tle cylindrical part of the target is formed by bending 8 mm-thick flai
acrylic sheets into hall-cylinders, Alter the two half-cylinders are joined, Lwo
langes and five longitudinal siiflening plates are glued on. Final assembly ol
the hemispheres on the cylinder is then made by gluing together the flanges.
The Rve longitudinal plates are used to support the target on acrylic pillars
and to atlach i 1o the geode. The upper part of the targel is fitted with a
70 wmnrdiameter flange to allow passage of filler pipes, calibration sources and
various sensors.

4.2.2 PMT Support Structure — the “Geode”

The geode has the same general shape as ithal of the target - a eylinder with
hemispherical endcaps. The outer dimensions are 3.2m diameter and 4.2in
high. The surface arca is 42 m¥ and the total weight 1150 kg. The PMT’s are
mounted on this structure, the mean distance belween optical centers being
~5b0em. The total number of PMT’s is 201 - 160 looking toward the targes,
and 41 in the opposile direction, toward the veto.

The geomelry of the geode consists of two semi-icosahedra cnclosing the
ends of a eylinder. A PMT support flange is placed al each of the 12 vertices
of the icosahedron. Three additional PMT"s are mounted along each of the 30
edges of the icosahedron, together with three more mounted on cach of the 20
faces, for a tolal of 12 4+ 90 + 60 = 162 PMT's mounted on the icosahedral
structures. The cylindrical part of the geode adds 40 more PMT's. Since the
apex PMT position is left empty for passage of the neck of the inner vessel, the
total number of usable PMT positions is 201.

All PMT support flanges are linked by a system of rods. The flanges, rods,
and 1he optical sereens are made either of stainless steel or painted carbon steel.
The Aanges have an L-section of 30x30x 3 min, the rods a T-section of 30x30x3
mm, while the thickness of the screens is 0.5 mm.

The geode is built by welding the upper hemisphere and the exlinder onto
Lhe lower hemisphere with the help of an assembly jig. Ou the lower part of the
geode will be added five nodes 1o support the acrylic vessel on one side, and,
on the other, to place the geode onlo its main support pillars which, i turn,
are altlached to the floor of the main tank. On the upper part of the geode,
additional nodes will he created to attach handling bars and flor 15 ropes to
supporl Lthe PMT cables.

4.2.3 PMT Mounting

The PAUT monnts allow orientation of the tubes either inward or outward, ach
nmiount consists of two {tanges aid a cap made of pressed steel, The back lange
has a zipgar bareier Tor light tghtoess, and Uhe tabe cap fas the same aiim.

5 5 B



CHAPTER 4. DETAILS OF THE EXPERIMENT 26

4.2.4 The Main Tank

The main tank is a veriical steel eylinder with endcaps. The outer dimensions
are 5.5 m diameter and 6.2 m high. The lower endcap has a depth 0.56 m, with
a 7m radius of curvature.

The volume is 141 m?, and the empty weight is 9.9tons, "The eylindrical
seclion of the tank will be 8 mm thick, wlile the endcaps will be 12 mm thick.
Due to the limited working space in the tunuel, all picces of the main tank will
be prepared in the factory and welded inside the tunnel or in the experimental
hall. The assembly of the cover to the body of the main vessel is made with
bolted flanges (75 x 25 mm in ¢cross section) which are sealed with a teflon gasket,

Iligh voltage and signal feed-throughs use 36 flanges equipped with glass-to-
metal coaxial insulators welded to the tank side near ilie top.

All inner and outer surfaces will be mechanically prepared and polished
before primer is applicd followed by the finishing coats.

4.3 Experimental Facilities

The detector chamber will be located about 135:m from the entrance to the
tunnel known as the “galerie de marinage”, with an overburden of 115m of
rock. The chamber will have 4.6 m of head space above the top of the detector
and will be 24.1m tong and 7.1 m wide at the detector. The chamber will be
dehumidified and mainlained at a temperature of 18-24°C. Near the detector
chamber there will be an electronics hul.

Outside the tunnel, an auxiliary hall is planned, with small electronics and
machine shops, a control room for the experiment, and storage tanks and mixing
arcas for the liquid scinlillator., Pumps and plumbing lines will be installed
batween this arca and the detector. Filling of the inner targel vessel and of
the main tauk will be done simultaneously 1o reduce pressure differentials on
the acrylic chamber. Inerl gas blanketing will be provided botlh to proiect the
scintillator lrom oxidation aud Lo enbance its light cutput.

For inany additional details, sce Ref. [18].

4.4 Photomultiplier Tubes

Plotomultipliers in the Chooz experiment provide titne and pulse heighi in-
forination, which is used to determine the energy deposited and its localioun.
The geometry of the detector, a central voluine of scintillator surrounded by
photonwidtipliers (PM71s) is common to ihe Borexino [30], LSND [31] and SNO
[32] detectars. These delectors niilize timing and pulse heighi, information in a
tanner similar to the Chooz detector.

Conponnieations with members of Lhese experiments and related documents
have been very helplul, allowing us to select PM s and preparation teehnigues
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PARAMETER [ Burle |ITama- | Philips | EMT| unit
matsu

photocatliode area| 434 283 366 | 366 | cn?
I pe time jiiter 1.0 1.4 0.9 1.0 | ns
alter-pulses 7.6 5.0 24.2 | 1.3 | %
1 pe pulse hit. res. | 37.5 75.0 57.2 | 394| %
peal /valiey 34 1.3 1.7 2.8
dark rate 0000 | 3500 1300 | 650 | Ii=
B & 80% pulse ht.| 150 550 > GO0 300 | mG
ass d“l(]U— 900 1000 | 700 | g
thorium NA 10 NA 100 | ppb
uranium NA 40 NA 70 | ppb
potassitim (nat.) NA 30 NA 150 | ppm

Table 4.3: Properties of photomultipliers.

appropriate for Chooyr without repeating the extensive tests perforined by the
other groups.

The EMI 9350 PMT, an upgraded version of the 9350 used in MACRO,
scems Lo be best for our needs, while the base and potting technique used for
SNO are preferred. Light flashers and data acquisition methods can be copied
direcily fram LSND for the PMT testing. Compromises on these choices can be
made for reasons of cosl, availability or other reasons without seriously aflecting
the quality of our experitent al Chooz. Comments on alternatives will be made
in Lhe individual sections below.

4.4.1 Selection

The categories of interest for tube selection are performantee, radioactivity and
cost, T'he Hamamalsu 40538, BMI 9351, Philips XP1802 and Burle C830611
photomultipliers are large area, fast Liming PMT’s which can detect single pho-
toelectrons. The Borexino proposal [30] includes an exhaustive study of their
characteristics, which we have supplernented by inlormation from LSNIDY and
SNO {(Hamamatsu PMT's). The performances are siwntuarized in Table 4,3,
The Burle PMI has high sensitivity (o magnetic ficlds, whicli would require
care and expense (o shield, and also has a large mass and volmme, which nerease
radioachivity aed the problems of mounting it subinerged in scintillador. The
Philips PAT has alter-pulsing 21% of the thie, which would reduce its eflective-
ness [or polse shiape disceimnation of electrows, pratens and alphas, The oiher
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ITEM 208 U 0K
EMI 9351 (low act.)] .036 1z |.122 Hz | 4.84 1z
SNQO base 0025 Hz | .011 Hz | .0035 1z
Tlam, 1408 (4558) | .021 Hz |.105 Hz | 1.4% Hz
LSND base 027 Nz | 012 Mz | .02 1z

Table 4.4: Count rate in target due to PMT radioactivily.

two PMT's are adequate for our needs, the EMI being superior in resolution
and dark rate, bt somewhal sensitive Lo magnetic fields when the dynodes are
parallel to the field direction.

Radioactivity in the PMT and ils base must not create significanl numbers
of “lake” eventis. Neutrons captured on Gd (.01 Hz, a conservative estimale) and
a ganunaray from natural radioactivity can form an accidental coincidence thal
[akes the positron-neutron delayed coincidence signal of the experiment. If the
gamma rate is 10 Hz (estimated upper limit) and the coincidence time is taken
to be 64 ps, then the accidental rate becomes .01 x 10 x 64 x 1078 s=1=0.6d !
in the target (region 1).

This rate is acceptably small compared to the event rate of aboui 30d-1. As
a crude standard, we require the PMT radioactivity to make less than a 10 Hz
count rate in the target. Using the PMT radioactivities in Table 4.3 and K, U
and Th contaminations [33], [34], [35] in materials used for the PMT hases, we
have calculated the total activity of an JXMI 9351 with a SNQ base, and of a
Hamamatsu 1408 (same as the 4558 bul with the low activity glass used in SNO
and LSND) with an LSND hase. ‘Fhe location of the PMT and base is about
one meler from the target, giving an attenuation factor of about 100 and a solid
angle factor of about 1/15 for the actual count rate. Table 4.4 shows the count
rale in the target due to gamma rays from the 160 PM'T"s and bases.

All count rates are fower thian our nominal goal of 10 1%, even assuming a
trigger Lhreshold of about 1 MeV, wlich is lower than necessary. 1f we were
to aperate with a threshold of 1.5 MeV, eliminating the Y*K counts, the fake
positrons would be [00x down from our 10 Hz goal. We conclude that either of
the two bases and PMT’s are adequale. Nole that this would not be the case
without placing the PMT’s one meter [rom the targel.

The cosl of the photomultipliers has uot been determined by competitive
bids, bul s expected to be near $900 per PMT, based on an estitmate from EMI.
Price and availability may be the deciding factors between EMI and Hamamalsu,
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4.4.2 Testing

The photomultipliers will be tested Lo see that they have the necessary resolution
lor the timing and pulse height of single photoelectrons and the high voltage
needed Lo acliieve a standard gain will be determined. The dark noise rate at
this vollage will be mieasured after a stabilization period of about a day.

The peak-to-valley ratio of the single photeeleciron {1 pe) pulse height spec-
trum should be at leasi 1.1 to cnable the gain to be monitored by locating ihe
peak of the spectrum. The dark noise rate at a gain of 107 should be less than
3klz, ane the 1 pe timing resolution should be 4ns FWHM (¢ = 1.6ns) or
botter,

A test setup with light pulsers and computer data collection will be used
which is similar Lo that used for ihe LSND photomultiplier testing,

4.4.3 Preparation

Preparation consists of mounting a base on the PMT, testing the performance,
and sealing the base against leaks before it is submerged in the detecior. The
final choice of the PMT (EMI or Hamamatsu) and the base have not been made.

The bases could be similar to those of LSND or SNO and still be adequate
for our needs. They will have low current (0.1ma) resistor strings and run on
positive high voltage. The PMT’s will have wire pins which will he dircctly
soldered Lo hoards containing the resistors and capacilors. LSNT) bases are
rigid and can support a cable which is soldered to the board before dipping
the assembly into a conformal coaling made by Ilysol. SNO bases are flexible,
with a polypropylene cup around them which is filled with a sealing gel made
by General Electric. The cable has a lcakprool couneclor which screws onlo
a bulkhead connector on the cup. The former process is simpler. while the
lalter uses less hazardous (to lntmans} potting malerial, and is wore convenient
when mounting and connecting the PMTs, Tests are underway to sec il Lhere
are incompalibilities between the scintillator and the potting compotnds which
would not have shown up in the SNO or LSND Lests.

The sequence for testing will take 24 hours, and will involve the following:

1. Unpack PMT and attach the base.

2. Connect to high voltage ancd leave overnight.
3. Porform fests.

4. Seal 1he PMT A the tesis are passed,

5. Allow the sealant to cure.

W expeet to do about five PN s eaclr day.
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ITEM COST

Photomultipliers (160 @ $900, est’d) $144,000
Bases {160 @ $40 for parts and potting) 6,400
Light flasher and dark box (5 @ $140) 700
Programmable pulser 3,000
Computer and interface card (Mac LCIT) 2,000
Miscellancous equiptent (mainly for potting) 3,000
TOTAL |$159,100

Table 4.5: Estimaled costs for photomultipliers.

4.4.4 Costs

Iistimates of costs have been made by consulting Dave Works (LSND) and
1I. Mak (SNO} aboul their respective methods of base construction and potting.
We have also assumed that our cosls per PMT will be greater due to the smaller
scale of the Chooz experiment. For data acquisition, the software and most of
the CAMAC modules are available. We will buy a Maclntosh computer and
interface card and a programmable pulser for the light flashers. Five dark boxes
with light flashers will be constructed so that we can prepare five PMT’s per
day. Table 4.5 summarizes our expected costs.

4.4.5 Time Scale

According to discussions with the EMT representative, Mr. Avery, it would take
about three months to fill an order for 160 PMT’s, longer for more. I the first
PMT"s become available one month after the order, the preparation can proceed
m parallel with the production at EM1 and keep pace with it. If so, the PMT
preparation can be finished four months after the order is placed.

Installation of PMT s into the detector could begin in January {994 i the
order is placed with EMI by September 1, 1993, assuming we Lost Lhem all belore
starting to install them. However, it would be possible to start installation of
the initially tested batches of tubes hefore receiving and testing the full order. In
this case the order could be placed as late as November, 1993, We have not yel
obtained comparable mformation for price and delivery dates from llamamatsu.



CHAPTER 4. DETAILS OF THE EXPERIMENT 31

4.5 Gd-Loaded and High Flash Point Scintilla-
tors

For the experintent, about § tons of Gd-loaded scintillator and 107 tons of high
flash point hydrocarbon scintillator will be needed. Optimized formulations
for each of thiese materials were developed after extensive testing at Drexel
University. We thus have available for the experiment minimal cost yet high
performaice detection media. T'he properties of the two scintillators are {isted
m Table 4.6. Pig. 4.1 shows a recent remeasurement of the ncutron capture
thine spectrum for a Gd-loaded scintillator sample mixed more than one year
previously. The mean capture hfctime for this 0.05% Gd scintillator showed
no change during this period, indicating satisfactory long-terin stability of the
malerial.
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Pigure 4.1: Neutron capture Lime delay spectrum with a 0.05% Gd-loaded sein-
tillator. Thermal neutrou capture events produce the exponentially decaying
part. of the curve hetween channels 70 and 236. A wean caplure lifetime of
64 y1s is obtained by filting an expenential plus constant term to this region.
For the Chooz seintillator, a Gd concentration of 0.1% will thus yield a capture
lifetime of about 30 gs. The prompl peak, indicaied by ihe arrow, has been
shifted by delaying the signal from the neutron channel. Prompt coincidences
are caused both by cosmic ray showers and by scatlered gamma rays from the

Cm/Be neutron sowree.
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Gadolinimm High Flash
Chemical content:
mineral oil G0% 97%
aromaltics and alcohols 10% 3%
PPO, bis-MSB, elc. 0.2% 0.2%
ad 0.1%
Compatibility acrylic, ABS, PVC, CI4 | acrylic, ABS, PVC, CI4

Density (@25°C)

0.869 gm em™3

0.854 gm em~?

Volume expansion coeff.

7.9 % 1071~}

7.4 x 107IK!?

i1/C ralio

1.93

2.02

Scintillation yield

42% of anthracene
-or- 162 eV /photon

42% ol anthracene
-or- 162 eV /photon

Optical attenuation length 8 m 20 m

Flash point 69°C 110°C

Atomic composilion:
H 7.00 x 10°? atoms em ™3 7.57 x 10*?atoms cm™3
C 3.62 x 10%*atoms em™2 | 3.65 x 10*? atoms cim 3
N 147 x 10% atoms em™2 | 4.65 x 10" atoms e
0O 1.08 x 10% atoms em™ | 4.65 x 10"%atoms e
Gd 3.33 > 10! atoms cm ™

Neulron capture time

27.6 pes

180 i

Gd captuce fraction

86.7%

Thermal n# mean free path

G.lcm

39.7Tan

Table 4.8: Propertics of the liguid scintillators develaped at Drexel for use in

iLhe experiment.




Chapter 5

Electronics

51 Overview

The principal task of the electronics system for the Chooz experiment will be
to provide a trigger when neutrino-like events occur, and to record timing and
pulse height information from the PMT's for later event reconstruction.

The signals from each PMT will generally consist of only a small number of
pholoelecirons, with a timing spread characteristic of the transit time jitter of
the PMT's (3.2 ns single p.e. FWHM for the EMI 9351).

The total amount of detected light from all of the PMT’s is a good indication
ol the overall energy of the event, and the timing of the PM'T pulses can give
accurale evenl positions. Detailed timing and pulse-height information will be
recorded by the electronies for ofiline event. reconstruclion.

The triggers lor Chooz are primarily sensilive to energy deposition, based
on the total number of detected photoelectrons and the total number of PMT's
participating it an event, While the relative timing between PMT pulses ¢on-
tains uselul information about the event location, this information is not used
for triggering because the time differences are sinall. ‘The transit time of scin-
tillation light across the Chooz detector is 20 ns.

Figure 5.1 shows the overall scheme for one channel of 1the Choor electron-
ics. High-density commercial diseriminators and TDPC’s will be used for Lhe
primary measurenent of PMT pulse times, while waveforn: digitizers give bolh
the PM'T pulse heighis and the malti-pulse deteclion needed Lo reject correlated
background events.

5.2 Triggers

In Chooz, a simple Level | otrigger systeni will be used to select evenls that
have visible onergy greater than a threshold of approximately 1 MeV. A deiayed

3
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Figure 5.1: Overview of ane chanuel of the electronics for Chooz. Commercial
high-density TDC’s will be used for pulse-timing, while waveform digitizers give
pulse amplitude measurement and correlated background rejection

coincidence of Level 1 triggers generates a Level 2 trigger, which indicales a
“neutrino-like” event, and causes readout of the acquisition electronies.

5.2.1 Level 1 Trigger

The Level 1 trigger for Chooz will be a fast, unbiased energy trigger. Since
1t is based only on the number of detected photoelecirons and the nunmiber of
PMT’s participating in an event, il will be casily cahbrated and simulated, and
ils elliciency can be determined accurately.

Sonie Monte Carlo results illustrate the variations in detected photoelectrons
and number of firing PM'['s as a funclion of position in the detector. Figure 5.2
shows thal the number of detected photoclectrons is a good measure of the iotal
energy 1 the event, excepl wlen the event is in the outer 30 e of Region 2,
where the variations in total light yield are large because of tie possibility that
ihe event is near one PMT.

Lvents of a given energy in the outer part. of Region 2 have fewer PATs
pariicipating in the evenl (see Figure 5.3) than those closer to the center of the
detecior. This dilference can be used to diseriminaie against events in the onter
part of Region 2 thal are near PMT's and therefore have an anomalously high
number of total photoelecirons.

Chooz will use a Level | trigger hased on both the total number of photo-
clectrons and Lhe total mumher of PAMT s inan evenl. Simple NIM elecironies
will generaie a Level I trigeer (see Pigare 5.4) when both the number of PAT s
firing is above theeshold, and the total amonnt ol Light detected by the PAT s
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Figure 5.2: Nuinber of photoelectrons for Monte-Carlo 1 MeV electrons in Chooz

as a [unclion ol distance from the center of the detector,
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Figure 5.4: The Level 1 trigger for Chooz will require both the total photoelec-
tron number and the number of PMTs fired Lo he above threshold, resulting in
a simple, reliable and fast “energy deposition” trigger.

is above threshold.

The PMT signals will be linearly summed, using MACRO-type fanin mod-
ules developed al Drexel, to give the “total photoelectrons” signal. This signal is
discriminated, giving an output pulse when the total number of photoelectrons
in the avent is above threshold.

The discriminators used in the TDC systewn have an output signal propor-
tional to the number of chanuels firing; when these signals from the discrimi-
nators are linearly suwmnmed it gives the “Lotal PM''s fired” signal, which will
also be diseriminaled {as in majority logic) to give a signal when the number of
PM17s firing is above threshold.

A coincidence of Lhe *above photoclectron threshold™ and the “above PMT’s
fired threshold” gives the Level | trigger. The Level | trigger is fast (approx-
imately 100 ns), so long delays are not needed on TDC inputs, and should be
robsust, inexpensive and easy to implament.

The energy sensitivity of the Level 1 trigger scheme was checked using events
generated by Monte Carlo. Pigure 5.5 shows trigger elliciencies as a [unction
of euergy and distance from the center of Chooz for a Lrigger based only on
detected photoelectrons, Pigure 5.6 shows a similar sel. of efliciencies when a
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Figure 5.5: Efficiency as a {unction of energy shown for several regions of ihe
Chooz deteclor, using a trigger criterion hased only on the total number of
detecled pholoelectrons. Low energy events in the outer part of the detector
can cause excessive triggers, so the Choox Level 1 trigger will have additional
trigger criteria,

trigger condition based on the number of PMTs fired is added.

It can be seen Lhat adding the condition on the number of PMT s fired
reduces the prebability of triggering on an evenl of less than 1 McV near Lhe
edge of the detector, while the efficiency in the central region 1s hardly aflected.
The condition on the number of PMTs fired raises the threshold of ihe Level 1
trigger for events near the PMT's, and will reduce the trigger rate from low-
energy background in the ouler parts of Region 2 of the deteclor,

5.2.2 Level 2 Trigger

T'wo Level I triggers within approximately 200 ps generale a Level 2 trigger (see
Fignre 5.7}, indicating that a “neutrino-like” event has been seen, and that the
acyuisition electronies should be read out.

The logic for the Level 2 trigger will be implemented with a CAMAC module
using 'PGA™s (Field Programuable Gate Arcays). This saene module will also
control the T and WD stops, and contain clock registers that are latched



CHAPTER 5. ELECTRONICS 40

Critorion: Hpo > 78 and Hpmi > 45

T T T T T T T T T T T T T T T | J—

10 == = — = — — — — — — = - - =

| X Region 1 i

¢ inner 80 om of Hegion £ |

0.8 | O central 10 om of Reglon B ]

' . @ outer 10 ¢m of Reglon B N

> A i
<

g 087 :

8 ’ 1

hal » H

] _

g 0.4 [— ]

§ - o

2] B o

0% — -

0‘0 i ] | - 1 1 L 1 1 | 1 ] 1 ]

G 0.5 2

Event Energy {MeV)

Figure 5.6: Efficiency as a function of energy shown for several regious of the
Chooz detector, using a trigger criterion based on both the toial number of
detected photloelectrons and the number of PMT’s participating in the event.
The plot shows that this criterion reduces sensitivity to background in the outer
regions of the detector and has nearly full efliciency for events in the inner
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Figure 5.7: The Level 2 trigger is formed from iwo Level 1 {riggers occurring
within a time window of 200 gs. The implementaiion of the Level 2 trigger will
use a digital counter o sel the coineidence delay, with the logic contained on
an FPGA (Field Programmable Gate Array).
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for each Level 1 trigger so thal the time between a pair of Level 1 triggers is
recorded. Modules of identical design (but different FPGA programming) are
used in the MACRO experiment to control readoutl of monopole triggers, and
only a small amount of modification 1s required to adapt them for Choos.

5.2.3 Veto and Other Triggers

A velo trigger will be used to lag Lhrough-poing muon candidates in the velo
counter (Region 3). The threshold of the veto trigger will be set al aboul 5 MeV
(above the highest gamma energy) and would correspond Lo a muon track length
of about 2.5¢m.

Other triggers, for example to do calibration, can be added very simply in
the digital logic used for implementing the Level 2 trigger by reprogramming
the FPGA’s,

5.2.4 Trigger Summary

The planned trigger scheme uses the same low energy tlireshold for both the
positron and neutron capture evenls, giving us sensitivity to neutron caplure
on hydrogen as well as on gadoliniun. Information on hydrogen-capture events
hoth inside and outside of the Larget volume may prove useful in understanding
systematic effects in the detector, A further advantage of this trigger scheme is
that it includes {accidental) events in which the neutron capture precedes the
positron event, thereby allowing accurate determination of the chance ecoinei-
dence rate,

Estimales ol background radicactivity {see Figure 8.3} indicale a singles rate
of approximately 100 Iz at a threshold of 1 MeV for Regions 1 and 2 together.
Most of these events are in the outer part of Reglon 2, and it is expected thal
the Level | trigger rale will be somewhat lower due to the Level | trigger’s
higher threshold in the outer part of Region 2.

Cooincident event rates, even with a [ MeV threshold for both the positron
and neutron signals, will be low enough that the overall event rate will be a few
Hertg, The final positron and neutron encegy and position culs can then be
made more accurately in oflline analysis with full event reconstruction.

5.3 TDC’s

High density conumercial diseriminators and TDC s will be used for the accurate
determination of PMT pulse times (U ns or better) needed Lo recoustruct the
posttion of evenis. The TDC system can be pleinented with either of two
technigues, depending on the cost of the wodules. There are a number of THC
modules from at least two vendors Lhat have the ueeessary chiaracteristies to be
suitahle for Choos.
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The first optien for the TDC sysiem is to use commercial multi-hit ‘TDC’s,
so that both the positron and neutron pulses can be stored in the TDC for later
readout, Fast-clearing of these TDC’s is possible in the case of a single Level 1
trigger; however, the event pipeline within these multihit T'DC’s generally allows
continuing without a fast-clear at the cost of a few extra hits to be read out of
the pipeline on valid Level 2 triggers.

As a second option, we conld use pairs of commercial “single hit” TDC’s,
sa that one set of TDC's would record the positron pulse times and the other
would record the neutron capture pulse times. To reduce dead-time from single
Level | triggers, the roles of the iwo scts of TDC’s can be alternated so Lthat
one of them is active while the other is being fast-cleared. This option requires
intelligent control of the TDC stop and fast-clear inputs, the logic for which
would be contained in the Level 2 trigger module and implemented within the
FPGA’s.

5.4 WEFD’s

The Waveform Digitizers (WIEFD’s) for Chooz will give the pulse-height infor-
mation for the PMT signals and the overall event history. Each input channel
is sampled at 5 ns intervals with an 8-bit Aash ADC. The output of the ADC is
stored in a G4-byte ring buffer, giving a pulse shape history of 320 ns.

When the WED receives a Level 1 trigger, the current buffer which contains
the pulse shape information from the previous 320 ns is saved along with clock
iformation, and the WEFD continues sampling with a new 64-byte bufler. There
are eight such pulse shape buffers, so the WFD can store eight independent
pulses before the buffers are overwritien.

When a Level 2 trigger occurs, indicating that a “neutrino-like”™ evenl has
been detected, a 130 jes delay orcurs and then a stop signal is sent to the WED's,
The WI'D's then stop taking data and the contents of their eight pulse shape
buffers are available for readout. The delay between the Level 2 trigger and
the WI'D) stop is Lo allow posi-Lrigger pulses to be recorded. The pre- and
post-trigger pulse histories stored by ithe WEIY will be very useful in rejecting
correlated background.

Figure 5.8 shows a block diagram of asingle chanuvel of the WF1} systems. The
level of fan-in of PM'T channels per WEFD channel has not yet been deterinined;
the use of individual TDC’s on the PMT channels gives considerable fiexibility
i fanning in signals o the WFD's without degrading the event reconstruction.

The WID system will be implemented in FASTBUS, because the large
FASTBUS board size will allow two clrannels per card and also because it is
well suited to supply the power regquirements of the WEFID cards.
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Figure 5.8: Block diagram of WD system lor use wilh Chooz. Ounly four of
the eight pulse shape buflers are shown. The NEEXT signal will come from the
Level | trigger, indicating that a pulse should be stored, while the S'TOP signal
i5 laken from the Level 2 trigger delayed by Lo s, Each pulse shape bufler
stores 320 ns of 8-hit pulse height at Hus intervals,
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5.5 Acquisition System

The readout of the FASTBUS crates will be made by a commercially available
FASTBUS module containing a 68020 microprocessor and an ethernet interface.
This module will respond to trigger interrupts, and read out the WFD’s and
TDC’s and buffer evenls. The use of zero suppression or event compression in
the microprocessor is being considered.

Acquisition control, online display, and data storage will be performed by a
local workstation connected to the FASTBUS microprocessor and other acqui-
sition electronics.
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Calibration

The aim of the detector calibration is to permit reaching the 2% syslematic ac-
curacy desired for the neutrino eveni rate and energy spectrum ineasurements.
In a long baseline reaclor neutrino oscillation search, the event statistics tend
to be relatively poor and, as a consequence, the neutrino energy spectrum anal-
ysis will notl be very sensitive to oscillation parameters, excepl for large mixing.
Maximum sensitivity to neutrino oscillations will be obtained by comparing the
rate of detected neutrinos above a fixed energy threshold Lo the expecled rate.
The accuracy of the rate measurement is determined by knowledge of the ¢*
energy threshold (including the two annihilation 4's) and of the neulron detec-
tiou cfficiency. Knowledge of the latter requires measurement of the absolute
capture probabilily of a neutron by a Gd nucleus and of the efliciency of the
selection criteria.
The various tasks of the detector calibration are:

¢ Monitoring the response of the digitising electronics by means of calibrated
charge pulses;

e Mounitoring the gain of cach PMT, which can be achieved by continuous
on-line measurement of the single photoclectron peak amphitude, making
use of the good encrgy resoluiion of the PMTs selected and by using
imformation from the other calibration procedures,

¢ Determination of all parameters needed 1o ealeulate the energy deposition
of each event from the recorded PMT pulse height and thining data. T'his
task ean be performed using 4 lines from radioactive nuelel present in
the background (K, *™T1, 4 lines from neatron capture on (idy or in
dedicated source runs ("2, MCo. ™Y, Am/Be). These runs will be
perloried monthly, with daily cheeks to be made using a calibrated light
pulse generator. Tu suel a tatal absorption detector, 5 lines will he eusily
observed and parameterized. The daia needed for the energy caliliration

45
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are the light emission and transmission of the scintillalor and the PMT
and electronics response;

¢ Delermination and monitoring of the neutron detection efliciency, includ-
ing the Gd neutron capture probabilily and neutron capture time as well
as the neutron selection criteria.

6.1 Energy Calibration

The mechanical design of the detector will include aulomatic introduction of
various radioactive sources into the center of the gadolinium region by a movable
lucite tube filled with scintillator for minimum optical interference. Another
specially designed tube will permit exploration of other pasitions for checking
radial encrgy dependence,

Two energy regions are worth monitoring accurately:

o The 2McV region associated with the ¢* threshold. For this region, stan-
dard 7 sources exist (38Y, 8°Co, 53Zn) which will allow linearity measure-
ment around the tlireshold.

e The other region is the energy window for the neutron capture signature
(typically 5 - 10 MeV). The number of muon-tagged neutron captures
in the Gd volume is small (several hundred per day) but enough for a
daily check of the stability of the energy window and of the capture peak
position. A dedicated Am/Be {ast neutron source run will allow accurate
determination of the neutron capiure peak using the receil proton pulse
and the 4.4 MeV  as a trigger. The 8 MeV capture peak can also be used
as an energy calibration reference point which is near the end of the et
encrgy spectrum. The time needed for these runs is small, so Lhe interval
between calibraiion runs can be shorl.

6.1.1 Peak Position Dependence

For a given energy deposit, the total charge collected on the PMT s shows a
radial dependence (see Table 6.1.1). This 10% radial variation can be compen-
sated by corrections based on the reconstructed event position. The corrections
themselves can be determined from careful source calibratious.

6.1.2 Calibration of Region 3 (Veto)

In the veto region the energy resolution will he lhmited by the geometry and by
collection ol only about 30 pe’s/MeV. Neveriheless, ealibration will be possible
using the peak positions of various 4 lines using either source runs or the natural

'—’[]Hrl\l.

fines coming oul from ihe rock, esp. Flanges on the cover of the wain

vessel will permil the introduction of radioactive sources as well as light pulses.
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Distance from | large | small
centoer AXIS axis
0 1 |
25 em 1.004 | 1.007
50 cm £.015 | 1.013
75 cm 1.020 | 1.036
100 em 1.023 | 1.065
125 em £.030 | 1.120
150 cin 1.131 | 1.070

Table 6.1: Spatial variation of the light collection efficiency. Results of a Monte
Carlo simulation with 160 EMT 9351 PMT’s installed 80 am away from the
acrylic vessel. These caleulations assume 8t as the mean light atlenuation
length.

6.1.3 Short Term Gain Monitoring

We have twao possibiliiies for monitoring the short term gain stability:

o Using the spark-gap system developed for the Bugey experiment, [36]. This
system consists of a nitrogen flled 30 Hz spark gap with special spherical
tungsten electrodes. The device provides an intense blue pulse that is
filiered to matel the sciniillator-photocathode combined photosensitivity
{420 nm). The iuiensity can be adjusted by a CAMAC-controlled set of
precision neutral density filters, which are also used for linearily measure-
ments of the entire chain of electronics. To nse this system for Chooz,
we will have to provide an optical fiber to carry the light to the center
ol the gadolinium volutne, and a light difuser to illuminale the PMT s
as homogencously as possible. To obtain the needed accuracy quickly,
we would need about 50 pholoclectrons on cach tube (equivalent Lo a
100 MeV energy deposit). This systein would permit on-line equalization
and stahilization of the gains of the 166 chiamels,

o Similarly, we could use a UV pulsed taser with a quartz fiber leading to the
center of the detector. UV-induced fluorescence of the scintillator liquid
would then provide an isotropic light source with the correet spectrun,
We are currently investigating the leasibility of this solution.

It both solntions, dedicaied photosensitive deteclors are needed to monitor
the amount of light provided by either the spark-gap or the laser. on a pulse-
Lo-prlse basis.
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6.2 Neutron Detection Efficiency Calibration

Gooil control of the neutron detection efliciency requires several types of infor-
mation:

o measureinent of the absolute neutron detection efficiency;
¢ monitoring the time stability of the neutron detection efficiency;
o determination of the spatial variation inside the Gd regiou; and

e measurement of the neutron capture time in the Gd region.

6.2.1 Absolute Efficiency Measurement

The absolute neutron detection efficiency will be measured in the center of the
detector using the neutron multiplicity method with a 2Cf spontaneous fission
source {[37]). Lven with fast neutrons, the size of the Gd region in the deleclor is
large enough Lo catch all neutrons emitted by the source. We cau therelore treat
the deteetor as an infinite medium. Our elecironics will permit full tmeasurement
of up Lo 7 neutrons from each tagged fission. The tagging is done by recording
the signal created by the fission products either in a semiconduclor or in a gas
scintillalion detector.

6.2.2 Time Stability of the Neutron Detection Efficiency

Time stability of the neutron efficiency is governed by Lhe stabiity of the energy
calibration, discussed previously, since it depends on the stability of the capture
peak inside the selected energy window, The other parameter controlling the
ncutron detection efficiency is the Gd concentration in the scintillator, which
can be cliecked either by measurement ol the capture 1ime of the neutron or by
periodic abisolute neutron detection efliciency measureimnent.

6.2.3 Uniformity of the Neutron Detection Efficiency

Uniformity of the neutron detection efliciency 1s linked Lo several parameters:

e Spatial variation of the energy response of the detector as discussed above,
The capture energy of the neutron candidale can be corrected using knowl-
edge of the reconstructed capture position. Furthermore, in this detector
most of the energy of the ¥'s from Gd deexcitalion will he absorbed.
Small variations of the encrgy respouse of the detector will thus nol lead
Lo large efliciency variations, Moreover, we will directly measure the spa-
tial response of the detector to neutron caplure usityg an Am/Lilow energy
(200 KeV) neutron source,
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s Losses of neutrons cscaping the Gd region. This cflect will be checked
by scanning with the Am/Li source. This measurement will also be used
to validate the neutron Monte Carlo code. The final correction musi be
calculated since it would also need to include neutrons creaied by nevtrino
interactions in the unloaded scintillator which difTuse into the Gd region.
The correction is very small {~0.0%) and uncertainties in it will not be
significant.

6.2.4 Capture Time Measurement

The capture time of the neutron will be measured during the Am/Be source
runs using the prompt pulse {4.4 MeV 5 and the thermalization pulse) as the
time start. It can also be checked continuously by the ncuirino data and by
cosmie ray-induced neutrons.
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Event Rate and Statistical
Error

We calculate the expecled antineutrino event rate in the experiment to be about
30d~? using the assumptions shown in Fig. 7.6. For a 200-day run we thus
anticipate about 4400 events, allowing statistical errors in the vicinity of 2%,
assuming a good background measurement can be made before the first reactor
starts operalion in lale 1995,
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Figure 7.1: The inverse beta decay positron spectrum for Chooz, with a thresh-

old cul at 1.3 MeV.

SUMMARY OF EXPERIMENTAL ERRORS (1)

Cross soction and neutrino flux 2.5%
Reacior power + {uel composition 1.5%
Detection efliciency 2.0%
Systanatic error 15%
Statistical error 2.0-4.0%
TOTAL ERROR 4.0-H.3%

Table 7.17 Istimates of systematic, statistical and total errors in the Cloor
experinent.
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Gd Neutron Detection Efficiency vs Threshold
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Figure 7.2: Calculated detection efliciency for gadolinium neutron capture
events vs, threshold. At the expected operating threshold of 5 MeV, the ef-
ficiency will be 96.4%, as shown by the plotied point.
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Gd Neutron Capture Energy Containment
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Figure 7.3: Containment of the energy deposited by gadolininm neutrou cap-
ture gamma rays in the Cliooz detector. The solid curve shows the effect of
surromiding the target (region 1) with an energy coutaintnent volume (region
2): reduction by aboul an order of wagnitude of the low cnergy tail caused by
escaping gamma rays. ‘I'he two peaks ab 8.527 and 7.929 MeV are caused by the
presence of two captnring isotopes (192CGd and 7Gd) will different Q-values,
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100 Gd Neutron Capture Events
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Figure 7.4: Frajectory plot for 100 (Gd neutron capture Monte Carlo events.
The source points are randemly distributed thiroughout the target (region 1).
Each event releases several gatnina rays whose energies add up Lo about 8 MeV.
Most of the energy leaking oul of the target is absorbed In region 2, ihe event
containmment volume. The elliciency for depositing more than 5 MeV in regions
1 and 2 is 96.4%, as shown in Fig. 7.3, where the results of 500,000 Monte Carlo
events are plotled.
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100 Positron Events
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Figure 7.5: Trajectory plot for 100 positron Moute Carlo events. The kinetic
and annibilation energies are almost perfectly absorbed in reglous 1 and 2, with
a calculated detection efficiency of 99.8%.



CHAPTER 7. EVENT RATE AND STATISTICAL ERROR

CHOOZ EVENT RATE

Reactor power (2 units) 8.40 GW-tharmal
Energy release per fission 203 MeV
Reaction cross section 5.80E-19 bffission
Fission rate 2.58E+20 fissions/s
Neutrinos per fission (approx) 6
Neutrino flux at detector 1.2E+10 /focm"2/s
Reactor distance 1.03 km
Target H density 7.00E+22 atoms/cmA3
Fiducial volume 5.6 m"3
Paositron detection effliciency 99.8%
Gd capture fraction 86.7% (0.1% Gd)
Neutron capture detection efficiency 96.4% (5 MeV threshold)
Coincidence efficiency 97.3% (100 microsec gate)
Event rate (2 reactors, full power) 31.2 cpd

choozral xls

18- Apr-83

Pigure 7.6: Calculation of the neutrino event rate.
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CHOOZ
STATISTICAL ERROR

Event rate R 15 cpd/reactor
Background rate B8 4 cpd
Time % two reactors on g2 0.50
Time % one reactor on el 0.00
Time % both reactors off el 0.50
Total counting time T 365d
2 reactor count total N2 6205
1 reactor count total N1 0
Signal + background N2+N1 6205 counts
Background NO 730 counts
Net signal R 15 cpd/reactor
Statistical error 1.52%
choozerr Ws
21-Apr-83

Figure 7.7; Calculation of the statistical error for a one year run with a back-
ground of four per day, Six months of counting are assumed with both reactors
at full power and six months with both reactors ofl, Mig, 7.8 plois the statistical
error for a range ol background rates and reactor time-on fractions.
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CHOOZ STATISTICAL ERROR
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PFigure 7.8: The statistical error lor a range of background rates and reactor
time-on fractions. Lven for Lhe less [avorable case of uo counting time with
bolh reaclors off and a single reactor time-on fraciion of 80% (dashed curve),
a two year run will achieve a 4% stalistical error for background rates up Lo 40
por cay. For the antictpated background rate of 4 per day, the same run would
reach a statistical precision of 2.5%.
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Background

In this experiment the main signature of the neutrino interaciion is based on a
clean neutron signal, the level of the natural neutron background being much
lower than that produced by ¥'s. The 8 MeV total energy v rays released hy
neutron capture on a gadclinium nucleus are well above the highest energy of
the natural 7 background (?98T1, 2.614 MeV). To accept a neulron candidate
as a neutrino-induced neutron we musl find in its history tlhe prompi pulse
corresponding to the ¢¥ signal and no other correlated signal indicating either
a j going through the detector or a multiple neutron event. We can define
the following twa classes of background which can simulate a reactor-neutrino
interaction:

e ACCIDENTAL BACKGRQUNID corresponds o a coincidence between
two uncorrelated signals — an et (E > 2MeV) and a neutron (E >
6 MeV) within the time (At < 100 p8) and space window. Using the esti-
mated et singles rale (section 8.1) and neutron singles rate (section 8.2)
the accidental background rate will he

Roe Ryr={150s=1)(1/3600s=")(10~%s) = 0151~ |

nearly 100 times lower than the anticipated event rate,

o CORRELATED BACKGROUND is produced by fast neutrons whose col-
lisions on (ree protons simulate the ¢ signal followed by slow ueutron
caplure on a Gd nueclens, These Tasi neutrons can be produced either by
cosmic-ray g mberactions in the detector and the surrounding material or
by spontancous fission in Uiese malerials. Closiic ray interactions iu the
detector (stopping g5 and g nuelear spallation) will be casily eliminated
using the tagging information provided by the veto Tayer of the detector
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during ~ 3 life-times of the nentron in the detector. The neutrons cre-
ated by spontaneous lission or by u's stopping in the material surround-
ing the detector (energy < 10MeV) will be absorbed in the scintillator
(thickness > 1.5 m) surrounding the inner vessel containing the Gd-loaded
liquid scintillator. We are thus left with fast neutrons produced cither by
spontaneous fission in the detector (section B.3) or by p nuclear spallation
in the raw material around the detector (section 8.4).

8.1 Singles Rate Estimate for et-like Signals

Due to the et energy threshold (2 MeV), well above the *°K line, the positron-
like singles rate will be mainly related to the amount of thorium in the detector
and in the surrounding malerial. This situation requires materials selection
for the detector {liquid scintillator, mechanical structures and plictotubes) and
careful estimalion of the effect of the U and Th content in the material sur-
rounding the detector, Due to the level of U and Th in the rock of the tunnel
(section 8.5), special shielding has heen designed which will consist of selected
low activity malerial filling the available volume hetween the rock and the main
vessel (~ 70 cm thick). This maierial will probably be compressed sand (for ex-
ample Comblanchien from the Burgundy area). The concentrations allowed are
U < 100 ppb, Th <100 pph, *°K <10 ppb. Usiug these numbers, the counting
rate at the 29T peak will be < 1505~ inside the volume defined by the PMT’s
supporting structure (region [ and II), to be compared to <20s™! from the
PMT% and the liquid scintillator.

8.2 Singles Rate Estimate for n-like Signals
Neutron candidates can be produced by the following processes:

e real neutron caplure by a Gd nucleus without a visible prompt pulse
(Evisipte < 1MeV) produced by neutron thermalizalion; and by

s ligh energy 7's entering the volume defined by the PMT's (vegions | and
9).
8.2.1 Thermal Neutron Capture

Thermal neutrons which reach the Gd-loaded liquid seintillator arise fron the
ollowing two sources:

e sponlancous fission in the detector (section 8.3) —- the rale is vegligible

(< 1 /h)
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e cosmic-ray induced neutrons - the number can be deduced from the
thermal neutron measurement at, Dugey, This measiurement was done with
a detector made of a 2 m? vessel containing 254 3Ile counters and (lled
with water. Using dala collected during the reactor shutdown, aflter alpha
background subtraction and muon-tagged neutron rejection, we oblain
260 thermal neutron captures/m? /. Assuming pessimistically that all
these neutrons were produced by cosmic ray interaclions outside the active
shielding, we can extrapolate to Lthe conditions of the detector tunnel at
Chooz, finding 2.6/m?/h. Adding the improved shielding conditions of
the Chooz detector, Lhe number of neutron captures in the Gd iargel will
be < 1/hL

8.2.2 High Energy 7’s

The main source of high encrgy 4's is neulron capture in the rock. The source
of neutrons is the (a,n) reaction in light elements, the a-particle being produced
by 32Tl and *3%U contained in the rock. This effect has been caleulated and
measured in the Creighton mine for the SNO proposal. The flux of 7’s with an
energy > 5 MeV is equal to 24/m?/l, the quantity of **Th i the rock being
5.3 ppm at the location of the measurement. In our experimental conditions
{(low activity sand around the deteclor) the v fux entering the detector will be
0.5/m%/l. For these 9’5 the attenuation in the external layer of the detector is
~ 300 and so their counting rate will be <1/h in regions 1 and 2.

8.3 Spontaneous Fission

Spontancous fission is delermined by the abundance of natural uranium in the
raw material of the detector — | gram of wraniwmn produces 45 lissions/h. Tak-
ing ile account the mean neutron multiplicity of 2.5 yields 12 neutrons/l.
Using the measured values of the uraninm content in the raw material of the
detector (see Table 8.5), we can show ihat the main origin ol fissions will be
the PMTs and their suppotting structure {<.035 mg of natural wwanimm in the
Liguid seintillator). The wpper limit for 200 PAT s will he

o PMTs: (70 pply) - (600 grar) - (200) = 8.4 mg
e slainless steel: (4 pph) - (3000 gram) - (200) = 3 mg

The neutron rate therefore will be 1.3/h. Taking mto account the solid
angle (0.5). absorpliou iu the 70 em ol scintillator around the padolinium target
(~ 107, 1t is apparent thal the rate of Gd caplture Tor these neutrons will he
negligible, Tnaddition, the thermalization signal will have a low probabilily of
satistyiug the ¢t energy threshold,
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8.4 yu-Induced Background

Neutron production has been studied at various depths [38], but it is difficult to
determine from these studies the absolute number of neutrons reaching the Gd
target, since there is no reliable Monte Carlo program for neutrons hetween 10
and 100 MeV. We prefer Lo use measurementis done al Bugey at 10 and 25 mwe
(see Fig. 8.1), and to extrapolate to the 300 mwe Chooz deptli using the results
of [38]. The numbers are summarized in the Table 8.1.

Experiment | Muon Flux | Deptli| Ny.ytren | Measured Rate
fm?/s mwe |/pfgfem?l  fm3/h
Bugey, 40 m 79.0 10 3.2 1078 13704
Bugey, 15 m 30.0 25 4.7 10°° 83405
Chooz 4 300 | 14.8107°% | .35 (estimale)

Table 8.1: Estimate of the muon-induced correlated background.

The fast neutron rate for the Bugey detector geometry at the Chooz site
is thus estimated to be .35 m~3h~!, To find the expecied rate for the Chooz
delector geometry, we must take inlo account the extra thickness of the liquid
scintillator buffer in which the neatrons will be absorbed (> 150 om instead of
35 cm as at Bugey). We therefore expect an additional atienuation factor well
above 10 for 10-100 MeV neutrons. Under these conditions, the background
induced by st nuclear spallation should be <0.11h~! in a 6m?® target of Gd-
loaded liquid scintillator, more than ten times below the expeclted neutrino
event rale.
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BUGEY FAST NEUTRON ENERGY SPECTRUM

1OIIII|IIIIIIIIIII1II

T T T FTT
| I |

1

~B, r[i Events 6l 10 MWE
13.7 10.4 eventwm3thr
- aed #}}{# }ﬂ ovents/m

Iillill

1

Evenls at 20 MWE
8.3 +0.5 evenls/m/hr

events/MeV/mShr
: ° A
2 /
B / g
7
8
L e

107 \T —
- r -1
i i
1 0-2 1 L 1 i I 1 i 1 1 ! i 1 1 1 1 1 I i
0 5 10 15 20
Ee (Mev) HUGKY N.T

Frgure 8.1 Uniagged fast neutron spectrum at Bugey,
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G4

8.5 Activity of Shielding and Detector Compo-

nents
40y¢ 238y 2320p],

schisl 1.60 ppm | 1.60 ppin | 7.34 ppm
sandstone A1 ppm | 0.21 ppm | 1.03 ppm
sand (Belgium) 23 ppm | 0.17 ppm | 0.58 ppm
Comblanchien 20 ppb | 0.50 ppm| 113, ppb
iron shot A8 ppb | <€0.3 ppb| £ 1.7 ppb
(heavy concrete)

tron plate <.30 ppb| <2ppb | <5 ppb
(Bugey shielding)

Table 8.2: Shielding Compenent Radioactivily

a0y 238] 232,
Gd <& ppm{ 0.7 ppb 5 ppb
PMT’s (EMI) 20 ppb | 7O ppb | 100 pph
800 kg each
stainless steel (typical) | <2 ppb [ <04 ppb [<0.3 ppb
cable RGHBCU (red) 0 17 ppb 0

Table 8.3: Detector Component Radioactivity
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8.6 Summary of MC Singles Rate Calculations

INDIVIDUAL CONTRIBUTIONS
TO SINGLES RATE

ABOVE 1 MeV IN REGION 1

Material Th U K TOTAL
Hz Hz Hz Hz
Gd-region 1 034 020 013 07
LS-region 1 .001 003 125 13
LS-region 2 1.9E-4  5.7E-4 .025 03
LS-veto 7.0E-6 1.0e-5 5.4E-4 5.0E-4
ocrylic 1.1E-4 43E-4 2.0E-4 7 AE-4
PMT 18 19 16 53
steel tonk .0003 0003  6.4E-7 001
low octivity gravel 25 34 02 61
schist/sandstone 04 04 04 12
TOTAL 05 0.6 0.4 1.5

conlsldl.kls

4513793

Figure 8.2: Individual contributions to the singles rate above | MeV in the target
region. The most important sources of background are tlie phiotomultiplier tubes
(.53 Hz) and the low aclivity gravel shielding (.61 Nz}, The caleulated (olal

singles rate is 1.5 Hu.
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( CHOOZ DETECTOR SINGLES RATES
| Nuclear Data |
ISOTOPE AMU T-HALF lsotoplc  Specific Gamma's
{yn abundarnce actlvity per decay
{ba‘g} {E = 200 Koy
U23s 238 A51E+09 0.993 12239 1.81
Th232 232 141E+10 1.000 4044 240
K (nat) 39.1 1.28E+09 | 1.17E-04 30.3 0.11
[ Materlal Data Contamination Levels |
Materlal Quantity or Mass [Th] [LU]] [K{nat}]
Thickness _ (tons) {9/g) ©/9) {9/9)
Gd-region 1 0.1% 0049 5.0E-9 7.0E-10 1.0E-%
LS-region 1 5600 lit 4.9 1.0E-13 1.0E-13 1.0E-8
LS-region 2 19600 it 16.7 1.0E-13 1.0E-13 1.0E-8
{ S-veto 105500 Iit Q0.1 1.0E-13 1.0E-13 1.0E-8
acrylic lcm 150 1.0E-12 1.0E-12 1.0E-9
PMT 150 tubes 105 1.0E-07 7.0E-08 1.5E-04
steel tank 0.8cm 9.4 1.0E-0% 1.0E-09 1.0E-08
low activity gravel 74cm 217 1.6E-07 7.1E-07 2.6E-04
schist/sandstone 40cm 165 5.0E-0é 2.0E-06 1,46-02
| Total Singles Rates (Hz)
Threshold Energy | Region 1 | Reglon 2 | Reglon 3
1 MaV 15 99 26824
1.5 MeV 0.7 39 11816
2 MeV 0.3 15 42

contsumi xis
4719493 18:.07

Figure 8.3: Sununary of the singles rales as caleulated by the Monte Carlo
garmna ray transport code. ‘The contamination levels are measured (Gd, PMT,
stecl, low activity gravel and schist/sandstone) or estimated {liquid scintillaior
aid acreylic).  As shown in Pig. 8.2, Lhe latler two malerials are believed to
contribitte only aloul 10% of the total singles counting rate above 1 MeV in the
Larget region.
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Chooz Site Background Absolute Comparison
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NO arbitrary normalization factors
Erhl. [”laf K] = 10,2, 1.6 ppm

22An, *?An and #%3U not included
Nal: 10.8 kg, {14.34 cm)?
roesolution 10% at 662 KeV "
schist: spherical shell radii 14 and 54 c¢m,
density 2.5 giem®
composition 58% SiQ,, 15.4% Al,O,, stc s
U, Th decay chains cut at E=200 KeV and Int=1% "~ ~
20M uniform decays in schist modelled (= 66 sac)
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Figure 8.4: Comparison of the measured backgrouud at the Chooz nnderground
sile with a Monte Carlo siulation. T'he measured intensity of the 2.6 MeV
2087 fine (thorimn chain) is about a factor of twe lower than the calenlation,
indicaling that the true thorium content at the site is about b ppnt. The potas-
sinin and wranium peaks are in good agreciuent with Lhe calenlation. The peaks
al 662 KeV (1#7C%s) and 1173 and 1333 KeV ("Co) ave caused by fission prod-
uct contatnination which will be cleaned up hefare Lhe detector is ustalled. All
three gamma rays are tn any case nearly completely absorhed by the T1-cm low
activity gravel shielding and by the TI-cm thick Haguid seintillation veto comter
and will not be troublesome.
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