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Abstract

The goalsofthisresearcharetheexperimentaltestingoffunda-
mentaltheoriesofphysicsbeyond thestandardmodel and the

explorationofcosmicphenomena throughthetechniquesofpar-
ticlephysics.We areworkingon theMACRO experiment,which

employsa largeareaundergrounddetectorto searchforgrand
unificationmagneticmonopolesand darkmattercandidatesand
tostudycosmicraymuons aswellaslowand highenergyneutri-

nos;theChooz experimenttosearchforreactorneutrinooscilla-

tionsata distanceofi km fromthesource;a new proposal(the
Perryexperiment)to constructa one kilotonliquidscintillator

intheFairportOhio undergroundfacilityIMB tostudyneutrino
oscillationswitha 13 km baseline;and developmentoftechnol-

ogy forimprovedliquidscintillatorsand forverylowbackground

materialsinsupportoftheMACRO and Perryexperimentsand
fornew solarneutrinoexperiments.
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1 Introduction

This document is a progress report for the Drexel University-United States
Department of Energy program of research in experimental particle physics.

The Drexel University group currently consists of one senior faculty mem-
ber (R.I. Steinberg), one junior faculty member (C.E. Lane), two advanced
graduate students (M. Mittelbrunn and F.C. Wang), a beginning graduate
student (Z.L. Hu), an undergraduate physics major cooperative education
assistant and an undergraduate physics senior project student.

Al_o working with the group is J. Petrakis, who did his doctoral thesis
[1] on MACRO at Indiana University and who is currently a post-doctoral
fellow at the nearby Bartol Research Foundation. Dr. Petrakis spends about
25% of his effort working with our group on physics analysis of data from
the MACRO experimerrt.

We are presently active in the following research projects:

• the MACRO experiment, which employs a large area underground de-
tector to search for grand unification magnetic monopoles and dark
matter candidates and to study cosmic ray muons as well as atmo-
spheric and stellar collapse neutrinos;

• a new one kilometer-baseline reactor neutrino experiment at the Chooz
nuclear power station in France whose main goals are to seek neutrino
vacuum oscillations down to a mass-difference squared sensitivity of
10-3 eV 2 (a ten-fold improvement over current limits) and to serve as
a prototype for the Perry experiment;

• development of the Perry experiment, a 13 km-baseline search for neu-
trino oscillations which will use a two-kiloton liquid scintillator and
which is aimed at a mass-difference squared sensitivity of 8 x 10-s eV2.
The Perry experiment would close the gap between existing reactor neu-
trino oscillation searches and those using solar neutrinos. Perry would
also be capable of precise measurement of the energy spectrum of SB
solar neutrinos down to an energy of 3 MeV, which would provide a
new window on possible MSW oscillations of solar neutrinos;

® development of technology for improved liquid scintillators and for very
low background materials in support of the MACRO, Chooz, Perry and
other experiments; and



• SSC research and development, particularly as applied to the GEM
detector and to forward calorimetry.

MACRO - As described in Section 2, construction of the MACRO exper-
iment in Hall B at the Gran Sasso underground laboratory (Abruzzi, Italy)
is nearly complete. A substantial data set is already available from which a
significant number of new physics results has been obtained and published;
large quantities of excellent new data are anticipated after completion of the
instrument.

Several million muons have been recorded by MACRO, and an extensive
analysis of the early (1989-90) runs has been especially fruitful. Prelimi-
nary results were obtained on the vertical muon flux, the lateral spread and
multiplicity distributions of muon bundles, a search for Grand Unified The-
ory magnetic monopoles, and a search for electron antineutrinos from stellar
collapses, as well as surface-underground coincidences between MACRO and
EASTOP (an extensive air shower array located on the mountain above
MACRO and operated by a. group from Turin University).

Recent publications of MACRO results concern gravitational stellar col-
lapse [2], arrival time distributions of cosmic-ray muons [3], primary cosmic-
ray composition [4], a search for strange quark matter [5], and a general
description of the first supermodule.[6]

All six supermodules of MACRO were brought on-line this year, and
the first supermodule has been retrofitted with new PMT's and electronics.

New instrumentation being installed on MACRO includes the fast monopole
and global muon trigger system, developed and constructed at Drexel by
Prof. Lane and co-workers. This trigger system gives MACRO sensitivity to
monopoles with velocity/3 > l0 -a, and is important for fractionally charged
particle searches as well. Installation of the Drexel fast monopole trigger
system will be completed in the next few months.

The outstanding performance of the MACRO ezperiment has been made

possible by the development of high transparency liquid scintillators in Prof.
Steinberg's laboratory at Drezel University.

At present, more than 500,000 liters of the Drexel MACRO scintillator

have been installed in the detector. The scintillator performance has been
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fully consistent with that obtained during development testing at Drexel.
The attenuation length (the most critical parameter for the twelve-meter

MACRO detector modules) is about 12m, including losses both from the
liquid scintillator itself and from the totally reflecting teflon liner of the de-
tector boxes. This high transparency means that the ratio of light collected
from the near end of a module to that from the far end is only about 4:1. At
the center of a tank, a minimum ionizing particle produces approximately
400 photoelectrons, while at a distance of 11 meters, such a particle yields
260 photoelectrons. No other detector of similar geometry has attained this
level of performance.

In summary, our contributions to and responsibilities on MA CRO are sub-

stantial. Beyond the continuing work of producing and testing the MACRO
scintillator, we have responsibility for one of the major detector trigger sys-
terns and wish to participate as well in physics analysis of the data stream.

Chooz neutrino oscillation experiment - For our second major exper-
iment, we have joined two French laboratories (the Coll_ge de France, Paris
and L.A.P.P.- Annecy), a Canadian group (Queen's University) and the
University of New Mexico to perform a sensitive new search for neutrino
vacuum oscillations at a 125 meter-deep underground site in northeastern
France 1 km from the nearly-completed Chooz nuclear power station (the
Chooz experiment, Section 4). We are fortunate here to be able to pursue
a ten-fold improvement in the neutrino oscillation mass parameter, Am 2, at
modest cost.

The Perry experiment - In addition, we are vigorously pursuing a major
new highly sensitive long baseline deep-underground reactor neutrino oscilla-
tion experiment (the Perry experiment, Section 5). This experiment will take
advantage of the existing IMB Fairport (Ohio) underground facility and will
use antineutrinos from the 3600 MW Perry Nuclear Power Reactor, optimally
situated at a distance of 12.9 km from the underground laboratory.

The goal of the Perry experiment is to improve by a factor of 200 current

limits on the neutrino oscillation mass parameter, ZXrn2, thereby providing
a sensitive new probe for finite neutrino masses. For large mixing angles,
the experiment will detect oscillations for values of Am 2 > 8 x 10.5 eV 2.

This result would close the gap between current laboratory oscillation limits
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and the region accessible only via solar neutrino experiments. In addition, it
would confirm or eliminate u,-ue oscillations as the source of the atmospheric
neutrino anomaly.J7]

The concept of the experiment is to build a 16-m-diameter cylindrical
stainless steel tank in the old IMB site. The tank wi!l be filled with two

metric kilotons (one kiloton fiducial) of a highly transparent gadolinium-
loaded liquid scintillator under development at Drexel.

Scintillation photons from particle interactions in the vessel will be col-

lected by 2400 eight-inch photomultipliers and processed by fast multi-hit
adc/tdc's. The Perry detector will have good energy resolution, with about
100 photoelectrons detected per MeV of ionization energy deposited.

About 4000 tons of ultra-pure water instrumented with 400 photomulti-
plier tubes will surround the scintillation tank, serving both as passive shield-

ing against ambient radioactivity and as active shielding against cosmic ray
muon-induced backgrounds, already suppressed by a factor of 2 x 104 by the
550-meter rock overburden. Development work aimed at the submission of

a formal proposal by the middle of 1993 is in progress.

Fairport Laboratory Workshop - Nearly 40 physicists from 11 institu-
tions and 3 countries attended the Workshop on Future Experiments at the
IMB Fairport Underground Laboratory, which we organized recently in collab-
oration with the University of New Mexico. The excellent turnout attested

to the high community interest in new underground experiments, especially
those directed at a new long baseline neutrino oscillation experiments, such
as Chooz and Perry.

The dual purposes of the Workshop were to review neutrino oscillations,
dark matter searches and closely related issues; and to develop a plan for the
pursuit of new experiments in these areas.

The theoretical and experimental talks at the Workshop clearly showed
that the question of neutrino masses remains at the very core of modern

particle physics. The puzzle of the missing solar neutrinos may be explained
by the unexpected existence of small but definitely non-zero neutrino masses.

If confirmed by new experiments, the finite neutrino masses are likely to
become the first phenomena beyond the bounds of the standard model of

particle physics, and hence tile key to a new paradigm for the field - perhaps
a grand unified theory or a supersymmetric theory.
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The outcome of this workshop was the formation of a new collaboration
to study, propose, and ultimately to perform the perry experiment. Drexel's
Prof. Steinberg was selected as spokesman for the new collaboration.

Collaborating institutions so far are the California Institute of Tech-
nology, Cleveland State University, Coll_ge de France, Drexel University,
L.A.P.P. (Annecy), Louisiana State University, Queen's University, Univer-
sity of Arizona, University of California at Irvir_e (observer status), Univer-
sity of New Mexico, and Vanderbilt University. Discussions are currently in
progress with a number of others interested in joining the collaboration.

SSC - We have been active as well in developing liquid scintillators for use
in SSC forward calorimeters (Section 6). While this is a small project, the
materials and performance criteria have quite a large overlap with our other
projects using liquid scintillator.

This progress report concludes with a list of our recent publications (Sec-
tion 7).
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2 The MACRO Experiment

The MACRO experiment [8] (see Fig. 1) is a joint C.S.-Italian effort to con-
struct and operate a magnetic monopole and cosmic ray muon and neu-
trino detector of unprecedented sophistication and sensitivity. The con-
struction of the lower part of MACRO, which consists of six 'supermodules'
(12m × 12m × 4.8m each), was completed in the Spring of 1991, with instru-
mentation of these supermodules currently underway. We started physics
runs with all six supermodules in early 1992.

Construction of the upper part of MACRO (the attico) was begun in
the past year. When the attico is completed, MACRO will have dimensions
of 72m x 12m x 9m, with an acceptance for isotropic particle fluxes of
10,000 m 2 sr.

2.1 MACRO Liquid Scintillator

Full implementation of the MACRO detector will require a total of ahnost
one million liters of liquid scintillator. Since no commercial scintillator was
available with su_cient transparency to give satisfactory performance in a de-
tector such as MACRO with its twelve-meter light collection path, our group
took the responsibility of developing for MACRO a special high-transparency
liquid scintillator.

2.1.1 Design

As a result of research in the scintillation ]_l-'_ratory at Drexel University,
we succeeded in designing a new liquid scintillator (now widely known as
'MACRO scintillator') with outstanding transparency (greater than twelve
meters attenuation length Ibr scintillation light) and good energy conversion
efficiency (about 40% that of anthracene, the most efficient known organic
scintillator). Furthermore, in col!aboration with our MACRO colleagues at
Indiana University and the University of Michigan, we have produced the
MACRO scintillator in large quantities at a cost of about $1.25/liter. For
comparison, commercial liquid scintillators, even in large quantities, have
been quoted to us at prices exceeding $2.00/liter. We are therefore providing
for MACRO a superior product at a saving of $.75/liter. For the million-liter
finished detector, the total saving will be about $750K.
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Figure 1: Schematic view of the MACRO experiment. The detector area of about

1000 m 2 will allow a search for magnetic monopoles at a sensitivity level well below the
Parker limit as well as significant new experiments in cosmic ray muon and neutrino

physics. The principal U.S. contribution to MACRO consists of 500 twelve-meter long
scintillation detectors and associated electronics. Nearly one million liters of the Drexel
liquid scintillator are being produced for MACRO.
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2.1.2 Production and Testing

The process of producing the MACRO scintillator begins with preparation
of scintillator concentrate at Drexel, together with direct shipment of pre-
viously tested and approved pseudocumene and mineral oil from their re-
spective refineries to a liquid scintillator storage and blending facility at the
Frascati laboratory near Rome, where the final mixing of the components is
performed. The finished liquid scintillator is then transported to the Gran
Sasso laboratory for installation in the MACRO detector.

This procedure allows the most critical steps to take place in the U.S.
under the direct supervision of physicists. Testing of all ingredients (mineral
oil, pseudocumene, PPO, bis-MSB, and stabilizers) and shipping containers
(drums, Iso-tanks, etc.) and the critical step of producing the liquid scintil-
lator concentrate therefore all take place with good quality control.

The extra shipping costs associated with scintillator concentra,te produc-
tion at Drexel are negligible compared with savings resulting from decreased
risk of using substandard ingredients, contamination, error, or otilaer failure.
Only the scintillator concentrate ingredients (< 1% of the finished scintilla-
tor) are subject to the extra step of transpoIt from the various manufacturers
to our mixing facility in Philadelphia before being shipped on to Italy.

At Drexel University we have currently produced 4,400 liters of liquid
scintillator concentrate. The concentrate is shipped in nitrogen-blanketed
drums from Philadelphia to Italy. In addition, we have provided 22,000
liters of pure scintillation grade pseudocumene for the experiment. These
ingredients, when mixed with mineral oil, are sufficient for 730,000 liters
of finished scintillator. As in prior years, the mineral oil we are using was
produced from Alberta crude oil drawn from the Trans-Canad_L pipeline,
refined in Perth Amboy, New Jersey and shipped in containerized 20,000-
1iter Iso-tanks to Frascati.

Rigorous quality control tests at each step in the preparati.on of the
MACRO scintillator assure that all components meet our specificalfions. The
quality control tests consist of analysis of pre-shipment samples from each
batch of mineral oil, pseudocumene, and scintillation fluors. The entire pro-
duction operation is proceeding smoothly, on time and under budget, and
includes stringent personnel and fire safety precautions.



2.2 MACRO Fast Monopole Electronics

2.2.1 Introduction

Magnetic monopoles are predicted in many varieties of Grand Unified Theo-

ries (GUT's). The GUT monopole should be supermassive (M ,,_ 10x6GeV)
and would be found only in cosmic rays as a remnant of the high-temperature
processes in the early universe.

One of the major objectives of the MACRO experiment is to detect GUT
monopoles, or to set limits on them at a level that is low enough to exclude
monopoles as a significant fraction of the 'missing mass' of the universe.

The Particle Physics group at Drexel is implementing the Fast Monopole
(FASTM) trigger for MACRO, with the goal of detecting monopoles with
velocities/_ _> 2.5 x 10-3. The FASTM trigger is implemented jointly with
a 'global' fast particle trigger, since most of the triggering electronics is the
same.

2.2.2 MACRO Fast Monopole Physics

In the next few years, MACRO will be able to set new limits on magnetic
monopole fluxes well below the Parker bound [9] for monopoles with 10-4 <
/3 < 1 (see Fig. 2). Current limits on 'fast' monopoles (/3 _ 10-2) are already
below the Parker bound; however, MACRO should be able to place limits at
least a factor of ten below other monopole search limits over a broad range
of monopole velocities.

The ability to detect GUT magnetic monopoles in MACRO hinges upon
the scintillation light yield of a monopole passing through MACRO's liquid
scintillation counters. This light yield has been calculated using experimental
data for the scintillation yield of slow protons [10, 11], and is shown as a
function of monopole velocity/3 in Fig. 3.

Since monopoles are expected to be traveling at/_ < < 1, this scintillation
light is spread out over t,he transit time of the monopole through the counter,
and gives a distinctive 'square' experimental signature (see Fig. 4). Fast
monopoles have a less distinctive pulse, since the transit time through the
scintillation counters is much less than that of slow monopoles. The time
difference between the signals from monopole entry and exit, however, is still
a very useful experimental handle.

10
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Figure 2: Astrophysical and experimental bounds (1989) on the flux of GUT monopoles.
102

101

i ..... :"
............

1o-SI......... I ........I ........I ........
10-4 10-3 10-2 10-1 100

p

Figure 3: Expected scintillation yield, dL/dz, for a magnetic monopole and for a charge
1/5 e particle compared to that of a minimum ionizing particle, Im_,. The efficiency of the
scintillator for converting ionization energy to light is 2.5%. A minimum ionizing particle
whose ionization rate is 2 MeV/cm therefore has a scintillation yield of .05 MeV/cm.

11



b

M
\

pmr3 pmt4

Ipmtl Time

pmt_ "..
IpmtS

pmt4 **"

Figure 4: Experimental signature for a monopole passing through two layers of MACRO.
The pulse widths are from the finite module transit time of the monopole.

lt should be noted that while the time and pulse-shape signatures of
monopoles distinguish them from cosmic rays and other backgrounds, there
are many species of proposed massive particles that could produce a similar
signature. This possibility is less a problem than an opportunity, since the"
detection of any such massive particle would signal new physics at very high
energy scales.

2.2.3 Trigger Design

Unlike triggers for 'slow' monopoles (/3 < 10-3), it is not necessary to have
very low thresholds to be sensitive to fast monopoles. At the same time, the
fast monopoles transit a scintillation counter quickly enough that the pulse
shape from the PMT's does not give a very good means of distinguishing
fast monopole candidates from cosmic ray muons at the trigger level (see
Fig. 5). Signals from muons or radioactive decays very near a PMT that
saturate the P MT and give 'square' pulses can mimic the pulse shape of a
fast monopole. It is unlikely, however, that background can give a particle
track with/3 significantly less than one.

12
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Figure 5: Comparison ofsignatures in MACRO for cosmic-ray muons and fast monopoles.

The main difficulty for a fast monopole trigger is the copious flux of cos-
mic ray muons with fl = 1. A combination of pulse amplitude and timing
discrimination is required to reject muons with the necessary efficiency. This
rejection cannot be done on a 'single counter' basis, however, since one of the
primary signatures for a muon is its time-of-flight between MACRO count-
ers. Instead, we will use a delayed coincidence between different planes of
scintillation counters to reject prompt (/3 = l) background. Some geometric
inefficiency thereby will necessarily be introduced due to cracks and dead
spaces in MACRO, and because of the need to limit the number of counters
that can participate in the trigger.

For the scheme described below with an isotropic flux of fast monopoles,
we have calculated that there is a _ 15% geometric inefficiency, mostly due
to 'corner clippers' that have very short transit times through MACRO. A
further stage of data analysis of muon events may be able to recover some of
the efficiency lost to such geometric effects.

In five years of running with six supermodules, the number of cosmic

13
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ray muons expected (scaling from the Spring '89 run data) is about 3 x l0 T.
During that same time, one might expect a few fast monopole candidates.

Because of the very low flux limits that MACRO will be able to probe, it
is possible that there is indeed a detcctable monopole flux. This possibility
mandates that monopole triggers cause an extensive readout of the detec-
tor, since each trigger could be a long-awaited monopole going through the
detector.

The extensive readout makes it very expensive in terms of deadtime and
data rate to produce false monopole triggers, and puts a premium on the
rejection capabilities of the monopole trigger logic. Not only must the triggers
be efficient, but they need to be noise free.

The trigger design that will be implemented for MACRO consists of three
'subtriggers', to cover the area of interest in the dL/dx vs/3 plane while ef-
ficiently rejecting cosmic-ray muons. Such a design will give MACRO full
sensitivity to fast monopoles as well as sensitivity to massive fractionally
charged particles (such as the 1/5 e particles suggested in some string theo-
rie.,_[12]), together with an active muon veto that can be used as a prompt
muon trigger in global muon trigger logic.

The y trigger is a fast coincidence of scintillator planes, suitable for use as
a global muon trigger and as a muon veto for monopole triggers. The FASTM
trigger is a delayed coincidence of scintillator planes, with a veto from the y
trigger to exclude muons. The highly ionizing particle trigger (HIPT) is also
a delayed coincidence of scintillator planes, with a higher threshold.

The trigger logic (see Fig. 6) uses signals from fanned-in sets of 8 scintil-
lation counters. The combined signals are discriminated, and a coincidence
of Kwo ends of the set of scintillation counters is required within a short
time window together with a coincidence of two 'planes' of MACRO within
a longer time window.

Last year we developed and put into limited production an 8:1 linear fanin
witlh coaxial ribbon cable input having normal and fast-integrated signal
outputs. Discriminating on a signal that is integrated with a time-constant
of ,,- 50 ns gives a slower drop-off of discriminator sensitivity as a function of
monopole velocity, which is desirable for fast monopole detection.

Fig. 7 shows the regions in/3 and dL/dx which are covered by the FASTM,
HIF'T and /_ veto triggers. The FASTM trigger is vetoed by the # trigger
to prevent muons from swamping the fast monopole triggers. HIPT trigger
levels are set at _ 10 x In_n which should be sensitive to very fast monopoles,

14
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Figure 6: The fast monopole trigger logic uses an end-to-end coincidence of signals from
a set of 8 scintillation counters, and combines these coincidence signals to make a 'plane
hit' signal. Two or more planes being hit within a coincidence interval produces a trigger.

yet have a low false trigger rate from muon events. Saturation effects in the

PMT's can make for difficulties in implementing a high-threshold trigger; the

saturation characteristics of the PMT's is a subject of active study at this
time.

These triggers will be combined for adjacent overlapping pairs of super-

modules to provide more complete angular coverage for fast monopoles. If
singles rates allow, this combination of triggers can be extended to include

more supermodules in an individual triggering group.

15



ql

g

102 I , , , I_ll W I i'"'"i II,I _ I I I Ufll I I V U I_V_i i
f -

FASTM + HIPT HIPT I -
,I

f

101 -- /

Monopole I -"

100 - t" s -._

M 10-1 _ / / _
•o I i I_ x, -
_" I / _ -'=

\

10-.-2 _/ / \ -

1/,5 ,_ ,_

lo-S I , , ,,,,,,I , , , ,,_,,,I , , ,,,,,,I , , ,,,,,,I
10-4 10-3 10-2 10-1 100

Figure 7" Coverage of the FASTM, ttighly Ionizing Particle (HIPT) and p veto triggers

in dL/dx vs 8- The triggcrs are effective for GUT monopoles with B > 2.5 x 10 -'s and for
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2.2.4 Implementation

Overview Achieving the capability required of the fast monopole trigger
within a limited budget has required us to design some custom electronics.
The fast monopole trigger operates with highly fanned-in signals to reduce
the channel count of trigger electronics. Even so, the number of channels
needed for MACRO is quite large.

Signals from the PMT's are fanned out to a number of trigger and ac-

quisition systems; the signals for the fast monopole trigger are sent through
a splitter printed circuit board (PCB) to obtain tile correct combination of
signals on each cable, then linearly added to make a 'patch end' signal for 8
scintillator tanks.

The patch ends are discriminated at _ 100mV in a commercial pro-
grammable high-density discriminator; an end-to-end fast coincidence is then

required of the discriminated signals to make a 'patch hit'. Up to four adja-
cent patches on the same plane of MACRO are then ORed to make a 'plane
hit', and a 2 fold coincidence of plane hits is used to trigger the experiment.

The custom components of this system are the splitters, fanins, and plane
logic (FMT modules) for patch-end AND/ORing.

Linear Fanins The first challenge for a linear fanin was in achieving an
8-to-1 analog fanin of PMT signalswith sufficient dynamic range for fast
monopole signals. Commercial fanins have strictly limited range (typically
1 V), and the most attractive possibility for a commercial 8:1 fanin is no
longer in production.

As a result, it was necessary for us to design and build a fast analog 8:1
fanin. The fanin was developed and tested in prototype form in the summer
of 1990; a CAD (computer automated design) program was used to generate
a custom PCB layout for commercial board production.

A sufficient number of fanin modules have been assembled and tested to
implement the fast monopole trigger on all of MACRO.

Fig. 8 shows the linear fanin design. Major criteria for this fanin are

linearity for small pulses and a large dynamic range, since it is expected that
fast monopoles will produce very large PMT pulses. The fanin schematic
shown has a 6V input dynamic range, a gain of about 0.66 in its linear

range, and a PSRR (power supply rejection ratio) of less than 0.1%.
Both the linearity and the dynamic range of the fanin design are slightly

17
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Figure 9: Response function of production fanin, showing linearity up to _ 3 V, with
saturation at an input of ,_ 6 V.

less than achieved with early prototypes because of the need for added sta-

bility under a variety of load conditions. Fig. 9 shows the output voltage as
a function of input voltage on one channel for one of the production fanins.
The saturation shown in the figure is occurring on the input circuitry for
the fanin; the output circuitry saturates at a higher level, which allows sum-
mation of saturated signals. Because the signals out of the fanin are being
discriminated rather than measured for acquisition, the nonlinearity for large
input signals is not expected to be problem.

The channel-to-channel variation of thc fanin response functions is quite
small, particularly in the linear response region. Fig. 10 shows response
functions for all eight channels of a fanin. The variation between different
fanin units is also quite small, allowing global thresholds to be used on fanned
in signals without the need for individual adjustments.

The fanin is designed to be appropriate for implementation on a thick-film
hybrid or on a bipolar chip; however, a discrete component implementation is
used for MACRO because of the necessity for timely deployment. If further
uses of this fanin are found, a more elegant packaging of the circuit will be
investigated.
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Figure 10: Response function of 8 inputs of fanin plotted together. Similar plots of
differentfanin units arenearly identical to this one.

Signal Splitter In addition, a 'signal splitter' PCB was designed and
produced in quantity so that the signals available from the MACRO PMT
fanouts could be recombined into the groups needed by the fanins.

Our cost studies show that close to half of the fanin cost is a 'per module'
cost, regardless of how many functional units are contained in a module. By
combining the signals appropriately, we can use a 50% higher circuit density
on the fanin PCB's, and decrease the overall cost of the trigger.

The signal splitters take signals from two input cables in the form lR,
1L. 2R, 2L, ...and route them to two output cables in the forms lR, 2R,
... <md 1L, 2L, ..., suitable for fanning in to make plane-end sums.

The trace widths required to maintain a constant characteristic imped-
ance on the splitter PCB mandated the use of 93 rl coax ribbon cable for the
inputs to the fanin, which also has the advantage of reducing the current load
on the fanouts driving the ribbon cables. The fanin design allows a simple
change of input characteristic impedance by changing a single resistor array
on each input connector.

Six signal splitter PCB's are bolted to a rack-mount panel and provide
signals for four 8:1 fanin modules.

2O



6

2'

Fast Monopole Trigger (FMT) Module A prototype FMT module was
designed and constructed in May 1991 for testing on MACRO. This module
makes the fast coincidences of signals from opposite ends of a group of tanks,
and also combines signals from the same plane of MACRO.

The final version of the boards for the FMT modules was received from

the PCB manufacturer in April 1992. Twenty boards have been stuffed and
tested over the summer, and are being shipped to LNGS this Fall.

The most recent schematic for the FMT module (see fig. 11) includes a
rate-monitoring capability, and a digital pulse-stretcher and latch for read-
ing out trigger patterns. These new functions were easiest to implement in
the FMT module because the necessary signals were already present in the
module, and the coincidence logic leaves sufficient board space so that these
extra functions can be easily implemented.

Cables A significant expense in the fast monopole trigger is the large num-
ber of ribbon coax cables used for primary signal inputs. After consulta-
tion with cable manufacturers and companies specializing in cable assembly,
we found that it would be most cost-effective to purchase the cable-making
equipment and to assemble the cables on-site to the necessary lengths. We
expect the cable-making facilities to be generally useful in MACRO and other
future experiments using many channels of analog information.

Recently we were informed of problems in the manufacture of ribbon coax
cable, and as a result switched our new cabling from 93 f_ to 75 f_ in order to
take delivery of existing stock. Measurements made with 50 f_ cable indicate
that reflections in the splitter board are not a problem as long as the fanins
are terminated properly. The fanins that are being fed by the new cable are
being modified by replacement of their termination resistor SIPs, and it is
expected that there will be no problem with cable reflections.

Calibration The fast monopole trigger scheme has been developed in par-
allel with a scheme for calibration and monitoring of the detector and the
trigger system. Since the flux of monopoles is extremely low, we lack a 'test
beam' to see that our triggers are efficient. Our calibration and monitoring
scheme uses a computer program (shown as a 'thought balloon' in Fig. 12)
which generates an isotropic flux of fast monopoles through MACRO. The
pathlengths, dL/dx, and scintillator response curves are factored in to give
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the pulse height, width, and relative delay between PMT pulses in two scin-
tillator counters (or two PMT's in bench-testing). The PMT response in
photoelectrons is calibrated for given widths and pulse heights of LED driv-
ing pulses, and the intelligent pulse generator is given a set of instructions
which result in a pair of pulses being sent out to the LED's.

Our calibration scheme thus produces PMT pulses which simulate a mon-
opole's passage through MACRO, and can test the fast (and slow) monopole
trigger efficiency for isotropic monopoles as a function of _, as well as test-
ing for effects such as saturation of the PMT's or electronics with very large
signal pulses.

This calibration system is being implemented jointly with the MACRO
group at Boston University, which has responsibility for the development of
relay modules for switching pulses to the appropriate MACRO scintillator
tanks.
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2.3 MACRO Data Analysis

The calibration procedures for MACRO are currently under revision, with the
primary goal being to improve the quality and completeness of the calibra-
tions. This revision will require a closer connection between the calibration
requirements for analysis and the calibration process.

We intend to automate the calibration as part of the online acquisition
system (currently it is a standalone system), and to upgrade the calibration
hardware to allow for more precise, higher statistics LED calibration runs.
These improvements should benefit the monopole and neutrino burst triggers,
since each of them depends critically on the setting of low-energy detection
thresholds.

As described above (see Section 2.2.4), we are developing calibration and
testing procedures for the monopole electronics. The first part of the cali-
bration system was installed last year, and the remainder is expected in the
next six months.

Our data analysis program is augmented by close collaboration with
Dr. John Petrakis, who is devoting 25% of his time to MACRO data analysis.
Dr. Petrakis is a postdoctoral fellow at the Bartol Institute, and brings with
him a wealth of experience in MACRO data analysis. The analysis is cur-
rently focused on the search for delayed multi-muon events. The calibration
and analysis techniques also have application to upgoing muon events from
neutrino interactions, and exotic particle searches.

The past several years have seen an explosive growth in the quantity of
MACRO data. The continuing strain of data tape copying, distribution and
storage has pushed the collaboration to the use of compact 8mm digital
cartridge tapes as a storage medium. These tapes are now used for data
distribution and much of the analysis of MACRO data. In normal running,
MACRO now produces close to 1 GByte of event data each week.

In early 1991, we purchased an Exabyte 8 mm tape drive in order to
analyze the current data tapes, and also upgraded the CPU of our MicroVAX
to increase the CPU power available for analysis. The upgrade achieved a
raw CPU performance increase of about 3.5 at modest cost. These upgrades
have been accompanied by over 2 GByte of added disk space, to allow large
data sets to be copied from tape and analyzed efficiently.

Our network connections (Bitnet, DECnet, and TCP/IP) allow us to
exploit underutilized CPU resources at LNGS and elsewhere for analysis,
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but, clearly, more local computing power will be needed sometime in the
next few years in order to keep the analysis effort from falling behind.

2.4 Shifts and On-Site Work

Construction and operation of the MACRO experiment require constant
availability of significant manpower. To share the load equitably, a system of
rotating shifts requiring each collaborator to work at the experimental site
for two weeks once or twice per year has been set up. In addition, Prof.
Lane and Michael Mittelbrunn are spending additional time at Gran Sasso
for the installation of fast monopole trigger electronics. We expect that Mr.
Mittelbrunn will be resident at LNGS for most of 1994, as part of his work
on a MACRO thesis.

26



a
w

,bo

3 Neutrino Oscillations

3.1 Introduction

One of the central issues in particle physics, astrophysics and cosmology is the
possible existence of a finite neutrino rest mass. In the minimal SU(2) ® U(1)
standard model of particle physics, the neutrinos are massless; however, this

model, although successful wherever so-far tested, is a long way from being
entirely satisfactory. Its predictions therefore deserve ever more rigorous
experimental testing. Many extensions of the standard model are consistent
with finite neutrino rest mass and many others require it.

Experimental hints of a finite neutrino mass exist both from the study of
the flux of solar neutrinos (now determined to be deficient by four indepen-
dent experiments) as well as from a possible anomaly in the flavor content of
cosmic ray neutrino fluxes reported by several large underground detectors.

There is therefore excellent motivation for new experimental searches for a
finite neutrino rest mass both from the theoretical and from the experimental
point of view.

3.2 Experimental Searches for Neutrino Mass

There are a number of experimental approaches to detection of a finite neu-
trino rest mass. Precision measurements of low energy beta decay spectra in

the vicinity of the end point (i.e. zero neutrino kinetic energy) offer perhaps
the most direct approach. Current limits provided by this technique are in
the vicinity of rnv_ _., 10eV.

Other methods sensitive to much smaller neutrino masses include observa-

tion of the time structure of neutrino pulses from collapsing stars and searches
for neutrino matter and vacuum oscillations. Oscillation searches have the

advantage of potentially exquisite sensitivity to the mass differences of the
oscillating particles. For example, the observed strangeness oscillations in the
K°-K ° system reveal an underlying mass difference of Am = 3.5 x 10-s eV!

3.3 Neutrino Vacuum Flavor Oscillations

Only a single assumption, that of nonconservation of separate lepton number,
is required to seek proof of finite neutrino mass by searching for neutrino
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vacuum oscillations. Since there is no compelling reason for believing in the
separate and absolute conservation of Lr, L, and L,, the existence of mass
differences among the neutrino mass eigenstates (vi, v2, va) would lead to
their propagation with slightly different frequencies, as first envisioned by
Maki [13] and by Pontecorvo [14].

Hence, an initially pure (i.e. an eigenstate of the weak interaction) beam
of 7e, which at the same time would be a coherent superposition of neutrino
mass eigenstates, would develop at subsequent times a 7, component, while
the 7r content of the propagating beam would undergo a corresponding de-
crease. An experimental measurement of the decrease of the _r flux would
therefore detect the presence of the neutrino oscillation and hence reveal the
underlying finite neutrino rest mass. This type of measurement is known

as a neutrino oscillation disappearance experiment and has the advantage of
being sensitive to extremely small values of neutrino mass differences. In ad-
dition, disappearance experiments are sensitive to several reaction channels
simultaneously. For example, 7r might oscillate into 7, or 7,, or even into
Vr.

Alternative methods of searching for neutrino vacuum oscillations by
looking for the appearance of an otherwise absent neutrino flavor are also

of interest and frequently offer the advantage of being sensitive to neutrino
oscillations of rather small amplitude (i.e. having a small mixing angle,
0). This type of experiment usually explores only a single reaction chan-
nel, which, depending on circumstances, could be either an advantage or a
disadvantage.

3.4 Reactor Neutrino Oscillation Experiments

The sensitivity of a neutrino oscillation search by means of an appearance
channel is governed in a two-flavor scenario by the equation for the probabil-
ity P(vr --* v,) that a neutrino of the first flavor will oscillate into a neutrino
of the second flavor, e.g.

(1.27Arn2[eV2]L[m])P(vr _ v,)= sin220 sin 2 E_[MeV] . '

where 0 is the mixing angle, Arn is the mass difference between the neutrino
mass eigenstates, L is the source-detector distance, and E, is the neutrino
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energy.
For a disappearance experiment, the relevant quantity is the probability

P(v, --, v,) = 1 - P(v_ _ v,). In either case, the experimental sensitivity
is determined by the ratio L/EL,. It is therefore important to use the largest
value of L consistent with adequate statistical information (hence a desire
for long baseline experiments). At the same time, working at the lowest
practical neutrino energy is also important.

Nuclear power reactors provide intense, rather well understood sources
of low energy g,'s. Over the years therefore, a number of neutrino oscil-
lation searches have been performed at various reactors. A typical exper-
iment of this type was performed at the GSsgen nuclear power reactor in
Switzerland.II5]

The GSsgen experiment measured the _ spectrum at distances up to
64.7 meters from the reactor by using the inverse beta decay reaction
F_ -I- H _ e+ + n. The reactor had a thermal power of 2800 MW, while
the detector provided a target mass of 320 kg and yielded a neutron detec-
tion efficiency of 21.7%.

The results of neutrino oscillation experiments are often displayed on so-
called exclusion plots, such as that shown in Fig. 13. In this plot, the area
above and to the right of the curve labelled 'GSsgen' is the region of the Arn 2
vs sin_ 20 phase space where neutrino oscillations would have been detected
by this experiment had they been present. The minimum detectable Am 2
for maximal mixing was 1.9 x 10-2 eV _.
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Figure 13: Limits on neutrino vacuum oscillation parameters.
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4 The Chooz Neutrino Oscillation Experi-
ment

4.1 Introduction

The Chooz experiment is a planned search for neutrino vacuum oscillations

at a distance of one kilometer from a pair of large nuclear reactors near-

ing completion in northern France. An international consortium consisting

of the Coll_ge de France (Paris), LAPP (Annecy, France), Queen's Univer-

sity (Kingston, Ontario), the Kurchatov Institute (Moscow) and our Drexel

University group has agreed to collaborate on this effort.

The neutrino source is a pair of reactors each of which will have a power

of 4.2 GW-thermal. The two reactors are scheduled for startup at the end

of 1995 and the middle of 1996, respectively. An essential feature of the

experimental site is the availability of a tunnel with an overburden of 125

m of rock, equivalent to 300 m of water. Building the neutrino detector

in this tunnel will provide the cosmic-ray shielding needed to preserve the

signal/noise ratio against a one hundred-fold neutrino flux reduction with

respect to previous experiments.

The experiment will look for the spectral distortion and flux reduction

which would signal the existence of vacuum oscillations of the electron an-

tineutrino beam. The limits on neutrino oscillations expected are shown in

Fig. 13 by the curve labelled 'Chooz'. For maximal mixing, the experiment

would detect oscillations for values of Am 2 > 1 × 10-3eV 2, an order-of-

magnitude improvement over the currently available limits.

The experiment would also provide an excellent testing ground for tech-

niques and calculations needed for the larger Perry experiment (section 5).

4.2 Overview

The Chooz neutrino detector will consist of a 180-cm-diameter cylindrical

steel tank shielded by a 150-cre-thick active veto water (_erenkov detector.

The tank will be filled with seven tons of a special gadolinium-loaded liquid

scintillator developed at Drexel University. Scintillation photons from patti-
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Table 1" Parameters of the Chooz Scintillation Detector

,I I I

CHOOZ DETECTOR

PARAMETERS
IIII I IiI i

Scintillatorheight,cm(cyl) 243.8

Scintillatorradius,cm(cyl) 91.4
Scintillatorvolume,m3 6.4
Numberof PM'Ps 46

PMTradius,cm 6.35

PMTdirectcoverage 3.0%
Reflectorenhancement 3.0

Scintillationyield(%anthr) 45%
eVperscintillationphoton 151
QE x coUeclJonfactor 0.14

Atlenuationlength,m 8
Typicallightattenuation 0.8g
PhotoelectTons/MeV 75

cle in':,eractions in the vessel will be collected by 46 five-inch photomultipliers

and processed by fast multi-hit adc/tdc's. The detector will have good en-

ergy resolutior._, with about 75 photoelectrons detected per MeV of ionization

energy deposited. The parameters of the detector are shown in Table 1.

Primary shielding against background is provided by the 125-meter thick

rock overburden, which reduces the surface cosmic ray muon flux by a factor

of 200, as shown in Fig. !4, a muon depth-intensity plot. The residual cosmic

ray background is further suppressed by active shielding consisting of a water

Cerenkov veto detector surrounding the steel scintillation tank. The water
also provides shielding against ambient radioactivity.

Neutrinos above the threshold energy of 1.8 MeV will be detected by the

reaction Pe + H --+ e+ + n. The observable energy from this reaction will

equal the positron kinetic energy augmented by the 1.022 MeV resulting from

essentially calorimetric detection of the positron annihilation gamma rays.
Following thermalization of the emitted neutron, an additional 8 MeV will
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Figure 14: Attenuation of muon background vs depth underground.

be detected as a result of capture of the thermalized neutron by a gadolinium

nucleus (total time required _ 50 #_). Thus, a readily recognizable delayed

coincidence pulse pair will signal the neutrino interaction. The 8 MeV neu-

tron capture event will be well separated from the beta and gamma radiation

accompanying decay of members of the ubiquitous uranium and thorium de-

cay chains and from the beta decay of 4°K.
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Table 2: Inverse beta decay event rate in the Chooz experiment.

Reactor power (2 units) 8.40 GW - thermal

Energy release per fission 203 MeV

_e-H cross section 6.3 × 10-19 b/fission

Fission rate 2.6 × 102ofissions/s

Reactor distance 1.0 km

Target H density 7 × 10_2 atoms/cm 3

Fiducial volume 6.4 m 3

Neutron capture efficiency 60% at 4 MeV threshold

Gd capture efficiency 85%

Coincidence efficiency 92%

Event rate 23 events/d

4.3 Event Rate and Anticipated Result

We calculate the expected antineutrino event rate in the Chooz experiment
to be about 19d -1 using the assumptions shown in Table 2. For a 200-

day run we thus anticipate about 4400 events, allowing statistical errors in

the vicii,;_:; ,_f 2%, assuming a good background measurement can be made
before the first reactor starts operation in late 1995.
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5 The Perry Experiment

5.1 Overview

The Perry experiment will be proposed as a highly sensitive neutrino os-
cillation search taking advantage of the former IMB Fairport (Ohio) deep
underground facility together with the Perry Nuclear Power Reactor, opti-
mally situated at a distance of 12.9 km from the underground laboratory.

The limits on neutrino vacuum oscillations expected from this experiment
are shown in Fig. 13 by the curve labelled 'Perry'. For maximal mixing, the
experiment will detect oscillations for values of Am 2 > 8 x 10-s eV 2, covering
the two-order-of-magnitude gap between the currently available limits and
those obtainable from solar neutrino experiments.

The Perry neutrino detector, as shown in Fig. 15, will consist of a 16-m-
diameter cylindrical stainless steel tank shielded by an active veto (_erenkov
detector. The tank will be filled with 3 metric kilotons (1 kiloton fiducial)
of a highly transparent gadolinium-loaded liquid scintillator. 4 Scintillation
photons from particle interactions in the vessel will be collected by 2400
eight-inch photomultipliers and processed by fast multi-hit adc/tdc's. The
detector will have good energy resolution, with about 100 photoelectrons
detected per MeV of ionization energy deposited.

Primary shielding against background is provided by the 550-meter thick
rock overburden, which reduces the surface cosmic ray muon flux by a factor
of 2 x 104 as shown in Fig. 14. The residual cosmic ray background is further
suppressed by active shielding consisting of a two meter-thick water Cerenkov
veto detector completely surrounding the steel scintillation tank. The water
also provides effective shielding against ambient radioactivity.

Neutrinos above the threshold energy of 1.8 MeV will be detected by the
reaction p_ + H _ e+ + n. The observable energy from this reaction will

equal the positron kinetic energy augmented by the 1.022 MeV resulting from
essentially calorimetric detection of the positron annihilation gamma rays.
Following thermalization of the emitted neutron, an additional 8 MeV will
be detected as a result of capture of the thermalized neutron by a gadolinium
nucleus (total time required _ 50 #s). Thus, a readily recognizable delayed
coincidence pulse pair will signal the neutrino interaction. The 8 MeV neu-
tron capture event will be well separated from the beta and gamma radiation
accompanying decay of members of the ubiquitous uranium and thorium de-
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Figure 15: Concept of the Perry neutrino oscillation experiment.

cay chains and from the beta decay of 4°K. Further significant rejection of
the accidental coincidence background will be possible by reconstructing tile
positron and neutron capture vertices and requiring a spatial separation not
to exceed 2 meters.
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5.2 Event Rate

We calculatetheexpectedantineutrinoeventrateinthe Perryexperiment

tobe about 12d-Iusingtheassumptionsshown inTable3.Fora 1000-day

run we thusanticipatemore than 10000events,allowingstatisticalerrors
approachingi%.

Table3:InversebetadecayeventrateinthePerryexperiment.

Reactorpower 3._0GW - thermal

Energyreleaseperfission203MeV

y_-Hcrosssection 6.3x 10-19b/fission

Fissionrate l.lx 102ofissions/s

Reactordistance 12.9km

TargetH density 7 x 102_atoms/cm3
Fiducialvolume 1150m 3

Gd captureefficiency 77%

Coincidence efficiency 90%

Otherefficiencyfactors 75%

Eventrate 12events/d

5.3 Backgrounds

Because of the 12.9 km source-to-detector distance, a major task in the Perry
experiment is to reduce the background to the low levels necessary for clean
observation of the signal. Fortunately, the delayed coincidence signature
for the antineutrino inverse beta decay events, together with a tight spatial
coincidence requirement, should obviate the need for the heroic effort required
in such singles counting experiments as SNO.

The backgrounds are of three principal types:

Entering Radioactivity Low energy neutrons and gamma rays originat-
ing intherockwallsofthefacilityshouldbereducedtoverylowlevelsbythe

37



three meters of water shielding. Fission neutrons are attenuated by a factor
of 104 by each meter of water; 2-MEV gamma rays are reduced 170-fold per
meter of water, while at 10 MeV the reduction factor is about 10 per meter.
Entering radioactivity should therefore be no problem.

Cosmic Ray Backgrounds Backgrounds induced by through-going cos-
mic ray muons should be very low because, at the 1570 MWE-depth of the
Fairport site, the measured muon rate is only 2 Hz passing through the water
(_erenkov detector and therefore about 1 Hz through the scintillation vessel.
By localizing the muon track using information from the (_erenkov detec-
tor, and declaring (in software) a veto region around each track, these muons
and the delayed beta radioactivity they induce should be strongly suppressed
without introduction of significant deadtime.

Stopping muons must also be considered, with #- probably the most
troublesome because of the likelihood of nuclear capture with neutron emis-
sion. We estimate the stopping g- rate in 1000 tons of scintillator to be
about 600 d -_ . Of these, about 540 will undergo beta decay with a mean life
of about 2 gs and most of the remaining 60 will be captured with the release
of a single neutron. An entering muon veto signal should tag more than 99%
of these events, while time and pulse height cuts should give another factor
of at least 10 for the muon beta decays. Again, the background situation
looks good.

Another possibly troublesome external background is the interaction of
high energy muons in the rock creating a single high energy neutron directed
toward the scintillator. The neutron energy required to penetrate the water
shield is several hundred MeV. If such a neutron enters the scintillator, the
huge recoil proton pulse should allow its rejection. The worst (but unlikely)
scenario is for the high energy neutron to lose most of its energy in the water
(where the recoil protons would be below (_erenkev threshold) and then to
enter the scintillator with an energy of a few MeV. Using the Monte Carlo
code GEANT, we are studying this type of event to judge the rate of false
correlated events which might be produced.

Internal Radioactivity We expect minimal difficulties with backgrounds
to arise from the inevitable internal radioactive contamination of the detector

materials; nevertheless, laboratory measurements are in progress aimed at
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evaluating and controlling this source of background.
We have estimated the chance coincidence rate due to internal radioac-

tivity in the Perry detector with the assumption of uranium and thorium
levels in the scintillator of 1 x 10-12 g/g and in the water shield four times
higher. In the positron channel, the singles rate above a threshold of 2 MeV
would be 3 Hz, while in the neutron capture channel the rate above 6 MeV
would be below 0.01 Hz. In a 100-/zs gate, therefore, the chance coincidence
rate would be rlr2 r = 3 d -1. With the requirement of a < 2 m spatial co-
incidence between the two time-correlated events, the accidental rate would
be suppressed by an additional factor of _ 30 to a negligible level.

5.4 Event Generation and Reconstruction

To understand and optimize the potential performance of the Perry detector,
we are modelling events in the detector using a method combining Monte
Carlo techniques (GEANT-based) with ray tracing. The input parameters
for the program are listed in Table 4.

The Monte Carlo included the effects of light attenuation, scattering,
reflections from PMT's, and PMT timing jitter. Realistic trigger conditions
were used in deciding whether an event was to be kept.

Table 4: Input parameters for event reconstruction program.

Geometry 16 m x 16 m cylinder

Scintillation efficiency 150eV/photon = 45% of anthracene

Scintillator attenuation length 12m

PMT type Hamamatsu R1408 S"

PMT number 2400

Light cone factor 1.8

PMT quantum efficiency 20%

PMT single pe time spread 8n5 FWHM

Dynode collection factor 50%
iii I ria

Event distributions resulting from the reconstruction of one year's worth
of inverse beta events in the detector are shown in F'ig. 16. The mean number
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Figure 16: Distance between reconstructedand actual positions in the Monte Carlo for
the positron signals in inversebeta decay.

of photoelectrons produced ('PMT hits') is about 90 pe's/MeV. The recon-
structed energy distribution has a standard deviation of 4% for the neutron
capture events, while the mean reconstruction position error is about ,50cre.
These figures are excellent, indicating that this detector configuration would
be adequate for the experiment.
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Figure 17: Reconstructed neutron capture energy after inverse beta decay. Most of
the captures are on gadolinium (8 MEV); however capture on hydrogen (2.2 MeV) is also
clearly seen.
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5.5 Background Tests

Although laboratory studies can help to determine the design parameters in
an experiment such as this one, only on-site measurements can truly gauge
the extent of background problems. For this reason, the Chooz experiment
(section 4) will provide an excellent testing ground for our design. In addi-
tion, we plan to refurbish, set up and run an existing seven ton gadolinium-
loaded liquid scintillator tank to monitor neutrons and gamma rays at the
Morton mine experimental site and to measure the ambient radon and per-
haps thoron levels. In addition, we plan to use a five-inch Nai(T1) detector
for gamma surveys of the site.

With data from these measurements, together with experience gained
from the Chooz experiment, we will be in a very good position to proceed with
plans for the Perry detector without risk of unpleasant surprises. We plan
to submit the completed proposal for the Perry experiment by the middle of
1993.
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6 SSC-Related Research

6.1 Introduction

Drexel is a participating institution in the GEM collaboration for the SSC.
The GEM detector focuses on the detection of gammas, electrons and muons,
with an emphasis on calorimetry. The past year has been one of testing
calorimeter options, and narrowing the field. This process is not quite com-
plete, but the final decisions are expected soon.

6.1.1 SSC R&D

There has been some R_D approved in advance of the GEM detector ap-

proval. One of us (C.L.) is part of the SSCintCal group for scintillating
fiber calorimetry for the SSC, which received SSC R&D and Texas National

Research Laboratory Commission funding.

The scope of the R&D effort at Drexel is currently quite limited; a liquid
scintillator is being developed for use in liquid-fiber forward calorimeters.
The forward calorimeters are made of grooved tungsten plates with MgF2
coatings. Light from the scintillator is brought out by total internal reflec-
tion. The evaluation criteria for the liquid scintillators that are of interest

for liquid-fiber calorimetry are a high refractive index (to improve light col-
lection) and tolerance of a large radiation dose.

We currently have a refractometer on long-term loan from the Drexel
Chemistry department, and have tested some candidate scintillators. There
is a considerable amount of overlap between the scintillators of interest for

liquid-fiber calorimeters and for our other liquid scintillator detector projects.
Irradiation tests of liquid scintillator samples were performed this past

year, and no degradation of the scintillators was observed.

The liquid-fiber calorimeter itself is being developed at Texas AK:M, and
beam tests are expected in the next year. Tile technology of liquid-fiber
calorimeters is applicable to all SSC detector forward calorimeters where the
issue of radiation damage is foremost.

6.1.2 GEM Electronics

While the detector development is still at an early stage, we expect that our
future involvement will be in the area of electronics for GEM.
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Our experience with electronics for MACRO should allow us to make a

useful contribution to the trigger electronics on the GEM experiment. In
particular, the development of fast energy and pr triggers is an area that we
find of particular interest.

A fast ADC/TDC multi-hit system based.on flash-ADCs is in the early
development stages this past year. This system shows promise for application
in GEM electronics if its overall size can be decreased to tile 1-2 chip level
per channel.

We have been investigating the use of thick-film hybrid facilities available
on campus for this purpose, but the full-custom chip approach looks more
promising for eventual use on the SSC. We have recently enhanced our ability
to design custom electronics by the acquisition of the MAGIC program for
chip-design and layout.
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